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RÉSUMÉ

Afin d'évaluer la réponse de la croissance des arbres au changement climatique à leur limite de
répartition et d'identifier les changements potentiels de leur aire de répartition, nous avons utilisé des
méthodes dendrochronologiques en laboratoire et sur le terrain. Les zones d'étude se situaient dans
des zones de

transition forestière dans le nord de la Chine et dans l'ouest du Québec . Toutes deux

présentaient une structure forestière similaire (forêt mixte) avec de nombreuses espèces situées à leur
limite de répartition. De part et d'autre de celle-ci, les forêts étaient influencée s par le climat et les
perturbations, nous permettant ainsi de détecter les facteurs contrôlant les écotones forestiers. Dans le
nord de la Chine, nous nous sommes concentrés sur trois conifères dominants le long d'un gradient
altitudinal (750-1800 rn) dans le Massif Changbai. Les forêts étudiées étaient composées du pin de
Corée (Pinus koraiensis Siebold et Zuccarini), de l'épinette Jezo (Piceajezoensis Carr. var. komarovii
(VVassil.) Cheng et L.K.Fu) et du sapin de Mandchourie (Abies nephrolepis (Trautv.) Maxim.). Nous
avons également discuté d'un éventuel changement de la position altitudinale des écotones dans le
contexte de réchauffement climatique. Dans l'ouest du Québec, nous avons analysé les modèles de
croissance et de sensibilité de la croissance au climat de l'érable rouge (Acer rubrum L.) le long du
gradient latitudinal (47-49° N). A la limite nordique de l'aire de répartition, nous avons examiné les
effets directs et indirects des changements climatiques futurs sur la croissance et la position de la
limite nordique.
Comme les chablis sont les principales perturbations affectant la cr mssance des espèces et la
dynamique forestière dans le Massif Changbai, nous avons d'abord (chapitre I) reconstitué l'historique
des perturbations dans la zone d'étude au cours de la période 1770-2000, sur la base de l'analyse des
reprises de croissance et du patron de recrutement. Les pourcentages de reprises de croissance dans la
canopée étaient inférieurs à 6 % dans la plupart des décennies, suggérant que les perturbations initiant
ces reprises étaient de faible intensité. Les vents forts étaient la cause la plus probable de ces
perturbations modérées. Deux épisodes avec des taux élevés de perturbations (19% et 13%)
correspondaient aux décennies 1920 et 1980. Le recrutement du mélèze de la Baie d'Olga (Larix
olgensis Henry), espèce intolérante à l'ombre, a eu lieu principalement avant les années 1860. Le

recrutement du pin de Corée, espèce mi-tolérante à l'ombre, s'est produit via plusieurs vagues de
régénération d'intensité modérée (décennies 1820, 1850, 1870, 1880, 1930 et 1990 et 2000). La
régénération de l'épinette Jezo et du sapin de Mandchourie, espèces tolérantes à l'ombre, était
continue au cours des dernières 220 et 130 années respectivement. Un meilleur recrutement du pin de
Corée, de l'épinette Jezo et du sapin de Mandchourie a été observé au cours des décennies 1930 et
1990, coïncidant avec une augmentation de la fréquence des reprises de cr oissance lors des décennies
1920 et 1980. Cela suggère des perturbations d'intensité modérée.
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Nous avons étudié la densité de régénération, l'accumulation de la biomasse et la sensibilité de la
croissance au climat du pin de Corée, de l'épinette Jezo et du sapin de J\1andchourie à leurs limites
respectives de répartition altitudinale dans le Massif Changbai (Chapitre II). Les densités de la
régénération ne différaient pas significativement entre les élévations, sauf pour l'épinette de Jezo qui
a montré une densité de régénération nettement plus faible à sa limite inférieure par rapport à sa limite
supérieure. Les trois espèces avaient une surface terrière significativement plus élevée au milieu du
gradient altitudinal de répartition par rapport aux limites inférieure et supérieure du gradient. Elles ont
également montré une plus grande sensibilité aux températures qu'aux précipitations à leurs limites
supérieures de répartition et la tendance inverse a été observée à leurs limites inférieures. Aux limites
supérieures respectives, les températures estivales (pour le pin de Corée et l'épinette de Jezo) et
printanières (pour le sapin de Mandchourie) de l'année en cours affectaient positivement la croissance
des arbres. Aux limites inférieures respectives, les précipitations automnales de l'année précédente
avaient un effet positif sur la croissance. Notre étude suggère que les limites altitudinales de la
végétation forestière ont été entravées par des facteurs climatiques affectant la croissance des espèces
dominantes plutôt que par des facteurs contrôlant la densité de la régénération. Les changements
climatiques auraient probablement modifié les limites altitudinales de l' optimum climatique pour la
croissance des espèces dominantes se traduisant par des changements dans les compositions
spécifiques et la localisation des écotones.
Dans le chapitre III, nous avons examiné les taux de croissance et la sensibilité de la croissance de
l'érable rouge face aux conditions climatiques, en analysant les données dendrochronologiques de
neuf sites situés le long d'un transect latitudinal de 300 km (47-49 °N) couvrant trois domaines
bioclimatiques dans l'ouest du Québec. Les trois variables de croissance étudiées étaient les taux de
croissance au cours des 30 premières années de la vie de l'érable, la croissance cumulative de la
surface terrière au cours de la dernière décennie (2000-2009) et le taux de croissance annuelle pendant
toute la durée de vie de l'érable. Toutes trois étaient positivement corrélées à la latitude. Sur
l'ensemble du transect, la variation annuelle de la croissance de l'érable était positivement affectée par
les températures de septembre de l'année précédente. Les températures de juillet de l'année en cours et
les précipitations de décembre de l'année précédente ont eu un effet positif sur la croissance dans la
partie nord du transe ct ( 48-49 °N). La croissance était limitée au milieu de l'été (juillet) par la
sécheresse à l'extrémité sud du transect ( 47-48 °N). La contradiction apparente entre les résultats de la
croissance absolue et ceux de la fonction de réponse a été interprétée par l'effet de l'histoire du
peuplement sur le modèle de croissance de l'érable rouge. Plus précisément, les érables recrutés après
de fortes perturbations, comme à la suite d'un feu, dans le nord, pourraient profiter des niveaux de
luminosité plus élevés, nécessaires à la croissance, par rapport au peuplement plus au sud qui se sont
probablement développés dans des trouées. Les changements climatiques prévus pourraient favoriser
la croissance de l'érable rouge dans la sapinière à bouleau à papier, résultant en une migration de
l'érable dans la forêt boréale mixte. Cependant, les régimes de perturbations naturelles et anthropiques
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qui affectent les conditions de croissance à l'échelle du site semblent contrôlés la productivité de la
biomasse de l'érable rouge au sein de son aire de répartition actuel.
Notre étude suggère que les limites de répartition des espèces étudiées étaient contrôlées par les effets
directs du clim at et des perturbations sur leur recrutement et leur croissance. Les effets directs des
changements climatiques futurs pourraient influencer positivement la croissance des arbres et le
recrutement aux limites altitudinales (Massif Changbai) et latitudinales (ouest du Québec). Alors que
les effets des changements des régimes de perturbations sur le maintien des espèces forestières étaient
différents entre les deux zones d'étude, les réponses à ces changements dépendent principalement de
la stratégie de vie et des caractéristiques écologiques des espèces. Dans le Massif Changbai,
l'augmentation des températures et des tempêtes pourraient faciliter la migration des arbres vers de
plus hautes altitudes, conduisant à un déplacement de la position actuelle de l'écotone feuillus-pin
coréen 1 épinette-sapin. Dans l'ouest du Québec, un effet cumulée d'un climat plus chaud et d'une
activité des feux pourrait favoriser une meilleure croissance de l'érable. De meilleures projections de
la dynamique des précipitations, qui contrôlent directement les niveaux d'activité des feux dans le
contexte du réchauffement climatique, pourraient améliorer notre capacité à prévoir les changements
futurs à la limite de distribution septentrionale de l'érable rouge.

ABSTRACT
To understand how tree growth responds to climate change at tree distribution limits and what are the
potential changes in tree distribution ranges under the future climate, we used dendrochronological
and field survey methods to investigate tree responses to climate var iability at the transitional zones in
northeastern China and western Quebec. The selected study areas are dominated by mixed forests
with many tree species growing at their distribution limits. In northeastern China, we focused on three
dominant conifers of an elevational gradient (750-1800 rn) in Changbai Mountain. The trees studied
included Korean pine (Pinus koraiensis Siebold et Zuccarini), Je zo spruce (Piceajezoensis Carr. var.
komarovii (V.Vassil.) Cheng et L.K.Fu), and Manchurian fir (Abies nephrolepis (Trautv.) Maxim.). We
observed climatic controls of growth of the dominant species and potential shifts in altitudinal
position of vegetational ecotones as a result of climate change. In eastern Canada, we analyzed
climate-growth relationships of red maple (Acer rubrum L.) along a latitudinal gradient (47-49° N) at
its northern distribution limit, and discussed direct and indirect climatic effects on its future
distribution.
Since windthrows are main disturbances affecting tree growth and forest dynamics in Changbai
Mountain, we first reconstructed disturbance history in the study area over the period 1770-2000
(Chapter I), based on the analyses of growth release and recruitment patterns. Percentages of growth
releases in subcanopy trees were below 6% in most decades, suggesting that disturbances initiating
these releases were of low severity. Strong winds possible cause of moderate disturbance events. Two
episodes with increased disturbance rates (19% and 13%) were dated to the 1920s and 1980s.
Shade-intolerant Olga bay larch (Larix olgensis Henry) recruited mainly before the 1860s.
Recruitment of mid-tolerant Korean pine occurred as several regeneration waves (1820s, 1850s,
1870-1880s, 1930s, and 1990-2000s) of moderate intensity. Shade-tolerant Jezo spruce and
Manchurian fir regenerated continuously over the last 220 and 130 years, respectively. An enhanced
recruitment of Korean pine, Jezo spruce, and Manchurian fir was observed during the 1930s and
1990s, which were coincided with an increased growth release frequency in the 1920s and 1980s,
suggesting disturbance events of moderate intensity.
We studied regeneration density, biomass accumulation, and growth sensitivity of Korean pine, Jezo
spruce, and Manchurian fir at their respective distribution limits in Changbai Mountain (Chapter II).
Regeneration densities did not differ significantly among the elevations except for the Jezo spruce,
which showed a significantly lower regeneration at its lower limit than at upper limit. All three
species showed a significantly higher basal area increment (BAI) at the middle part of their
distribution ranges than at their limits. They also showed higher growth sensitivity to temperature
than to precipitation at their upper limits and the inverse pattern was observed at their lower limits. At
respective upper limits, summer temperatures of the current year (for Korean pine and Jezo spruce)
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and spring temperature of the current year (for Manchurian fir) positively affected tree growth. At
respective lower limits, precipitation in autumn of the previous year had a positive effect on growth.
The study suggested that elevational limits of forest vegetation were constrained by climate factors
affecting growth of dominant species rather than those controlling regeneration density. We concluded
that climate change would likely shift the elevational positions of the climate optima for the growth of
canopy dominants, leading to changes in the species and ecotone ranges.
In Chapter III, we examined growth rate and growth sensitivity to climate of red maple by analyzing
dendrochronological data from nine sites located along a 300 km transe ct ( 47-49 °N) covering three
bioclimatic domains in western Quebec. All three growth variables, i.e., growth rates during the first
30 years of maple lifespan, cumulative basal area increment over the most recent decade (2000 -2009),
and annual growth rate over the whole tree lifespan, were positively related to latitude. Annual
variability of maple growth was positively affected by the previous year September temperature
across the whole transect. July temperature of the current year and December precipitation of the
previous year had a positive influence on the growth in the northern part of transect (48-49 °N).
Mid-summer (July) drought limited the growth in the southern part of transect ( 47-48 °N). We
interpreted an apparent discrepancy between the results of absolute growth analyses and response
function analyses by the overriding effect of stand history on the growth pattern of red maple.
Specifically, maples recruited after large disturbance events such as stand replacing fire in the north
could take advantages of primarily higher light levels for the growth, compared to those in the south
which likely occurred in canopy gaps. Expected climate change would likely favor red maple growth
in the northem balsam fir - paper birch domain, resulting in an extension of maple distribution to the
northem boreal mixedwoods. However, the natural and human disturbance regimes affecting the
growth conditions at the site lev el appear to be dominant controls of the actual biomass productivity
of red maple at its present distribution range.
Our study suggested that distribution limits of studied species were controlled through a combination
of direct climatic and disturbance-mediated effects on their recruitment and growth. The direct effects
of future climate change may positively affect tree growth and recruitment at higher elevational
(Changbai Mountain) or latitudinal limits (western Quebec). While the effects of changes in
disturbance regimes on trees maintenance in the forest were differed in two study area, responses to
these changes were mainly dependent on species life strategy and ecological traits. In Changbai
Mountain, increases in temperatures and wind disturbances may facilitate trees migration towards
higher elevation, leading to an upward shift of altitudinal position of broadleaf-Korean pine/spruce-fir
ecotone. While in western Quebec, negative influences of increases in fire activity and severity may
override positive effects of direct climate on maple growth. We believe that better projections in
precipitation dynamics, which will directly control levels of fire activity in the context of climate
warming, may enhance our ability to project future changes in northem distribution limit of red maple.

GENERAL INTRODUCTION

0.1 CONTEXT

Global climate change have had profound effects on tree growth and forest structure (Hansen et al.,
2001; Walther, 2003), by affecting tree physiology and growth rates (Prentice et al. , 1992; Re inhardt

et al., 2011) and also modifying site conditions (Drobyshev et al., 2010), and regional disturbance
regimes (Bergeron et al. , 2010), as well as biotic interactions (Gavin and Hu 2006). Temperature,
precipitation, solar radiation, and wind have been often considered as the main climatic factors which
affect tree growth and vegetation dynamics (Huntley and Webb, 1989; Hofgaard et al., 1991; Liu,
1997; Frank and Esper, 2005; Gworek et al., 2007). However, recent studies have demonstrated that
disturbance events play an important role in affecting species possibilities for recruitment and
migration (see review in Dale et al., 2001).

The influences of climate change on forest may be more apparent at the transitional zones (Allen and
Breshears, 1998; Pefiuelas and Boada, 2003), since the geographical distribution of vegetation zones
has long been thought to be mainly limited by climate and only moderately modified by natural
disturbances like forest fires (Walter, 1973; Stephenson, 1990; Woodward et al., 1994; Tardif et al.,
2006; Messaoud et al. , 2007; Landhausser et al., 201 0).

Recruitment and tree growth at transitional zones (termed ecotones, Odum 1983), encompassing
species distribution limits, are particularly sensitive to environmental changes (Ries et al., 2004), due
to an increased frequency of sub-optimal environmental conditions causing seedling mortality and
growth declines (Brubaker, 1986; Lescop-Sinclair and Fayette, 1995; Wang et al., 2006). Climate
warming since 1950s has induced northward and elevationally upwar d shifts of tree species at the
distribution limits (Kullman, 1993; Suarez et al., 1999; Wilmking et al., 2004; Griesbauer and Green,
2010) and these extensions have been expected to be further ifwarming continues (McKenney et al.,

2

2007; Berteaux et al., 2010). Indeed, the evolution and migration of species to higher latitudes and
altitudes occurred during the warming period of the Holocene (Delcourt and Delcourt, 1987; Richard,
1993).

Ecological niches defined as a species can maintain its populations without immigration under a set of
conditions (Grinnell, 1917). Typically, structure and pattern in species assemblages originate from
niche differentiation as the way species partition the resources and respond to microclimate. When a
species' niche changes, it means that position possible move within a multivariate environmental
niche space (Petitpierre et al., 2012). The process of position change of a species is characterized by
three distinct stages: introduction, naturalization and spread (Richardson et al. 2000). Invasive species
often experience substantial shifts in climatic conditions during introduction from their native to
non-native ranges (Kolbe et al., 2012). Naturalization is defined as the ability to self-sustain
populations following introduction into a new climatic conditions, whereas invasion is only achieved
by a subset of naturalized species that spread away from founding populations to become widespread
and abundant (Pysek et al. 2008).

0.1.1 Climate change

Climate change at global scale

The air temperature, C0 1 concentration, precipitation, and radiation have exhibited significant
changes during the recent 100 years. Global mean surface temperature has increased 0.74

oc from

1906 to 2005, (IPCC, 2007). This recent warming is mostly attributed to the effects of greenhouse gas
(GHG) emissions (Meehl et al., 2004). The mean global atmospheric C0 1 concentration has increased
30% since preindustrial times at a progressively faster rate each decade, 70% of the increase occurred
between 1970 and 2005 (IPCC, 2007). Globally, precipitation over land shows a small upward trend
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of approximately 1.1 mm per decade since 1901, with trends varying over time and space (IPCC,
2007). Precipitation has increased significantly in eastern parts of North America and northern Asia,
while precipitation has declined in the Mediterranean and parts of southern Asia (IPCC, 2007).
Dimming was widely reported between 1950s and the late 1980s (Abakumova et al., 1996; Stanhill
and Cohen, 2001), while a pronounced increasing trend in radiation has been observed since the late
1980s (Wild, 2009). As well, sorne extreme weather events have changed in frequency and/or
intensity over the last 50 years (IPCC, 2007). It is very likely that cold days, cold nights, and frosts
have become less frequent over most land areas, while hot days and hot nights have become more
frequent. It is also likely that the frequency of heavy precipitation events has increased over most
areas.

Temperature, precipitation, and phenology in northeastem China

The climate of northeastem China has become warmer and drier over the last century (Zhai et al.,
1999; Qian and Zhu, 2001; Qian and Qin, 2006). Climate records have shown an increase in annual
mean temperature by 2

oc between the

1900s and 1990s (Qian and Zhu, 2001) and a decrease in

summer precipitation by -0.81 mm yr-1 between the 1960s and 2000s (Liang et al. 2011). Climate
models predict a further increase in temperature by 4.6

oc towards the end of the 21st century (He et

al. 2005). Regional climate model PRECIS has predicted increases in temperatures of spring (3. 1°C),
summer (4. 7°C), and autumn (3.6°C), and a rn inor increases in precipitation during these seasons (2,
1, and 0%, respectively, Xu et al., 2006). These changes in climate appeare d to lengthen the growing
season in northeastern China. The growing season has been extended by 1.4 days per year across
temperate northeastern China between 1982 and 1993 (Chen et al., 2005). The growing season of
both boreal and broadleaf forests has be en prolonged during 1982-2003, with obvious advance of the
beginning dates of growth (Guo et al. , 2010).
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Temperature, precipitation, and phenology in eastern Canada

In Canada, annual mean temperature and annual total precipitation over the 20th century have
increased by 0.5 - 1.5 oc and 5 - 35%, respectively (Zhang et al., 2000) . It may further increase by an
additional 1.5 - 4.5

oc by 2050, accompanied by 10 to 25% higher amount of precipitation (Boer et

al., 2000; Plummer et al., 2006). In eastern Canada, climate models predict that temperatures will rise
by an additional 2.2-3.5

oc by 2050 with more increases in winter (3.0-4.4 °C) than in other seasons.

Studies project little change in summer precipitation and a decr ease in snow accumulation during
winter (Ouranos, 2010).

The increases in temperatures may translate into a longer growing season. The earlier spring warming
has induced an increase in the length of the growing season (2 days/decade) since 1950 in Canada and
the contiguous USA (Bonsal et al., 2001; Easterling, 2002; Bonsal and Prowse, 2003; Feng and Hu,
2004). Longer growing season was also found in Quebec by an observation in earlier flowering of
coltsfoot (Tussilago farfara L.) (Lavoie and Lachance, 2006). An average 5 to 6 day advance in
spring phenol ogy of lilacs has been reported in North America between 1959 and 1993 (Schwartz and
Reiter, 2000). A simulation study by climate models has indicated that sugar maple (Acer saccharum
Marsh.) buds could begin to open earlier by 1.5 days in Quebec over recent 100 year s (Raulier and
Bernier, 2000). In the 21st century, leaves of many tree species in Quebec could emerge ear lier by 9.2
days due to climate warming (Morin et al., 2009).

0.1.2 Impact of climate change on tree growth and forest at high latitudes of the Northern Hemisphere

Effects of climate change on tree growth and impacts of natural disturbances on forest structure in
Changbai Mountain, northeastem China
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Climatic factors are important in affecting tree growth in Changbai Mountain of northeastem China,
and recent warming has increased tree and forest growth. Changbai Mountain hasts the major forest
types of northeastern China with many tree species exhibiting their elevational distribution limits.
Temperature, precipitation, and drought were found to be the main factors controlling tree growth in
this area (Yu et al., 2011). In general, tree growth was more limited by precipitation at the low
elevation and by temperature at the high elevation (Yu et al., 2013; Wang et al., 2013). Growth of
Erman's birch (Betula ermanii Cham.) at tree line has shawn to positively correlate to temperature of
the growing season (Wang et al., 2013), and recent climate warming has induced an extension of this
tree line (Zhang et al., 2001). A tree-ring research has indicated that warming would increase the
radial growth of tree species in Changbai Mountain (Wang et al., 1995) and there was increased
carbon sequestration in mixed forests during thel981-2010 period in the area (Dai et al., 2012) . Plant
growth in northeastern China has shawn an enhancement in recent 30 years, resulting in a significant
increase not only in greenness but also in forest carbon stocks (Piao et al., 2003, 2005).

Volcanism and wind are two main natural disturbance factors affecting forest dynamics in Changbai
Mountain (Manchida et al., 1987; Liu, 1997; Dai et al., 2011). Volcanism results in large-scale (over
100 km2) and stand-replacing disturbances in the area (Liu, 1997), while wind causes a wide range of
disturbance events ranging from large blowdowns to single and multiple tree falls (Dai et al., 201 1).
Wind disturbances are important for the maintenance of the mixed forest in this mountain are a, since
large scale wind disturbances (> 1000 m2) and wind-induced small canopy gaps are important for
persistence of shade intolerant species such as Olga bay larch (Larix olgensis R emy) and mid-tolerant
species such as Korean pine (Pinus koraiensis Siebold et Zuccarini), respectively (Yang et al., 1994;
Okitsu et al., 1995; Liu, 1997; Dai et al., 2011).

Effects of climate change on tree growth and impacts of natural disturbances on forest structure in
eastern Canada
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Tree growth in northern boreal forest of eastern Canada is enhancing, as a response to recent warming
associated with the increase in the length of the growing season (Payette and Delwaide, 1994). For
example, black spruce is a major species in its boreal forests and its growth has been positively
related to warmer and conditions (Lavoie and Fayette, 1992). In boreal zone of Que bec, radial growth
rate of black spruce has be en increasing since the 1930s, a trend which is likely associated with recent
warming (Fayette and Delwaide, 1994). Recent increases in height growth of black spruce and a
positive trend in leader shoot elongation were also reported in the northern forest-tundra sites of
Quebec (Garnache and Fayette, 2004). The acceleration of height growth in spruce has been
suggested to promote the change from krummholz to arborescent trees and reforestation of tundra
uplands and the northward expansion of the boreal forest (Lescop-Sinclair and Fayette, 1995) . Annual
GPP and NEP increases in Canadian black spruce (Picea mariana Mill.) forests were positively
related to increases in net C02 uptake with climate warming (Grant et al. , 2009). Increases of NPP
have been observed in eastern Canada between 1982 and 1998 (Hicke et al., 2002).

In southem boreal and mixed-boreal transitional zones of Canada, moisture conditions appeared to be
more important than temperature for tree growth, since major environment controls upon growth may
change due to changes in the composition of canopy trees. The effects of drought stress on xylem
structure of red maple (Acer rubrum L) have be en observed in Central Ontar io (De Silva et al., 2012),
they found that summer drought negatively affected red maple growth. Negative influences of
summer water deficits on tree growth in the southem boreal forest of Quebec have been observed in
sugar maple (Tardif et al., 2001), white oak (Quercus alba L.) (Tardif et al., 2006), trembling aspen

(Populus tremuloides Michx.), and paper birch (Betula papyrifera Mash.) (Huang et al. , 2010).
Similar drought stress limiting tree growth has also been reported in Boreal P lains of Manitoba
(Girardin and Tardif, 2005).
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Changes in disturbance regimes (forest fire and insect outbreaks) would be another critical factor
influencing tree growth and forest structure in the boreal forest (Bergeron et al. , 1985 ; Gillett et al.,
2004; Duchesne and Prévost, 20 13). Changes in fire frequency and sever ity are deemed to be of
particular importance since these factors often control species distribution in boreal and temperate
landscapes (Bergeron and Gagnon, 1987; Asselin et al., 2003; Tardif et al., 2006). For instance, high
fire severity has been shawn to be the main factor controlling the northern distribution limit of red
pine (Pinus resinosa Ait.) (Bergeron and Brisson, 1994). Law fire frequency and small fire area were
the most important factors determining the northern distribution limit of Jack pine (Asselin et al.,
2003), whereas Jack pine and black spruce were more suitable for short fire cycles than balsam fir

(Abies balsamea (L.) Mill., Greene and Johnson, 2000). Insect outbreaks often induce huge damage
of mature and overmature conifers and thus cause changes in forest structure (Messaoud, 2007). It
may cause change in forest composition after insect outbreaks, if regeneration of affected species is
insufficient (Bergeron et al., 1995).

0.2 RATIONALE FOR CARRYING OUT THE STUDY IN TWO ARBAS

We focus on Changbai Mountains (northeastern China) and the mixed-boreal zones of
Abitibi-Témiscamingue (eastern Canada). Two features of these areas are vital in the context of our
project: (1) strong dependence of local economies on forest resources, and (2) geographical location
at the transition between boreal and temperate biomes (ecotone), where one could expect the most
pronounced changes in vegetation caver as a result of future climatic changes. All these give us a
background to better understand development of forest in bath areas and vegetation response to
climate change.

Forest resources play an important role in economies ofboth Chang bai Mountain and Quebec. Forests
in northeastern China have been being very important timber source since 1950s (Zhao et al., 1998).
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Changbai Mountain is one of the largest biosphere Reserve in the are a and still keep large amount of
natural forests due to its remote location and relatively high elevation. In Quebec, forests account for
a large area and play a major economie, social, and environmental role. Québec's forests account for
20% of the total Canadian forest and 2% of the world's forests. In Québec, dense forests caver an area
of

761,100

km2,

55%

of

the

total

area

lS

productive

forest

(sourc e:

http: //www.mmfp.gouv.qc.ca/english/intemational/forests.jsp).

Climate change may affect tree growth and forest dynamics by chang ing sail temper ature, mineral
nutrients, and water efficiency, extending growing season, rising C02 to enhance plant photosynthesis,
and affecting disturbance regimes (Bergeron, 1991; Bazzaz, 1996; Menzel and Fabian, 1999; Volney
and Fleming, 2001; Luo et al., 2004; Komer, 2006). These effects can cause changes in species
composition and community structure, finally leading to the variation of vegetation type.

Forest dynamics in northeastern China (Changbai Mountain) and eastern Canada are bath driven by
natural processes, and climate and natural disturbances are bath important in modulating vegetation
dynamics in two sides (Liu et al., 1997; Bergeron et al. , 2004; Yu et al. , 201 1) . The similarity of forest
type, climate, and sail in bath sides has been recognized (Burger and Zhao, 1988; Bam es et al., 1991) .
Forest composition is similar and have many tree species in the same g enus, such as Pinus, Abies,

Picea, Acer, Quercus, Fraxinus, Betula, Populus etc. In addition, two study ar ea have transitional
zones where forest structure, climate (cold in winter and warm and m oist in summer), and sail
condition (mainly sandy) is similar. A study covering such similar areas may therefore help assess
generality in the patterns of climate impact on dynamics of vegetation caver.

Furthermore, two areas have a environment gradient which can help understand effec ts of climate
variation on tree growth and forest dynamics. In Changbai mountain, it is an altitudinal gradient
where temperatures decrease and precipitation increase as elevation increase, whereas ther e is a
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latitudinal gradient in western Quebec (Abitibi-Témiscamingue region) where temperatures decrease
as latitude increase. Although one is an altitudinal gradient and the other one is a latitudinal gradient,
bath gradients provide good sites to investigate impacts of climate variation on tree growth and forest
composition.

0.3 GENERAL OBJECTIVES AND HYPOTHESES

The main aims of the study were (1) to evaluate the role of disturbances in the growth dynam ics of
selected species at their distribution limits, (2) to investigate climate effects on tree growth and forest
dynamics by using recruitment and annual growth data, (3) to discuss effects of future climate on tree
growth and forest dynamics in ecotones, i.e. transitional zones between different vegetation types.

I hypothesized that (1) effects of climate and disturbance regime bath regulate tree growth and forest
structure at the two ecotone areas, (2) temperature is main factor affecting tre e growth at higher
elevations or higher latitudes while precipitation regulates tree growth at lower elevations or lower
latitudes.

0.4 STUDY AREA

0.4.1 Changbai Mountain in northeastern China

Our study was carried out on the northern slope of Changbai Mountain (4 1°31'-42°28'N,
127°9'-128°55'E) along an altitudinal gradient from 750 to 1800 m. The area has a temperate,
continental climate, with long, cold winters and warm summers. Annual mean temperatures vary from
7.3

oc in the lowest re aches of the reserve to 2. 8 oc near He aven Lake on the top of mountain, and

annual mean precipitation varies from 750 to 1340 mm (Zhao, 198 1; He et al., 2005). Even before the
reserve was established in the 1950s, forest harvesting and other human disturbances inside the
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reserve had been nùnor compared to those at areas of lower elevation (Shao et al., 1994; Zhao et al.,
1998).

Changbai Mountain is one of the most important biosphere Reserve in northeastern China, due to its
rich and weil protected forest resow-ce, Temperate Broadleaf and Mixed Forest, which is the most
typical forest type in the region. The World Conservation Monitoring Centre of the United Nations
Environment Programme (UNEP·WCMC) has published a forest classification system which divides
the world's forests into 26 major types, reflecting climatic zones as weil as the principal types oftrees
(http://www.unep-wcmc.org/forest/fp_background.htm). These 26 major types have been grouped
into 6 broader categories. One ofthese is the Temperate Broadleaf and Mixed Forest (IBMF) which
occw-s in three major regions in the northern hemisphere: in eastern North America, in central and
eastern Ew·ope, and in north-east Asia (nmtheastem China, northem Km·ea, the Far East of Russia,
and northem Japan; Fig. 0.1).

Figw-e 0.1. Geographical distribution of the temperate broadleaf and nùxed forests (see dark green
and also http://www.runet.edu/~swoodwar/CLASSES/GEOG235Jbiomes/tbdti'tbdfhtrnl).
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Topographie and geological features along with climate variations result in a vertical distribution of
major forest ecosystems especially distinct along the northern slope (Wang et al., 1980; Barnes et al.,
1992; Zhao et al., 2004). From 1100 rn and below, is a broadleaf-Korean pine forests dom inated by
Korean pine, basswood (Tilia amurensis Rupr.), Korean aspen (Populus davidiana Dode), Asian
white birch (Betula platyphylla Suk.), :tvfunchurian ash (Fraxinus mand.schurica Rupr.), and Usugumo
maple (Acer mono :tvfuxim.). Transitional forests of Broadleaf-Korean pine forests and spruce-fir
forests occur between 1000 to 1300 m. From 1300 to 1700 rn, is spruce -fir forest (also known as clark
conifer forest) including Jezo spruce (Picea jezoensis Carr. var. komarovii (V Vassil.) Cheng et
L.K.Fu), Olga bay larch, and Manchurian fir (Abies nephrolepis (Trautv.) :tvfuxim .), with typical
characteristics of boreal forest in North America. Alpine birch forest is from 1700-2000 rn dominated
by dwarf birch (B. ermanii). Above 2000 rn, there are tundra, bare rock, and a volcanic crater lake.
Such a vertical structure provides a condense picture of vastly distributed temperate and boreal forests
found across northeastern China.

0.4.2 Western Quebec of eastern Canada

The distribution of vegetation in Quebec is determined mainly by climatic factors. There are three
main vegetation zones (Fig. 0.2), namely northem temperate zone, dominated by hardwood and
mixed stands; the boreal zone, characterized by softwood stands; and the Arctic zone, where the
vegetation is mostly made of shrubs and herbaceous plants (Ministère des Ressources Naturelles du
Québec, 2000).
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Figure 0 .2. Vegetation zones and bioclimatic domains in Québec (Ministere des Ressources Naturelles

du Québec, 2000).

Our study sites were located in the mixed forest zone bet:ween boreal and deciduous forests, which go

across the balsam fir-white birch, balsam fir-yellow birch (Betu/a al/eghaniensis Britt), and sugor
rn aple-yellow birch climatic domains. As the nam e im plies, this vegetation zone is a transitional one,

whose ecolo gy is shaped large!y by bolh fire and insect clisturbance

re~mes

(Ber geron and Dubuc,

1989; Bergeron, 2000). The average annual temperature is 0.8 •c, clailymean temperature is -17.9 •c
for J anuary and l6.8°C for July, and the average annual precipitation totals 856.8 mm (Environment
Canada, 1993). The frost free period lasts 64 days, but occasional frost episodes may occur anyt.ime
dwing the growing season. The composition of the veget&tion in the study srea varies along a

successional

graclien~

topography, clisturbance like fire, insect epidemies, and log~ng would affect

vegetation distribution. This mixed forestregionis dominated bybalsam fir, paper birch, white cedar
(Thuja occidenta/is L.), black spruce, white spruce (Picea dauca (Moencl\1 Voss), red maple,
trembling aspen, and Jack pine.
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0.5 SPECIFIC OBJECTIVES AND RELATIONS BETWEEN CHAPTERS

In this study, we used dendrochronological techniques on Korean pine, Manchurian fir, Jezo spruce in
Changbai Mountains (northeastern China) along an elevational gradient, and red maple at northern
distribution limit in western Quebec along a latitudinal gradient. We also used detailed vegetation
inventories in Changbai Mountain to investigate size structure, tree density, and recruit pattern of
main tree species at broadleaf-Korean pine/spruce-fir ecotone.

The reason we chose conifers in Changbai mountain but broadleaf species in western Que bec is due
to tree species distributions at respective areas. The three conifers were the only tree species cover
three transitional zones along the whole altitudinal gradient in Changbai mountain, and study on their
growth dynamics can reve al potential impacts of climate and disturbance on forest composition in the
transitional zones. Similarly, red maple is the only tree species presented along the whole latitudinal
gradient in the transitional zones (mixed-boreal forest) in Abitibi-Témiscamingue region. In addition,
we also have many Acer species in Changbai mountain, among them one species Acer mono play a
similar role in the forest as red maple in western Quebec, i.e. understory trees in the forest and
reaching its upper limits (similar to northern limitas limited by low temperature) at transitional zones
between broadleaf and boreal forest, therefore understanding factors affecting red maple growth and
its norther distributional limit may help understand growth dynamics of Acer species in Changbai
mountain.

The chapter I focused on forest dynamics in the broadleaved-Korean pine/spruce-fir ecotone based on
analyses of size structure, age structure of regeneration and adult trees, and disturbance frequency and
severity. It aimed at investigating recruitment pattern, to reconstruct local disturbance history, and to
understand the relationship between disturbance history, species coexistence, and forest composition.
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After the first goal detecting disturbance effects on forest composition, we are interested in how
climate affects tree growth and forest dynamics. Therefore, the chapter II aimed to detect
climate-growth associations of three dominant species (Korean pine, Jezo spruce, and .Manchuria fir)
along the altitudinal gradient (750-1800 rn, covering these species upper and lower distribution limits)
in Changbai Mountain, and to further understand the factors controlling the forest structure of
broadleaved-Korean pine/spruce-fir forest ecotone and its dynamics under the future climate. The
combined results of chapter I and chapter II can reveal which is main factor ( disturbances or climates)
or bath mediated tree growth and forest dynamics in Changbai mountain.

The results of Chapter I and II indicates how disturbances and climate would affect tree growth and
forest dynamics at the transitional zones in Changbai mountain. Is the regime affecting tree growth
dynamics similar at the transitional zone in western Quebec? The chapter III mainly aimed to evaluate
the effects of climate on the growth of red maple, examining biomass accumulation rates, growth
sensitivity to annual weather, and competition interactions along a 300 km latitudinal gradient (47-49

"N) stretching from the southern mixed forest to the frontier maple populations in western Que bec.

The relations between chapters are: the first two chapters may help us to understand the role of
indirect and direct effects of climate change on forest, through evaluating role of historical
disturbances on species dynamics (chapter I) and analysis of direct effects of climate on regeneration
and growth (chapter II). We believe that changes in disturbance regimes (chapter I) may be affected
by climate change, therefore we may understand the arder of importance of bath effects (indirect and
direct) affecting forest and mechanisms controlling dynamics of ecotone. The chapter III showed the
importance of direct effects of climate on red maple growth and its variation in forest composition at
ecotone in Canada, we also discussed the importance of disturbances on forest structure in the area
according to other findings. The study in bath area indicated that forest structure at ecotone were in
unequilibrium status, bath climate factors and disturbances were important in regulating forest
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structure. Broadleaved species may expand into higher altitude or latitude. This could help us better
understand the response of vegetation cover to future climate change.

Note: This thesis is written in the form of a collection of articles published or submitted to scientific
journals. Thus there are a few repetitions in the texts between the General Introduction, the Chapter
papers, and General Conclusion.
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1.1 RÉSUMÉ
Nous avons utilisé des méthodes dendrochronologiques pour étudier l'histoire des p erturb ations de la
forêt mixte dominée par le pin de Corée (Pinus koraiensis Siebold et Zuccar ini) sur le versant nord de
la montagne Changbai, au Nord-Est de la Chine, sur la période 1770 - 2000. La forêt étudiée, qui n'a
connu aucun processus de succession au cours de la période d'intérêt, est dominé e par un r égime de
perturbations naturelles caractérisé par des trouées de petite taille fréquentes et des trouées de taille
moyenne peu fréquentes. Les pourcentages des rejets de croissance dans la canop ée étaient inférieurs

à 6% dans la plupart des décennies, suggérant que les perturbations initiant ces rej ets étaient de faible
intensité. Les vents forts étaient la cause probable de ces perturbations modérées. D eux ép isodes avec
des taux élevés de perturbations (19% et 13%) correspondaient aux décennies 1920 et 1980.
L'événement de 1980 était concordant avec un ouragan survenu en 1986 sur le v er sant ouest du
Massif Changbai. Les analyses de la structure d'âge et des r ej ets de croissan ce ont révélé des
stratégies de régénération spécifiques aux espèces de la canopée. Le recrutement du mélèze de la Baie
d'Olga (Larix olgensis Herny), espèce intolérante à l'ombre, a eu lieu princip alement avant les années
1860. Le recrutement de P. koraiensis, espèce mi-tolérante à l'ombre, s'est produit via p lusieurs
vagues de régénération d'intensité modérée (décennies 1820, 1850, 1870, 1880, 1930 et 1990 et 2000).
La régénération de l'épinette Jezo (Piceajezoensis Carr. var. komarovii (V Vassil.) Cheng et LKFu) et
du sapin de Mandchourie (Abies nephrolepis (Trautv.) Maxim.), espèces tolérantes à l'ombre, était
continue au cours dernières 220 et 130 années respectivement. Un meilleur recrutement du pin de
Corée, de l'épinette Jezo et du sapin de Mandchourie a été observé au cours des décennies 1930 et
1990, coïncidant à une augmentation de la fréquence des rejets de croissance lors des décennies 1920
et 1980. Cela suggère des perturbations d'intensité modérée. N os résultats indiquent que le r égime de
perturbations actuel de la forêt mixte dominée par le pin de Corée maintient la coexisten ce d'espèces
héliophiles et tolérantes à l'ombre et qu'un changement de l'act ivité des vents peut être
particulièrement important pour la composition forestière future.
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1.2ABSTRACT
We used dendrochrono1ogica1 methods to study disturbance history of a mixed Korean pine (Pinus
koraiensis Siebo1d et Zuccarini) dominated forest on the northern s1ope of Changbai Mountain, North
Eastern China, over 1770-2000. Frequent small-scale canopy gaps and infrequent medium-scale
canopy disturbances dominated natural disturbance regime in the forest, which didn't experience
stand-replacing disturbances over the studied period. Percentages of growth releases in subcanopy
trees were below 6% in most decades, suggesting that disturbances initiating these releases were of
low intensity. Strong winds were likely cause of moderate disturbance events. Iwo episodes with
increased disturbance rates (19% and 13%) were dated to the 1920s and 1980s, timing of the 1980s
event was consistent with a hurricane occurred in 1986 on the western slope of the Changbai
Mountain. Age structure and growth release analyses revealed species-specific regeneration strategies
of canopy dominants. Shade-intolerant Olga bay larch (Larix olgensis Henry) recruited mainly before
the 1860s. Recruitment of moderately shade-tolerant P. koraiensis occurred as several regeneration
waves (1820s, 1850s, 1870-1880s, 1930s, and 1990-2000s) of moderate intensity. Shade-tolerant Jezo
spruce (Piceajezoensis Carr. var. komarovii (VVassil.) Cheng et L.K.Fu) and Manchurian fir (Abies
nephrolepis (Trautv.) Maxim.) regenerated continuously over the last 220 and 130 years, respectively.
Enhanced recruitment of P. koraiensis, P. jezoensis, and A. nephrolepis was observed during the 1930s
and 1990s, coinciding with increased growth release frequency in the 1920s and 1980s, and
suggesting disturbance events of moderate intensity. Our results indicate that the current disturbance
regime of the mixed Korean pine dominated forest maintains coexistence of light-demanding and
shade-tolerant species and that change in wind climate may be particularly important for future forest
composition.
Keywords: Canopy gaps Dendroecology Disturbance regime Growth release Old-growth forest
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1.3 INTRODUCTION

Natural disturbances have profound effects on forest dynamics, influencing growth, regeneration,
diversity, and coexistence of tree species (Frelich and Lorimer, 199 1; Abrams et al. , 1999; Kubota,
2000; Bergeron et al., 2004). Studies in forest disturbance history are critical for understanding the
present forest composition and predicting the future forest structure under different climate and
management scenarios (Girardin et al. , 2001; Kuuluvainen, 2002; Dang et al., 2009).
Dendroecological techniques are widely applied to reconstruct forest history, disturbance regimes, and
past forest dynamics (Brisson et al., 1992; Tardif et al., 2001; Fraver and White, 2005). Tree ring
analyses allow reconstruction of forest disturbance history through dating of growth release and
analyzing the establishing dates in sampled individuals (Lorimer and Frelich, 1989; Frelich and
Lorimer, 1991; Black and Abrams, 2003).

Disturbance regimes in the mixed forest are important in promoting coexistence of tree species
(Runkle, 1985; Liu, 1997; Bergeron, 2000). In closed-canopy temperate forests, the gradient in forest
disturbance severity ranges from small canopy gaps created by single or multiple treefalls to
large-scale stand-replacing events (Runkle, 1985; Runkle and Yetter, 1987; Foster et al. , 1998;
Romme et al., 1998; Turner et al., 1998; Ilisson et al., 2005; Margolis et al., 2007). Variation in the
size and frequency of disturbances causes spatial and temporal heterogeneity in environment affecting
establishment, growth, and survival of trees (Liu, 1997; Mari and Takeda, 2004). Species may
respond differently to the range of disturbance sizes and severities, depending on their own ecological
characteristics such as shade tolerance and regeneration requirements (Runkle and Yetter, 1987;
Bergeron et al., 1998; Drobyshev, 1999). Typically, shade-tolerant trees benefit from advanced
regeneration and often colonize small canopy gaps, whereas shade-intolerant trees reveal faster
growth rates but require large disturbance patches for establishment (Runkle and Yetter, 1987; Kobe

etal., 1995;Liu, 1997).
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Diversity in disturbance events may therefore allow coexistence of bath groups of trees within a
community.

Mixed Korean pine (Pinus koraiensis Siebold et Zuccarini) dom inated forest is a major forest type in
the Northeastern China with Changbai Mountain as its core distribution area. Volcanism and wind are
two main natural disturbance factors affecting forest dynamics in Changbai Mountain (Manchida et
al., 1987; Liu, 1997; Dai et al., 2011). Volcanism results in large-scale and stand-replacing
disturbances in the area. The most severe volcanic eruption in the Changbai Mountain occurred
around 1100 AD and destroyed vegetation over the area of 100 km 2, the current vegetation caver
originating largely after that event (Zhao, 1981). The most recent eruptions occurred in 1597, 1668,
and 1702 and had spatially limited effects on local forests (Zhao, 198 1; Manchida et al., 1987).
Instead, wind mainly causes a wide range of disturbance events ranging from large blowdowns to
single and multiple tree falls (Dai et al., 2011), all of which are considered important for forest
dynamics in the Changbai Mountain. Large scale wind disturbances (> 1000 m2) are important for
persistence of shade intolerant species in the forest canopy, such as Olga bay larch (Larix olgensis
Remy) (Yang et al., 1994; Okitsu et al., 1995; Liu, 1997). Wind-induced small canopy gaps maintain
mid-tolerant P. koraiensis in broadleaf-Korean pine forest (Dai et al., 2011 ). Jezo spruce (Pi ce a
jezoensis Carr. var. komarovii (VVassil.) Cheng et L.K.Fu) and Manchurian fir (Ab ies nephrolepis
(Trautv.) Maxim.) appear to be less dependent on canopy disturbances due to their shade tolerance
(Yang et al., 1994; Okitsu et al., 1995; Liu, 1997). Historical records on the frequency and intensity of
disturbance events themselves are largely missing, which precludes a deeper understanding of
community dynamics in this part of the EasternAsian temperate zone.

In an attempt to quantify the multi-century pattern of natural disturbances in Asian mixed temperate
forests, we studied forest disturbance history and regeneration dynamics in a primary mixed Korean
pine forest, the most typical forest type in the Changbai Mountain. Our specifie objectives were (1) to
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investigate temporal patterns of tree species regeneration, (2) to reconstruct local disturbance history
of this mixed forest, and (3) to illlderstand the relationship between disturbance history and species
coexistence. Based on our field observations and published studies (Yang et al., 1994; Okitsu et al. ,
1995; Liu, 1997; Dai et al. , 2011), we hypothesized that (1) the forest disturbance regime is
dominated by frequent small-scale disturbances, whereas medium or large-scale disturbances (> 1 ha)
are infrequent, and (2) bath regeneration and growth patterns of three dominant species (P. koraiensis,
P. jezoensis, and A. nephrolepis) are synchronized by the canopy disturbances. Understanding the

level of control exercised by the disturbance regime upon trees' regeneration is crucial for modeling
future species population dynamics. We therefore discuss our results in the context of potential effects
of climatic variability on natural disturbance regime and dynamics of the mixed Korean pine forests.

1.4 MATERIALS AND :tvŒTHODS

1.4.1 Study area and climate

The study was conducted on the northern slope of Changbai Moillltain in North Eastern China (1900

km 2, 41 °31'- 42°28' N, 127°9'- 128°55' E, Fig. 1.1), within the territory of Changbaishan Natural
Reserve. The area has a temperate continental climate, with long, cold, and windy winters and short,
warm, and rainy summers. Annual mean temperatures vary from 7.3 oc at the law elevations (700 rn
a.s.l.) to 2.8 oc at the top of the moillltain (2691 rn a.s.l.). The mean annual precipitation along this
gradient varies from 750 to 1340 mm (Zhao, 1981). The frequency of storms (episodes with wind
speeds above 17 rn s" 1) varies from 30 days yr· 1 at 770 rn a.s.l. to 267 days yr·1 at 2600 rn a.s.l. (Liu,
1997). The topography of the area below 1700 rn is gentle with slope inclinations being below five
degrees. Above 1700 rn, the slope is relatively steep with an average angle above 20 degrees. Volcanic
soils overlaying a deep layer of volcanic ash are common across the study area (Shao, 1996).
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Distinctive vegetation zones are present along the elevation gradient on the northem slope of
Changbai Mmmtain (Wang et al., 1980). From 750 to 1100 rn, broadleaf-Korean pine forest is
dominated by P koraiensis, Amur linden (Tilia amurensis Rupr.), Korean aspen (Populus davidiana
Dode), Asian white birch (Betula platyphylla Suk.), Manchurian ash (Fraxinus mandschurica Rupr.),
and Usugumo maple (Acer mono Maxim.). Between 1000 and 1300 rn, there is a transitional zone
represented by mixed Korean pine dominated forest. In this zone, shade-intolerant L. olgensis,
mid-tolerant P koraiensis, and shade-tolerant P jezoensis and A. nephrolepis are the dominant species.
From 1300 to 1700 rn, a zone of evergreen coniferous forest develops with L. olgensis, P jezoensis,
and A. nephrolepis as the most common species. Between 1700 and 2000 rn, alpine birch forest with
dwarf birch (Be tula ermanii Cham.) is the dominant vegetation type.

The forests of Changbai Mountain experienced relatively little disturbance by hum an activity before
the 19th century due to their remoteness (Burger and Zhao, 1988; Bames et al., 1992). During the
20th century, human disturbance became more frequent and severe, and the area of primary forest
decreased by 70.4% from 1950 to 1986 (Xin, 1987). Presently, old-growth primeval forests can only
be found in the Changbaishan Natural Reserve. The Reserve was established in 1958 to protect the
area from cutting and other forms of forest utilization such as corn picking and browsing by livestock
(Wang et al., 1980). Although forest vegetation in the Reserve reveals the legacy of past forest use, it
remains to be largely a result of natural succession.

1.4.2 Field and laboratory methods

Our study focused on the transitional zone between 1000 and 1300 rn, where P koraiensis and P
jezoensis are close to their upper and lower altitudinal distribution limits, respectively. We

hypothesized that this part of their distribution range may be sensitive to environmental changes,
including changes in natural disturbance regimes (Ries et al., 2004). To represent forest condition
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along the altitudinal gradient, 19 sample plots (20 x 80m 2 each, the longer side being perpendicular
to the slope) were set at seven altitudes (1050, 1100, 1120, 1150, 11 80, 1220, and 1250 rn) in the
summers of 2007 and 2008. At each altitude, we established 2 to 3 plots. In each plot, we recorded the
species identity, diameter at 1.3 rn (DBH), and tree height of all trees above lem in DBH. We also
recorded height and diameter at the base of seedlings of the four dominant tree species (L. olgensis, P
koraiensis, A. nephrolepis, and P. jezoensis). We classified sampled individuals as seedlings (height <
1.3 rn), small saplings (height 2: 1.3 rn with DBH < lem), saplings (l em :S DBH < Sem), or adult trees
(DBH 2: 5cm).

To estimate age of seedling for A. nephrolepis and P jezoensis, we counted intemodes between
branch whorls. The primary reason for choosing this method was limitations imposed by forest use
regulations in the Reserve, which prevented us from cutting trees and using ring counting for age
estimation. The technique proved unreliable for P. koraiensis since internodes of this species are not
easily distinguishable. We therefore used regression equation between age and diameter of P.
koraiensis, developed for Changbai Mountain (Hu et al., 2009) to estimate age of seedlings based on
their diameter. The two variables were highly correlated and regression showed a high R2 value
(A=9.975D0 ·675 , R2 =0.92, P<O.OOOl, n=251). Age of seedlings for L. olgensis was not available since
no seedlings were observed during our survey. In total, age was estimated for 1838 P. koraiensis,
1515 P. jezoensis, and 2060 A. nephrolepis seedlings.

In the summer of 2008, we established 19 subplots (20 x 20 m 2 ) within the areas of initially 19
sampled plots to evaluate the tree age structure at DBH level (1.3 rn). Within the subplots, we cored
all trees (one core per tree) of four dominant species (L. olgensis, P koraiensis, P jezoensis, and A.
nephrolepis) with DBH above 3 cm. Only samples with solid (non-rotten) central parts were used for
analyses. Most of the L. olgensis trees were rotten in their center, making it difficult to estimate
precise age. Totally, we measured 680 trees (59 L. olgensis, 126 P. koraiensis, 189 P jezoensis, and
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306 A. nehrolepsis). We neither core nor eut saplings with DBH between 1 and 3 cm since destructive
sampling is not allowed within the Reserve. We considered the error associated with age estimation to
be relatively minor due to the fact that the proportion of saplings with DBH between 1 and 5 cm for
all four species was relatively small (for P. koraiensis, L. olgensis, P. jezoensis, and A. nephrolepis 1.4%, 0%, 16.1%, and 17.1%, respectively, Table 1.1).

All the samples were dried, mounted, and sanded using up to 600 mm grit sandpaper until ring
boundaries were clearly visible. Cores were visually cross-dated by using the pointer year technique
(Stokes and Smiley, 1968). The ring widths were measured to the nearest 0.01 mm by the LinTab
measuring stage and statistically verified by the software COFECHA (Holmes, 1983). If a core had
missing pith, the age was determined by using the pith locator (Norton et al., 1987; Duncan, 1989).
We corrected age estimate of cored trees (126 trees of P. koraiensis, 189 trees of P. jezoensis, and 306
trees of A. nephrolepis) to represent tree ages at the base of the tree, using regression equations
between the age and the height of seedlings.

1.4.3 Data analysis

To represent contribution of each tree species to forest canopy, we calculated Importance Values (IV,
Cottam and Curtis, 1956) as the average of relative density (% of the number of trees) and relative
dominance (% of basal area) of a tree species in each plot, and then produced an average for the
whole study area. To facilitate across-species comparisons, we presented age distributions as number
of trees of a particular age class per hectare. A species age structure was presented at 10-year intervals
to better reflect the actual dating accuracy affected by a possible error in counting branch whorls in
seedlings, regressions used to estimate age in saplings, and in estimating of the pith years in adult
trees.
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For the analyses of growth releases, we used trees under main forest canopy and part of the
chronologies of the modem canopy trees, representing the period when these tre es were under canopy.
Rationale for this protocol was an assumption that growth of understory trees is more light- limited
and they show more pronounced response to increased light condition, as compared to canopy trees.
To classify a tree as an understory tree, we used the height threshold of 25 rn (Xu, 2001). The use of
this method was complicated by the fact that the height of the cored trees could not be measured
retrospectively. To address this problem, we used our knowledge of DBH - height relationships
obtained for the respective species in the study area and established 25 rn as a height threshold for a
tree of any species, indicating its presence in the main forest canopy. We then associated 25 rn height
threshold to corresponding DBH thresholds to identify understory segment of tree's lifespan in
modern canopy trees. Following this strategy, we combined chronologies representing under story
trees and modern canopy trees during the ir stay under the canopy.

We utilized standard method of percent growth change (GC) to detect canopy disturbance events
(Lorimer and Frelich, 1989; Nowacki and Abrams, 1997; Abrams et al., 1999). The method involves
determination of (a) the length of the time frame to calculate moving average of the tree ring
increment and (b) the minimum GC threshold to be used as an indicator of a disturbance event. For
this study, we used 10-year time spans to avoid problems with short-term climatically-induced
variations in growth (Nowacki and Abrams, 1997) and, at the same time, to r eflect high frequency of
wind-induced canopy disturbances in the study area. We defined increase in growth, later referred to
as growth release, as 100% increase as compared to the previous growth. Specifically, the percent
growth change (GC) was calculated as GC

=

(W - Ml )/Ml x 100

where GC was percentage

growth change for a single year, Ml and M2 were the preceding and subsequent 10-year ring-width
mean, respectively.
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A drawback of the selected method of release identification was its inability to evaluate growth
conditions, and subsequently-canopy openness during the period corresponding to the beginning of
tree chronologies. First, the very first decade in each chronology couldn't be compared with the
previous decade. Secondly, the initial growth of the tree might have been already large and indicative
of the gap conditions, making following increases in growth unlikely to qualify for "growth release"
according to selected criteria.

To identify gap and close-canopy conditions at the beginning of trees' lifespan, we used two
alternative approaches. First, we compared cumulative basal area increments (BAI) of the first ten
years of tree growth with BAI of cumulative 10-year increments during the identified release periods.
Since BAI of young trees is generally sm aller than the one of the adult trees, our analyses were very
conservative in the way they detected gap episodes. We used Wilcoxon matched-pairs test (Gehan,
1965) to check for significant differences in me ans of respective increment distributions, arranged in
2 cm 2 classes.

Secondly, we compared initial growth rates with thresholds, indicative of the open conditions ( canopy
gaps). To the best of our knowledge, no published studies provide direct estimates of such growth
thresholds for the studied region. Therefore we estimated the thresholds based on their average
growth rates available elsewhere. In the study of Yu et al. (2006, 2011), the mean radial growth at
radii level and respective SD have been estimated to be 1.57 ± 0.3 8, 1.63 ± 0.55, and 1.43 ± 0. 38 mm
for P. koraiensis, P. jezoensis, and A. nephrolepis, respectively. In the studies of Deng et al. (1999)
and Gao et al. (2011 ), the mean growth rate during the first 10 years were 1.5 (P. koraiensis), O. 8 (P.
jezoensis), and 0.9 mm yr·1 (A. nephrolepis). Based on these studies and our own experience with

analyzing the growth of the studied species in the region, we defined growth threshold, indicative of
gap conditions, as respective mean growth rate increased by one SD, i.e. 1.95 mm yr·1 for P.
koraiensis, 2.18 mm yr'1 for P. jezoensis, and 1.81 mm yr·1 for A. nephrolepis. We considered this
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approach to be more opportunistic, as compared to the first method. L. olgensis was not available for
these analyses due to rotten center of many cored trees (84% of all sampled tre es).

1.5 RESULTS

1. 5. 1 Stand structure

The forest was dominated by four conifer species: A. nephrolepis, P koraiensis, L. olgensis, and P.

jezoensis (Table 1.1 ). In canopy layer, both P. koraiensis and L. olgensis had the largest basal area, but
it was P. jezoensis which had the highest tree density. A. nephrolepis dominated in sub-canopy layer,
mostly due to its high density. The other two sub-canopy species, Ukurundu maple (Acer

ukurunduense Trautv. et Mey.) and bearded maple (Acer barbinerve Maxim .) had a high stem density
but a small basal area. Among all species, A. nephrolepis showed the highest abundance in both
seedling and sapling strata. P. jezoensis was abundant as seedlings and saplings, while P koraiensis
was common in seedling stratum but was rare as saplings. L. olgensis didn't regenerate in the studied
sites (Table 1.1).

Combined diameter distribution of all four species revealed an inverse J pattern, typical of an
uneven-aged forest (Fig. 1.2a), although distributions of single species differed considerably.
Excluding seedling classes, P. koraiensis showed a broadly normal distribution throughout the range
of diameter classes, and dominated the large diameter class (> 50 cm) across the stands (Fig. 1.2b). L.

olgensis exhibited a bell-shape pattern dominated by the diameter class from 30 to 50 cm and had no
trees in small DBH classes (< 5 cm) (Fig. 1.2c). P jezoensis was well represented from small to
intermediate classes (1-40 cm) and reached large classes up to 75 cm DBH (Fig. 1.2d). A. nephrolepis
dominated DBH classes below 20 cm (Fig. 1.2e).

DBH (x, cm) and height (y, rn) were highly correlated in the four dominant species with high R2
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values: L. olgensis (y=0.5953x+8.3889, R2 =0.61, p<0.0001 ), P. koraiensis (y=5.5872+0.4427x,
R 2 =0.71, p<0.0001), P. jezoensis (y = 1.2908+0.615lx, R 2 =0.88, p<0.000 1), A. nephrolepis (y =
1.5392+0.64x, R2 = 0.82, p < 0.000 1). On average, L. olgensis, P. koraiensis, P. jezoensis, and A.
nephrolepis reached the height of the main canopy (25 rn) at DBH of 27.9 cm, 43. 9 cm, 38.5 cm, and
36.7 cm, respectively. The average canopy height was similar across plots and elevations (Appendix,
Table 1.1 ), and correlation coefficients between DBH and height didn't significantly differ across
plots and species (Appendix, Fig. 1.1). This allowed us to set the same height threshold (25 rn)
attained forest canopy for all plots and species studied.

1.5.2 Age structure

To estimate establishment dates of P. koraiensis, we used the same regresswn equation
(A=9.975D0 ·675 ) to correct years needed to reach 1.3 rn (see section of method in seedling age
estimation). On average, it took 11 years for a P. koraiensis seedling to reach 1.3 m. For P. jezoensis
and A. nephrolepis, we developed regression equations between age and height from our seedling data.
The correlation between age (x, year) and height (y, cm) was statistically significant for both species
and showed high R 2 values: P. jezoensis (y= -16.2802+4.0956x, R2 = 0.74, P < 0.000 1, n = 1454) and
A. nephrolepis (y= -16.9840+4.0284x, R2 = 0.66, P < 0.0001, n = 1692). It took, on average, 36 and
35 years for spruce and fir, respectively, to reach 1.3 m. We could not make similar correction for L.
olgensis since no seedling were observed during our surveys and inability to approximate age of the
adult larch trees due to rotten pith.

Combined age distribution of the four species showed a multimodal pattern (Fig. 1.3a), with several
regeneration waves of moderate intensity (1810-1830s, 1850-1 870s, 1900s, 1930s, and 1990s). Age
structure of P. koraiensis presented a multimodal pattern with five periods of increased recruitment:
1820s, 1850s, 1870-1880s, 1930s, and 1990-2000s (Fig. 1.3b). P. jezoensis also presented a
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multimodal pattern in age distribution and showed similar increased recruitment periods as P
koraiensis (l820s, l850s, l930s, and l990s, Fig. 1.3c). A. nephrolepis showed increased recruitment
from the 1900s to the 1930s and the 1990s (Fig. 1.3d). For L. olgensis, projected pith ages indicated
that trees recruited mainly between the 1800s and 1860s (Fig. 1. 3e). Low densities of P jezoensis and
A. nephrolepis seedlings regenerated after 2000 were in line with low frequencies of growth releases
(Fig. 1.4) suggesting below average disturbance rate during the 1990s. Estimates of the low densities,
however, may be partly due to a sampling artifact error reflecting seedlings' small size and difficulties
in their identification in the field.

1.5.3 Growth releases and initial growth of P koraiensis

One third (34.6%) of sampled P koraiensis trees experienced one or more releases. Growth release
analyses indicated frequent small-scale disturbances and infrequent moderate disturbances over the
last 200 years (Fig. 1.4). The percentage of trees showing releases was generally low (< 6%) in each
decade, except the two most pronounced release periods which were observed in the l 920s and 1980s,
when the release frequency reached 19% and 13%, respectively.

In P koraiensis, the initial l 0-year BAI was significantly larger than the BAI during the release
periods (Z=-2.81, p=0.005, Fig. 1.5). Whereas the initial 10-year growth was significantly smaller
than growth in the releases periods for A. nephrolepis (Z=-2.1 2, p=0.034, Fig. 1.5) and P jezoensis
(Z=-2.12, p=0.034, Fig. 1.5). 31% of P koraiensis trees, 0% of P jezoensis, and l % of A. nephrolepis
showed initial growth increment which was larger than respective growth threshold, indicative of
canopy gap conditions.
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1.6 DISCUSSION

1.6.1 Disturbance regime

The history of mixed Korean pine dominated forest revea1ed no 1arge-sca1e and stand replacing
disturbances since the 1770s, as suggested by the lack of regeneration of pioneer L. olgensis as well
as continuous regeneration and presence in the canopy of shade-tolerant P. jezoensis and A .
nephrolepis (Table 1.1, Figs. 3c, d, ande). However, the dominance of L. olgensis in the current forest

canopy (Table 1.1) indicated a major disturbance event that took place outside the time frame covered
by this study. The most recent volcanic eruption, which occurred in 1702 and was associated with
forest fires (lvfanchida et al., 1987; Okitsu et al., 1995), was a likely candidate for such an event.
Despite intensive field inventories, we didn't find evidence of past fires (such as fire scars and charred
stumps) in our sites, although stand replacing fires have been previously described as the main factor
for the dynamics of mixed forest in Northeastem China (Chang et al. , 2008). High humidity in the
study area and fire suppression policy (Wang et al., 1980) in the Reserve might effectively limit
possibilities for effective ignitions and fire spread in the area.

Iwo medium-scale disturbance events likely occurred in the 1920s and 1980s. Increased number of
growth releases during these decades (Fig. 1.4), followed by enhanced recruitment of P. koraiensis, P.
jezoensis, and A. nephrolepis in the 1930s and 1990s (Figs. 3b, c, and d) suggested formation of rather

large canopy gaps, probably exceeding 1000 m2 Although we could not exactly identify the nature of
the 1920s event nor the scale of canopy disturbances occurred at that time, we considered it a
wind-induced disturbance since the timing of this event coincided with a large windthrow, which was
dendrochronologically reconstructed on the western slope of Changbai Mountain and dated to 1920s
(Yang and Xie, 1994). The timing of the 1980s event was consistent with documentary sources
reporting a hurricane on the western slope of CBM in 1986 (Yang and Xie, 1994).
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The canopy disturbances were common and small-scale as suggested by frequent growth releases
with low percentage oftrees exhibiting the release (< 6%) in a single decade (Fig. 1.4). The wind was
a likely factor causing these frequent small-scale disturbances. I wo canopy dominants, P jezoensis
and A. nephrolepis, are particularly sensitive to strong winds due to their large amount of leaf biomass
and shallow rooting depth (Liu, 1997), making the forests dominated by these two species especially
prone to wind disturbance. Indeed, previous studies have showed regular occurrence of windthrows in
our study area (Dai et al., 2011; Zhou et al., 2011) and reported that 40% of the gaps were form ed by
wind disturbances (Yu and Hao, 1998) typically smaller than 250 m2 in size (Zhao et al., 2006). This
is similar to the mean gap size in the geographically close temperate mixed forest in Japan, which has
been estimated to be 70-140 m2 (Miura et al., 2001; Fujita et al. , 2003; Kubota, 2006) . Size of canopy
gaps appears therefore similar across many temperate forests in Northem Hemisphere - a common
size of canopy gaps has been reported to be smaller than 200 m2 bath in the North American
deciduous forest (Runkle, 1982, 1990; Runkle and Yetter, 1987), and in the European temperate
forests (Kenderes et al. , 2008; Motta et al., 2011).

1.6.2 Forest composition response to the disturbances

Although the current study did not quantify the whole range of disturbance events known for mixed
Korean pine forests, it points to a large temporal variability in frequency and severity of disturbance
events, resulting in a complex forest stand structure. Regeneration dynamics of the most
shade-intolerant species L. olgensis exemplified the difficulties in understanding the role of the larger
disturbance events. Lack of recent fire disturbance was in line with absence of L. olgensis
regeneration and its presence in the forest exclusively as a canopy dominant (Table 1. 1). However,
sorne understory trees (5 cm < DBH <15 cm, Fig. 1.2) were observed in the forest, suggesting that
another important factor for regeneration of this species might have been severe windthrows which
maintains presence of L. olgensis in the forest canopy (Okitsu et al., 1995; Liu, 1997). A previous
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study in the Changbai Mountain has shown that forest patches dominated by L. olgensis were larger
than 1 km2 in size (Liu et al., 2004), suggesting large-scale disturbance events creating these patches.
In our sites, canopy gaps were typically smaller than 250 m2 (field observation), which would explain
the lack of L. olgensis regeneration (Table 1.1). Large-scale disturbance have also been shown to be
important for the regeneration of Dahurian larch (Larix gmelini Rupr.) in old-growth larch forests of
Da Xingan Ling Mountains, located to the North of Changbai Mountain (Ban et al., 1998).

Interval between reconstructed medium-scale disturbances in the studied forest was 60 years and
shorter than the lifespan of all the dominant species, indicating that such events might provide
important regeneration possibilities for canopy dominants. In particular, regeneration and growth of P

koraiensis benefited from the two medium-scale disturbance events (Figs. 3b and 4) and regular
small-scale disturbances (Wang and Zhao, 2011; Dai et al., 2011 ). We suggest that high wind episodes
creating canopy gaps with improved light conditions promote establishment and growth of P

koraiensis. Instead, decreased frequency of canopy gaps might reduce recruitment of this species. P
koraiensis is a mid-tolerant species, however its seedlings are shade-tolerant during the first 30 years
of their lifespan and their saplings are shade-intolerant (Ge, 1994) . Limited light availability under the
closed canopy of mixed forests causes high mortality of P koraiensis at sapling stage, decreasing
overall density of this species under the forest canopy (Table 1.1 ).

The majority of sampled P koraiensis trees apparently took advantage of canopy opening early in
their lifespan, as suggested by comparison of the initial and gap-associated growth (Fig. 1.5). Since
the trees in our study were sampled at DBH (1.3 rn) and not at the ground level, it was not possible to
deduce light conditions for these trees at the time of establishment. About one third of the sampled P

koraiensis trees experienced more than one release, indicating that the species need improved light
conditions to grow into canopy layer. Indeed, previous studies have indicated that trees of P

koraiensis typically experience several canopy gap episodes before reaching the main canopy (Wang
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and Zhao, 2011 ), regeneration of this species benefiting from gaps as small as 250 m2 (Yu and Rao,
1998; Zhao et al., 2006). In a study of an old-growth mixed forest in the Russian Far East,
geographically close to our study area, 30-40% for P koraiensis trees regenerated in the gaps
(Ishikawa et al., 1999).

It was difficult to deduce exact forest dynamics due to limited precision of our age data and since

more than 200 years passed since the occurrence of the last major disturbance event. However,
survival of shade-tolerant P jezoensis and A. nephrolepis under the forest canopy appeared to be less
dependent on disturbances than that of light-demanding P koraiensis and L. olgensis. Persistent
recruitment of P jezoensis and A. nephrolepis over the last 220 and 110 years (Figs. 3c and d),
together with their low increments during the initial growth period (Fig. 1.5) suggested that two
species might be independent of treefall gap episodes due to their high degree of shade -tolerance
(Yang et al., 1994; Okitsu et al., 1995; Liu, 1997). Ability to withstand a prolonged period in
suppressed condition with low radial growth, and fast response to improved light conditions allow
them to maintain their presence in the canopy (Yang et al., 1994). This strategy is similar to the ones
of other shade-tolerant species like Norway spruce (Picea abies (L.) Karst. ) and silver fir (Abies alba
Mill.) in European boreal forests, and balsam fir (Abies balsamea (L.) Mill.) in North American
boreal forest. Regeneration of these species takes advantage of small-scale gaps (Kneeshaw and
Bergeron, 1998; Drobyshev, 1999; Nagel et al., 2007; Firm et al., 2009; Zielonka and Malcher, 2009).

In a short-time perspective (< 200 years), stand-replacing disturbance events were probably of limited
importance as drivers of the forest dynamics in Changbai Mountain, primarily due to the fact that
the interval between such disturbance events was longer than the typical maximum lifespan of
dominant species. Volcanic eruptions occurred in the study region with the interval exceeding 600 yr
and were likely causes of stand-replacing fires (Zhao, 1981; Manchida et al., 1987). This interval was
longer than the lifespan of dominant species P koraiensis

(~400

yr), P j ezoensis

(~300

yr), A.
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nephrolepis (~200 yr), and L. olgensis (~300 yr) (Ishikawa et al., 1999; He et al., 2005). The similar
pattern was also fmmd in deciduous forests of the eastern United States, where the average interval
between severe disturbances was approximately 1000 years (Lorimer, 1977, 1989; Canham and
Loucks, 1984; Whitney, 1986). In the absence of large-scale disturbances, forest structure and
composition in such forests are largely driven by small-scale canopy disturbances due to
wind-induced mortality of single trees or small group of trees (Runkle, 1985, 1991; Canham, 1989;
Drobyshev, 2001; Motta et al., 2011 ).

Since no tree mortality data was available in the current study, we were unable to evaluate actual
contribution of species and time-specific mortality patterns into overall canopy composition. However,
joint analysis of growth release chronologies and tree age distributions suggested that current forest
composition, expressed as DBH distributions of canopy trees, is driven by regeneration events and
probably not by changes in mortality rates over time.

1.6.3 Effects of future climate on forest dynamics

Future climate changes affecting intensity and frequency of stand disturbances may have implications
for forest structure and composition. We speculate that changes in wind climate (Dai et al., 201 1) may
be particularly important since they are directly connected to availability and size distribution of
disturbed patches, which are important for the regeneration of canopy trees. Future climate
projections suggest that China will experience more extreme events such as hurricanes and typhoons
in the future (IPCC, 2007). Particularly, such storms will expand along the coast areas from south to
northeast China within rising sea surface temperatures (IPCC, 2007). This may increase the frequency
of medium and large-scale wind disturbances in the forest of northeast China.
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Since such disturbances favor the establishment of light demanding species the trend may benefit the
growth release of P. koraiensis and L. olgensis in Changbai Mountain, increasing the share of
shade-intolerant species in the forest canopies.

Increase in forest fire activity could be another consequence of climate change. Significant warming
trends during the fire season (by 0.36°C per 10 years in spring and by 0.22 oc per 10 years in summer)
and decrease in precipitation (by 100 mm) have been observed since the 1960s in Changbai Mountain
(Qian and Qin, 2006; Yu et al., 2006), this climate trend may indicate an increased chance of fire
occurrence in coming decades. Beside direct effect on drought frequency and severity, future clim ate
change may also affect forest flammability through a succession towards more fire-prone vegetation.
Simulation of the forest ecosystem response to climate warming in Changbai Mountain suggested that
future climate would benefit L. olgensis, making vegetation more prone to forest fires (He et al.,
2005).

In general, our results suggest an important role of climate variability on dynam ics of a mixed Korean
pine dominated forest over last 200 years. Indirect effects of climate variability such as changes in
wind intensity and fire frequency will likely be important factors affecting forest dynamics in the
future. We speculate that climatically driven changes in disturbance regimes and direct effects of
climate on growth may be equally important in shaping the structure and dynam ics of the mixed
Korean pine dominated forests.

1.7ACKNO\VLEDGEMENTS

We gratefully acknowledge the field assistance of Jinsong Wang, Ruiqiang Ni, Baoxin Liu, and Jichao
Sun. We thank Xiaoming Wang for assistance with tree core processing. Y.Z thanks for Zhili Yan and
He Wang to help with improving figures' quality. This research was supported by the Natural Special

36

Research Program for Forestry Welfare of China (200904022), the 12th five-year National Science
and Technology plan of China (2012BAC01B03), and the Program of the Co-Construction with
Beijing Municipal Government of China (20 12). I.D. and Y.Z. thank the Ministry of economie
development, innovation, and exports (MDEIE), Government of Québec, for financial support (grant
# PSR-SIIRl-495 to I.D.).

1. 8 REFERENCES

Abrams, MD., Copenheaver, C.A., Terazawa, K., Umeki, K., Takiya, M. , Akashi, N., 1999. A
370-year dendroecological history of an old-growthAbies-Acer-Quercus forest in Hokkaido, northem
Japan. Canadian Journal of Forest Research 29, 1891-1899.

Bames, VB., Xu, Z.B., Zhao, S.D. , 1992. Forest ecosystem in an old-growth pine-m ixed hardwood
forest of Changbai Shan Preserve in northeastem China. Canadian Journal of Forest Research 22,
144-160.

Ban, Y., Xu, H.C., Bergeron, Y., Kneeshaw, D.D., 1998. Gap r egeneration of the shade-intolerant

Larix gmelini in old-growth boreal forests of northeastem China. Journal of Vegetation Science 9,
529-536.

Bergeron, Y., Engelmark, 0., Harvey, B., Morin, H., Sirois, L., 1998. Key issues in disturbance
dynamics in boreal forests: Introduction. Journal of Vegetation Science 9, 464-468 .

Bergeron, Y., 2000. Species and stand dynamics in the mixed-woods of Quebec's southem boreal
forest. Ecology 81, 1500-1516.

37

Bergeron, Y, Flannigan, M., Gauthier, S., Leduc, A, Lefort, P., 2004. Past, current and future fire
frequency in the Canadian boreal forest: Implications for sustainable forest management. Ambio 33,
356-360.

Black, B.A., Abrams, MD., 2003. Use of boundary-line growth patterns as a b asis for
dendroecological release criteria. Ecological Applications 13, 1733-1749 .

Brisson, J. , Bergeron, Y, Bouchard, A, 1992. The history and tree stratum of an old-growth forest of
Haut-Saint-Laurent Region, Quebec. Natural Are as Journal12, 3-9.

Burger, D., Zhao, S.D., 1988. An introductory comparison of forest ecological conditions in northeast
China and Ontario, Canada. Forestry Chronicle 64, 105-115.

Canham, C.D., Loucks, O.L., 1984. Catastrophic windthrow in the presettlement forests of Wisconsin.
Ecology 65, 803-809.

Canham, C.D., 1989. Different responses to gaps among shade-toler ant tree sp ecies. Ecology 70,
548-550.

Chang, Y, He, H.S., Hu, Y, Bu, R., Li, X., 2008. Historie and current fire regimes in the Great
Xing'an Mountains, northeastem China: implications for long-term for est management. Forest
Ecology and Management 254, 445-453.

Cottam, G., Curtis, J.T., 1956. The use of distance measures in phytosociological sampling. Ecology
37, 451-460.

38

Dai, L.M., Qi, L., Su, D.K., Wang, Q.W., Yu, D.P., Wang, Y., Ye, Y. J., Jiang, S.W. , Zhao, W. , 20 11.
Changes in forest structure and composition on Changbai Mountain in Northeast China. Annals of
Forest Science 68, 889-897.

Dang, H.S., Jiang, MX, Zhang, YJ., Dang, GD., Zhang, Q.F. , 2009. Dendroecological study of a
subalpine fir (Abiesfargesii) forest in the Qinling Mountains, China. Plant Ecology 201 , 67-75.

Deng, K.M. , Shao, B., Li, F., 1999. Analysis for diameter, height structures and growth of spruce -fir
forest on northern slope of Changbai Mountains. Resources Science 21(1), 77-84 (In Chinese, with
English abstract).

Drobyshev, I.V, 1999. Regeneration of Norway spruce in canopy gaps in Sphagnum myrtillus
old-growth forests. Forest Ecology and Management 115, 71-83.

Drobyshev I.V, 2001. Effect ofnatural disturbances on the abundance of Norway spruce (Picea abies

(L.) Karst.) regeneration in nemoral forests of the southern boreal zone. For est Ecology and
Management 140, 151-161.

Duncan, R., 1989. An evaluation of errors in tree age estimates based on increment cores in kahikatea
(Dacrycarpus dacrydioides). New Zealand Natural Sciences 16, 31 -37.

Firm, D., Nagel, TA, Diaci, J. , 2009. Disturbance history and dynam ics of an old -growth mixed
species mountain forest in the Slovenian Alps. Forest Ecology and Managem ent 257, 1893-1 90 1.

Foster, D.R., Knight, D.H., Franklin, J.F., 1998. Landscape patterns and legacies resulting from Large,
infrequent forest disturbances. Ecosystems 1, 497-510.

39

Fraver, S., White, A S., 2005. Disturbance dynamics of old-growth Picea rubens forests of northem
Maine. Journal of Vegetation Science 16, 597-610.

Frelich, L.E., Lorimer, C.G. , 1991. Natural disturbance regimes in hemlock-hardwood forests of the
upper great lakes region. Ecological Monographs 61, 145-164.

Fujita, T., Itaya, A, Miura, M., Manabe, T., Yamamoto, S. , 2003. Long-term canopy dynamics
analysed by aerial photographs in a temperate old-growth evergreen broad-leaved forest. Journal of
Ecology 91, 686-693.

Gao, L.S., Wang, X.M., Zhao, X.H., 2011. Response of Pinus koraiensis and Picea jezoensis var.
komarovii to climate in the transition zone of Changbai Mountain., China. Chines Journal of Plant

Ecology 35(1), 27-34 (ln Chinese, with English abstract).

Ge, J.P, 1994. Study of structure and dynamics of Korean pine forest in the Xiaoxing'an Mountains.
Journal ofNortheast Forestry University 5(4), 1-5.

Gehan, E.A, 1965. A generalized Wilcoxon test for comparing arbitrarily singly-censored samples.
Biometrika 52, 203-223.

Girardin, M.P , Tardif, J., Bergeron, Y, 2001. Radial growth analysis of Larix laricina from the Lake
Duparquet area, Quebec, in relation to climate and larch sawfly outbreaks. Ecoscience 8, 127-138.

He, H.S., Hao, Z.Q., Mladenoff, D.J., Shao, G.F., Hu, YM. , Chang, Y, 2005. Simulating forest
ecosystem response to climate warming incorporating spatial effects in north-eastern China. Journal
ofBiogeography 32, 2043-2056.

40

Holmes, R.L., 1983. Computer-assisted quality control in tree-ring dating and measurement. TreeRing Bulletin 43, 69-78.

Hu, Y. Y., Kang, X.G., Zhao, J.H., 2009. Variable relationship between tree age and diameter at breast
height for natural forests in Changbai Mountains. Journal of Northeast Forestry University 37(11),
38-42 (In Chinese, with English abstract).

IPCC, 2007. Regional Climate Projections. In: Solomon, S. , Qin, D., Manning, M., Chen, Z ., Marquis,
M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds.), Climate Change 2007: The Physical Science Basis.
Contribution ofWorking Group I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United Kingdom, New York, NY, USA

Ilisson, T. , Metslaid, M., Vodde, F., Jogiste, K., Kurm, M., 2005. Storm disturbance in forest
ecosystems in Estonia. Scandinavia Journal of Forest Research 20, 88-93.

Ishikawa, Y., Krestov, P.V, Namikawa, K., 1999. Disturbance history and tree establishment in
old-growth Pinus koraiensis-hardwood forests in the Russian Far East. Journal of Vegetation Science
10, 439-448.

Kenderes, K., Mih6k, B., Standovar, T., 2008. Thirty years of gap dynamics in a Central European
bee ch forest reserve. Forestry 81, 111-123.

Kneeshaw, D., Bergeron, Y., 1998. Canopy gap characteristics and tree replacement in the
southeastern boreal forest. Ecology 79, 783-794.

Kobe, R.K., Pacala, S.W, Silander, J.A., Canham, C.D., 1995 . Juvenile tree survivorship as a
component of shade tolerance. Ecological Applications 5, 517-532.

41

Kubota, Y, 2000. Spatial dynamics of regeneration in a conifer/broad-leaved forest in northem Japan.
Journal of Vegetation Science 11, 633-640.

Kubota, Y, 2006. Spatial pattern and regeneration dynamics in a temperate Abies-Tsuga forest in
south-western Japan. Journal of Forest Research 11, 191-201.

Kuuluvainen, T., 2002. Natural variability of forests as a reference for restoring and managing
biological diversity in boreal Fennoscandia. Silva Fennica 36, 97-1 25.

Liu, Q.J., 1997. Structure and dynamics of the subalpine coniferous for est on Changbai mountain,
China. PlantEcology 132, 97-105.

Liu, Q.J., Li, X.R. , Hu, L.L., 2004. Image analysis and community monitoring on coniferous forest
dynamics in Changbai Mountain. Journal of Applied Ecology 15 (7), 111 3-11 20 (In Chinese, with
English abstract).

Lorimer, C.G., 1977. The presettlement forest and natural disturbance cycle of northeastern Maine.
Ecology 58, 139-148.

Lorimer, C.G., 1989. Relative effects of small and large disturbances on temperate hardwood forest
structure. Ecology 70, 565-567.

Lorimer, C.G., Frelich, L.E., 1989. A method for estimating canopy disturbance frequency and
intensity in dense tempera te forests. Canadian Journal of Forest Resear ch 19, 651 -663.

42

Manchida, H., Horiwaki, H., Arai, F., 1987. Historical eruptions of the Changbai volcano resulting i n
large-scale forest devastation (deduced from widespread tephra). In: Yang, H.X. , Wang, Z., Jeffers,
J.N.R., Ward, PA (Eds), The temperate forest ecosystem. Lavenham Press, Lavenham, UK, pp.
23-26.

Margolis, E.Q., Swetnam, T.W., Allen, C.D., 2007. A stand-replacing fire history in upper montane
forests of the southernRocky Mountains. Canadian Journal ofForest Research 37, 2227-2241.

Miura, M., Manabe, T., Nishimura, N., Yamamoto, S., 2001. Forest canopy and community dynamics
in a temperate old-growth evergreen broad-leaved forest, south-western Japan: a 7-year study of a
4-haplot. Journal ofEcology 89,841-849.

Mori, A , Takeda, H., 2004. Effects of undisturbed canopy structure on population structure and
species coexistence of an old-growth subalpine forest in central Japan. Forest Ecology and
Management 200, 89-100.

Motta, R., Berretti, R., Castagneri, D., Dukié, V, Garbarino, M., Govedar, Z., Lingua, E., Maunaga,
Z. , Meloni, F., 2011. Toward a definition of the range of variability of central European mixed

Fagus-Abies-Picea forests: the nearly steady-state forest of Lom (Bosnia and Herzegovina) . Canadian
Journal of Forest Research 41, 1871-1884.

Nagel, TA, Levanic, T., Diaci, J., 2007. A dendroecological reconstruction of disturbance in an

old-growthFagus-Abies forest in Slovenia. Annals ofForest Science 64, 891 -897.

Norton, D.A, Palmer, J.G., Ogden, J., 1987. Dendroecological studies in New Zealand 1. An
evaluation of tree age estimates based on increment cores. New Zealand Journal of Botany 25,
373-383.

43

Nowacki, G.I., Abrams, M.D., 1997. Radial-growth averaging criteria for reconstructing disturbance
histories from presettlement-origin oaks. Ecological Monographs 67, 225-249.

Okitsu, S., Ito, K., Li, C.H., 1995. Establishment processes and regeneration patterns of montane
virgin coniferous forest in northeastern China. Journal of Vegetation Science 6, 305-308.

Qian, W., Qin, A, 2006. Spatial-temporal characteristics of temperature variation in China.
Meteorology andAtmospheric Physics 93, 1-16.

Ries, L., Fletcher, R.J., Battin, J., Sisk, T.D., 2004. Ecological responses to habitat edges: mechanisms,
models, and variability explained. Annual Review of Ecology Evolution and Systematics 35, 491-522.

Romme, WH., Everham, E.H., Frelich, L.E., Moritz, M.A., Sparks, M .A., 1998 . Are large, infrequent
disturbances qualitatively different from small? Ecosystems 1, 524-534.

Runkle, J.R., 1982. Patterns of disturbance in sorne old-growth mesic forests of the eastern United
States. Ecology 63, 1533-1546.

Runkle, J.R., 1985. Disturbance regimes in temperate forests. In: Pickett, S.T.A., White, P.S. (Eds.),
The Ecology ofNatural Disturbance and Patch Dynamics. Academ ie P.ress, Orlando.

Runkle, J.R., Yetter, T.C., 1987. Treefalls revisited: gap dynam ics in the southern Appalachians.
Ecology68, 417-424.

Runkle, J.R., 1990. Gap dynamics in an Ohio Acer-Fagus forest and speculations on the geography of
disturbance. Canadian Journal of Forest Research 20, 632-641.

44

Runkle, J.R., 1991. Gap dynamics of old-growth eastern forests: management implications. Natural
Areas Journal11, 19-25.

Shao, GF., 1996. Potential impacts of climate change on a mixed broadleaved-Korean pine forest
stand: A gap model approach. Climatic Change 34, 263-268.

Stokes, M.A., Smiley, T.L., 1968. An introduction to tree-ring dating : University of Chicago Press,
Chicago, Illinois, USA

Tardif, J., Brisson, J., Bergeron, Y, 2001. Dendroclimatic analysis of Acer saccharum, F agus
grandifolia, and Tsuga canadensis from an old-growth forest, southwestern Quebec. Canadian Journal
ofForestResearch 31, 1491-1501.

Turner, M.G., Baker, W.L., Peterson, C.J., Peet, R.K., 1998. Factors influencing succession: Lessons
from large, infrequent natural disturbances. Ecosystems 1, 511-523.

Wang, XC., Zhao, Y.F., 2011. Growth release determination and interpretation of Korean pine and
Koyama spruce in Shengshan National Nature Reserve, Heilongjiang Province, China. Acta
Ecologica Sinica 31 (5), 1230-1239 (In Chine se, with English abstract).

Wang, Z., Xu, Z.B., Li, X, Peng, YS., Qian, J.J., Liu, Z.D., Yang, Y., Wei, C.L., Li, Y.Z., 1980. The
main forest types and their features of community structure in northern slope of Changbai Mountain.
ForestEcosystem Research 1, 25-42 (In Chinese, withEnglish abstract).

Whitney, GG., 1986. Relation of Michigan's presettlement pine forests to substrate and disturbance
history. Ecology 67, 1548-1559.

45

Xin, Y., 1987. A general picture of forestry in China. Forestry Press of China, Beijing, pp. 5 -120 (in
Chinese).

Xu, H.C. , 2001. Natural forests of Pinus koraiensis in China. China Forestry Publishing House,
Beijing (ln Chinese).

Yang, GT., Erich, H., Sun, B., Zhang, J. , 1994. Picea-Abies forests of the northeast China. Bulletin of
Botanical Research 14, 313-328.

Yang, H.X, Xie, H.S., 1994. Study on the reconstruction of disturbance history of Pinus koraiensis
mixed forest in Changbai mountain. Acta Phytoecologica Sinica 18(3), 210 -208 (ln Chinese, with
English abstract).

Yu, Z.L., Hao, Z.Q., 1998. Canopy gap characteristics and its influence on the regeneration of
broad-leaved Korean pine forests in Changbai Mountain. Journal ofForestry Research 9, 160 -165.

Yu, D.P., Wang, Q.L., Wang, G.G , Dai, L.M., 2006. Dendroclimatic response of Piceajezoensis along
an altitudinal gradient in Changbai Mountains. Science in China Series E-Technological sciences 49,
150-159.

Yu, D.P., Wang, Q.W., Wang, Y., Zhou, W.M., Ding, H., Fang, XM., Jiang, S.W, Dai, LM ., 2011.
Climatic effects on radial growth of major tree species on Changbai Mountain. Annals of Forest
Science 68, 921-933.

Zhao, D.C., 1981. Preliminary study of the effects of volcano on vegetation development and
succession. Forest Ecosystem Research 2, 81-87 (ln Chinese).

46

Zhao, X.H., Zhang, C.Y, Zheng, J.M., 2006. Correlations between can opy gaps and species diver sity
in broad-leaved and Korean pine mixed forests. Frontiers of Forestry in China 4, 372-378.

Zhou, L., Dai, L.M., Wang, S.X., Huang, X.T., Wang, XC., Qi, L., Wang , Q.W., Li, GW. , Wei, YW.,
Shao, G.F., 2011. Changes in carbon density for three old-growth forests on Changbai Mountain,
Northeast China: 1981-2010. Annals of Forest Science 68, 953-958 .

Zielonka, T. , Malcher, P., 2009. The dynamics of a mountain mixed forest under wind disturbance in
the Tatra Mountains, central Europe- a dendroecological reconstruction. Can adian Journal of Forest
Research 39, 2215-222

47

Table 1.1. Stand structure of the studied mixed forest on the northem slope of Changbai Mountain, North-Eastern China. Importance Values (IV)
defined as the average of relative density (%of the number oftrees) and relative dominance(% of basal area). Data are mean (SD). Seedlings of
Acer species were not recorded, though they were abundant across all study sites.

Density (stems/ha)
Species

Basal area (m2/ha)
seedlings

Saplings

adult trees

Relative density (%)

Relative dominance (%)

IV

Canopy species
P inus koraiensis

11.61 (3.6)

795 (418.5)

13 (10.2)

104 (27.8)

6.1 (1 .8)

23.6 (6.2)

14.9 (3.2)

Larix olgensis

11.43

0

0

105 (82 .8)

5.3 (5 .1)

23 .7 (1 3.9)

14.5 (9 .7)

P icea jezoensis

6.36 (3.0)

411 (262.9)

118(119.5)

165 (50 .1 )

13.3 (5.8)

12.6 (5.3)

13 (4.5)

845 (406.3)

321 (130.6)

576 (1 51.4)

45. 7 (17.4)

14.6 (2.6)

30.2 (9 .8)

(8.0)

Subcanopy and understory species
Abies nephrolepis

7.20(1.7)

Acer mono

0.70 (0.9)

6 (5.5)

21 (25.8)

1.7 (1. 6)

1.5 (2.0)

1.6 (1.8)

Acer tegmentosum

0.45 (0.7)

76 (102.0)

34 (72.6)

4.4 (4.7)

0.9 (1 .4)

2.6 (3.0)

Acer uk:urunduense

0.41 (0.4)

98 (104.3)

48 (57.2)

6.9 (6.7)

0.9 (0.7)

3.9 (3.5)

Acer barbinerve

0.18 (0.2)

115 (117.5)

13 (8.3)

6.7 (7.6)

0.5 (0.5)

3.6 (3.8)
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Fig. 1.1. The location of study sites on the northem slope of Changbai M ountain, North Eastern
China
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Fig. 1.2. Diameter distributions of four dominant species in a mixed Korean pine dominated forest on
the northem slope of Changbai Mountain, North-Eastern China. (a) Combined data of the four species,
(b) P. koraiensis, ( c) L. olgensis, ( d) P. jezoensis, ( e) A. nephrolepis. The break at vertical axis is at 50
stems/ha.
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Fig. 1.3. Age structure of four dominants in a mixed Korean pine dominated forest on the northern
slope of Changbai Mountain, North-Eastern China. (a) Combined data for all species, (b) P.
koraiensis, ( c) P. jezoensis, ( d) A. nephrolepis, (e) L. olgensis. Age estimates for L. olgensis represent

minimum ages at DBH level, since 84% (50 out of 59) samples exhibited rotten pith.
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Fig. 1.4. Growth releases of four dominants in a mixed Korean pine dominated forest on the northem
slope of Changbai Mountain, North-Eastern China.
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Fig. 1.5. Distribution of basal area 10-year cumulative increments for initial growth per iods (black
bars) and gap-associated (gray bars) periods inA. nephrolepis, P. koraiensis, and P. jezoensis.
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Appendix 1.1. Height information of selected sites along the altitudinal gradient on Changbai
Mountain.
Altitude (rn)

Average canopy height (rn)

1050

28.9

1100

29.6

1120

28.7

1150

26.5

1180

25.8

1220

29.1

1250

30.4
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Appendix 1.2. DBH-height relationships of the three species at different sites. Correlation coefficients
showed no significant differences between A. nephrolepis and P. koraiensis (t=0.89, p=0.41 ), A.
nephrolepis and P. jezoensis (t=-1.4, p=0.21 ), and P. koraiensis and P. jezoensis (t=-2.4, p=0.06).
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2.1 RÉSUMÉ

Pour améliorer notre compréhension de la dynamique à long terme induite par le climat de forêts de
montagne de l'Asie de l'Est, nous avons utilisé des relevés de terrian et des techniques
dendrochronologiques pour examiner la densité de la régénération, l'accumulation de la biomasse, et
la sensibilité de la croissance au climat de trois espèces de conifères communs à leurs limites
respectives de répartition altitudinale dans la montagne Changbai du nord-est de la Chine. Les
espèces étudiées sont le sapin de Mandchourie (Abies nephrolepis (Trautv.) Maxim., répartis entre
780 et 1750 rn d'altitude), le pin de Corée (Pinus koraiensis Siebold et Zuccarini, entre 780 et 1300 rn
d'altitude), et l' épinette de Jezo (Picea jezoensis Carr. var. komarovii (VVassil.) Cheng et L.K.Fu,
entre 1000 et 1750 rn d'altitude). Les densités de la régénération ne diffèrent pas significativement
entre les élévations, sauf pour la l'épinette Jezo, qui a montré une densité nettement plus faible à 1000
rn d'altitude, par rapport à 1300 et 1750 rn d'altitude. Les trois espèces ont une surface terrière
significativement plus élevée (BAI) à la partie médiane du gradient altitudinal qu' aux limites
inférieure et supérieure du gradient. La croissance du sapin de Mandchourie et de l'épinette Jezo a
montré une plus grande sensibilité aux précipitations qu'à la température à leurs limites inférieures de
distribution et la tendance inverse a été observée à leurs limites supérieures. Dans tous les cas, les
corrélations entre la croissance et la variable respective de climat ont été positives, à l'exception de la
réponse de la croissance de l'épinette Jezo à la précipitation. La croissance du pin de Corée a été
positivement corrélée avec la température printanière et avec l'humidité estivale à la limite inférieure
de sa distribution, et avec la température estivale à sa limite supérieure. Les communautés forestières
à la limite inférieure de répartition du pin/épicéa - sapin écotone feuillus-coréen (1000-1 300 rn
d'altitude) ont montré une plus grande diversité et une structure plus complexe de la canopée et du
sous étage qu'à la limite supérieure. Notre étude suggère que les limites d'élévation de la végétation
forestière sont limitées par des facteurs climatiques qui affectent la croissance des espèces dominantes
plutôt qu'à des facteurs qui contrôlent la densité de régénération. Les changements climatiques
pourraient décaler les positions d'élévation de l'optimum climatique pour la croissance des espèces
dominants la anopée

conduisant à des changements dans la composition en espèces et la position de

l'écotone. Ces changements entraîneront probablement des modifications de la structure et de la
dynamique naturelle de la couverture végétale.

57

2.2 ABSTRACT
To improve our understanding of climate-driven long-term dynamics of eastern Asian mountain
forests, we used field surveys and dendrochronological techniques to examine regeneration density,
growth rate of mature trees, and growth sensitivity to climate of three common coniferous tree species
at their respective altitudinal distribution limits in Changbai Mountain, Northeastern China. The
studied species were Manchurian fir (Abies nephrolepis (Trautv.) Maxim ., distributed between 780
and 1750 rn a.s.l.), Korean pine (Pinus koraiensis Siebold et Zuccarini, 780 and 1300 rn a.s.l.), and
Jezo spruce (Piceajezoensis Carr. var. komarovii (VVassil.) Cheng et L.K. Fu, 1000 and 1750 rn a.s.l.).
Regeneration densities did not differ significantly among the elevations except for the Jezo spruce,
which showed a significantly lower regeneration density at 1000 rn a.s.l., as compared to 1300 and
1750 rn a.s.l. All three species showed a significantly higher basal area increment (BAl) at the middle
part of their distribution ranges than at their limits. The growth of Manchurian fir and Jezo spruce
exhibited a higher sensitivity to precipitation than to temperature at their lower distribution limits and
the inverse pattern was observed at the upper limit. In all cases the correlations between the growth
and the respective climate variable were positive, except for the correlation between Jezo spruce
growth and precipitation. Growth of Korean pine was positively correlated with spring temperature
and summer moisture at its lower distribution limit, and with summer temperature at its upper limit.
Forest communities at the lower limit of broadleaved-Korean pine/spruce-fir ecotone (1000-1300 rn
a.s.l.) showed a higher diversity and a more complex structure of canopy and sub -canopy strata than
at its upper limit. Our study suggested that elevationallimits of forest vegetation were constrained by
climate factors affecting growth of dominant species rather than those controlling regeneration density.
Climate change would likely change the elevational positions of the climate optima for the growth of
canopy dominants, leading to changes in the species and ecotone ranges, and natural dynamics of
vegetation cover.
Keywords: dendrochronology, climate change, ecotone, mountain forests, Asian temperate forests
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2.3 INTRODUCTION
Climate warming may have a major impact on forest ecosystems (Boisvenue et al., 2006) by affecting
physiological processes (Way & Or en, 201 0), tree sensitivity to environmental variability (Allen et al.,
2010), and natural disturbance regimes (Bergeron et al. , 201 0). In the Northern hemisphere, the
average annual temperature in the mid- and high-latitudes has increased by 0.74
2005, and climate models predict an additional increase by 1. 6-6.4

oc

oc from

1906 to

by 2100 (IFCC, 2007).

Changes in climate have already affected growth, establishment, and distribution of species in many
boreal and temperate forests (Pefiuelas & Boada, 2003; Garnache & F ayette, 2005; Jump et al., 2006).
In mountain ecosystems, trees respond to climate change by shifting position of their elevational
ranges (Grace et al., 2002; Mieszkowska et al., 2006; Yu et al. , 20 11), however there ar e factors that
limit possibilities for such migration. These include seed dispersal lim itations, competition pressure
from resident species in new habitats, and local soil conditions (Brubaker, 1986; Stephenson, 1990;
Feterson & Feterson, 1994; Komer & Faulsen, 2004).
The climate of Northeastern China has become warmer and drier over the last century (Qian & Zhu,
2001; Qian & Qin, 2006). Climate records have shown an increase in the annual mean temperature by
2 oc between the 1900s and 1990s (Qian & Zhu, 2001) and a de crease in the summer precipitation by
-0.81 mm yr-1 between the 1960s and 2000s (Liang et al., 2011). Climate models predict a further
increase in annual mean temperature by 4.6

oc towards the end of the 21st century (He et al., 2005),

which may result in a northward or an elevational extension of distribution lim its for dominant
coniferous species (Xu & Yan, 2001; He et al., 2005).
Recruitment and tree growth are particularly sensitive to climate change at species' distribution limits
due to an increased frequency of sub-optimal environmental conditions causing seedling and sapling
mortality, growth declines, and tree mortality (Brubaker, 1986; Lescop-Sinclair & Fayette, 1995;
Wang et al., 2006). Responses of recruitment and growth to climate vary along the elevational
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gradient. Temperature regime tends to be critically important for seedling establishment and tree
growth at species' upper elevationallimits (Tranquillini, 1979). Trees at upper limits often responds to
climate warming with an increase in regeneration density (Szeicz & MacDonald, 1995) and radial
growth (Frank & Esper, 2005). Water availability and biotic interactions tend to control the
recruitment and growth at middle to lower limits (Stephenson, 1990). Drought stress and increase in
competition at lower limits may therefore lead to low regeneration density and decline in the radial
growth (Gworek et al., 2007; Peng et al., 2008; Rigling et al. , 2013). Elevational zones separating
different bioclimatic domains (termed ecotones, Odum, 1983) provide numerous examples of strong
climate control of regeneration and tree growth (Pefiuelas & Boada, 2003; Peng et al., 2008;
Takahashi et al., 2011).
The northem slope of Changbai Mountain hasts major forest types of Northeastem China, including
broadleaved-Korean pine (Pinus koraiensis Siebold et Zuccarini) forests and spruce-fir (Picea

jezoensis Carr. var. komarovii (V.Vassil.) Cheng et L.K.Fu-Abies nephrolepis (Trautv.) Maxim.)
forests. These communities remained largely undisturbed by human activities (Wang et al., 1980;
Eames et al., 1992). As in other mountain ecosystems, numerous distribution limits are observed
along the elevational gradient of the Changbai Mountain (Yu et al., 2011), providing suitable sites for
the studies of climate-growth relationships.
Most dendrochronological studies in this region have been conducted on a single tree species (Yu et

al., 2006; 2013) or at a single elevation (Gao et al., 2010; 2011) and only one has focused on the
growth response of multiple species to climate change along the entire elevational gradient (Yu et al.,
2011). All these studies have suggested that temperature, precipitation, and sail moisture limited tree
growth in the Changbai Mountain, and that climate change may affect forest structure in this
mountain region. However, growth data alone are inadequate to identify factors behind changes in a
species distribution or forest composition (Brubaker, 1986; Wang et al., 2006), since such dynamics
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may also be related to the recruitment patterns (Silva et al., 2012; Fisichelli et al. , 2013) and natural
disturbance regimes (Flannigan & Bergeron, 1998; Vila-Cabrera et al., 2012).
The aim of this study was to advance our understanding of the factors controlling the vegetation of
broadleaved-Korean pine/spruce-fir forest ecotone (BKSFE) in the Changbai Mountain, and to
discuss its dynamics under the future climate. We evaluated r ecruitment and growth of the Korean
pine, Jezo spruce, and Manchurian fir at their elevational distribution limits and upscaled thes e results
to discuss forest composition at the upper and lower edges of BKSFE. Although the selected species
were the main canopy dominants along the BKSFE, they possessed different life strateg ies. Korean
pine is a shade-intolerant canopy species (as tree older than 40-50 years), Jezo spruce is a
shade-tolerant canopy species, and Manchurian fir is a shade-tolerant species typically dominating
sub-canopy. We hypothesize that:
(1) regeneration density declined at the tree distribution limits, as compared to the central part of tree
distribution, suggesting a regeneration-leve! control of these limits,
(2) growth rate of mature trees declined at their distribution limits, as compared to the central part of
their distributions, suggesting that prohibitively low growth rate at the distribution limits controlled
their position,
(3) tree species become more temperature sensitive at higher elevations and more precipitation
sensitive at lower elevations.
To test these hypotheses, we studied regeneration density (hypothesis 1), basal area increment of the
canopy trees (BAI, hypothesis 2), and used dendroclimatic analyses to study the trees' growth
sensitivity to climate (hypothesis 3) across their distributions. Finally, we combined our knowledge of
climate effects on regeneration and growth with data on forest composition to discuss potential effects
of climate change on the dynamics of the BKSFE.
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2.4METHODS
2.4.1 STUDY AREA
The study was conducted in the Northeastem China, on the northern s1ope of the Changbai Mountain
and within the territory of the Changbaishan Natural Reserve (4 1°31'-42°28' N, 127°9'-128°55' E,
Figure 2.1). The area has a temperate continental climate, with long, cold winters and wet summers.
Mean annual temperature varies from 2.8 oc in the lower reaches (700 rn a.s.l.) to -7.3 oc at the top of
the mountain (2691 rn a.s.l.). Variation in mean annual precipitation along this gradient is from 750
mm to 1340 mm (Zhao, 1981). About 70% of the annual precipitation falls between June and
September (Appendix 2.1). Below 1700 rn a.s.l., the topography of the area is gentle with s1ope
inclinations below 5° Above 1700 rn a.s.l., the slopes are relatively steep with an average angle
exceeding 20° Volcanic soils overlaying a deep layer of volcanic ash are common across the study
area (Shao, 1996). Soil type varies from moderately deep mountain brown forest soil (~50 cm) at the
750-1100 rn a.s.l. to more shallow

(~20

cm deep) mountain brown coniferous forest soil at 1100-1700

rn a.s.l. (ECJF, 1988).

Forest vegetation is composed of broadleaved-Korean pine forest at 750-11 00 rn a.s.l., spruce-fir
forests at 1100-1700 rn a.s.l., and ofErman's birch (Betula ermanii Cham .) forests from 1700 to 2000
rn a.s.l. (Wang et al., 1980). Each forest type possesses a unique assemblage of sub-canopy trees and

shrubs (Table 2.1). The tree distribution ofManchurian fir is limited to 700-1 800 rn a.s.l., of Korean
pine to 700-1300 rn a.s.l., and of Jezo spruce to 900-1800 rn a. s.l. (Figure 2.1 ). Two forest ecotones
are formed along this elevational gradient. The BKSFE ranges fro m 1000 to 1300 rn a.s.l. , with the
canopy dominated by Korean pine and Jezo spruce and the sub-canopy - by Manchurian fir. The
spruce-fir/alpine dwarf birch forest ecotone is located between 1700 and 1800 rn a.s.l. with Jezo
spruce and Erman's birch dominating the canopy layer and Manchurian fir dominating the sub-canopy
layer.

62

2.4.2 CLIMATE DATA
The closest meteorological stations to the sampling sites are the Open Research Station of Changbai
Mountains Forest Ecosystems (ORS, 740 rn a.s.l.), the Tianchi meteorological station (TC, 2623 rn
a.s.l.), and Songjiang town (SJ, 601 rn a.s.l.) meteorological station (Figure 2.1). Comparison of
climate records (mean and maximum monthly temperatures, and total monthly precipitation) among
the three stations showed significant correlations (p<0.05). A check for homogeneity in the climate
data from the three stations, using Mann-Kendell and Double-Mass tests, found no indications of
abrupt changes in climate records, indicating that data from any of the se stations could represent the
climate of the study area. In the analyses, we used data produced by the SJ station since it had the
longest record (1958-2007) as compared to the other stations (ORS, 1982-2007; TC 1959-1 988) and
showed a generally higher correlation with growth than data fro m the ORS and TC stations.
2.4.3 FIELD SAlvfPLING AND CHRONOLOGY DEVELOPMENT
We selected sampling plots at four elevations - 780, 1000, 1300, and 1750 rn a.s.l. , which
corresponded to the middle and marginal parts of the species distributions (Figure 2.1 ). At each
elevation we established two 20 x80 m2 plots, separated by approximately 500 m. Due to a high
variability in topographie conditions in the studied area and a r ough terrain commonly separating our
plots located on the same elevation, the plots were considered independent in respect to all growing
conditions, except climate. The longer side of the plots was perpendicular to the slope and divided
each plot into four subplots (20x20 m2 ).
Filed sampling was carried out in 2012 (for elevation 780 rn), 2008 (1 000 and 1300 rn), and 2009
(1750 rn). Although we could find trees of three studied species at elevations above their present
upper distribution limits, we established plots only below these limits, since those trees were sparsely
distributed, making it impossible to obtain sufficient replication for the dendrochronologie al analyses.
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In each plot, we recorded the species identity and diameter at breast height (DBH, 1.3 rn) of all trees
with DBH greater than 1 cm. In the four corners of each subplot, we established one 5 x5 m 2 and one
2 x2 m 2 plot to record presence of the shrub and herb species, respectively. To assess contribution of
tree species to the canopy, we calculated Importance Values (IV, Cottam & Curtis, 1956) as the
average of relative density and relative dominance of a species in each plot. Relative density is
number of individuals of a species represented as a percentage of the total number of individuals of
all species, while relative dominance is total basal area of a species calculated as a percentage of the
total basal area of all species. To clearly show the variation of forest structure along the altitudinal
gradient, we compiled our own investigation of forest composition together with data from the
published study (not a copy of a table but a summary) to exhibit forest composition in three strata
(Table 2.1).
One 20x20 m2 subplot was selected randomly within each plot to count the amount of regeneration
(seedlings > 1 cm in diameter at the stem base and < 1.3 rn in height). Regeneration density of each
species in the selected subplot was expressed as number of stems per hectare, and then was converted
into a species- and elevation-specifie average.
In each plot, we cored 12 to 17 dominant trees of each studied species at DBH. One core per tree was
taken at elevation 1000 and 1300 rn, while two cores were extracted at elevation 780 and 1750 rn
(Appendix 2.2). Tree-ring samples were dried, mounted, and sanded until ring boundaries were
clearly visible. Cores were visually cross-dated using the pointer year technique (Stokes & Smiley,
1968). Ring widths were measured to the nearest 0.01 mm by LinTab measuring stage and the data
quality was verified by COFE CHA program (Holm es, 1983). Totally, 92 cores of Manchurian fir, 103
cores of Korean pine, and 115 cores of Jezo spruce were dated and used for dendrochronological
analyses. Since the two plots located at the same elevation were ecologically similar and within
200-500 rn of each other, we combined data for each altitude to produce nine altitude- and
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species-specific chronologies (Appendix 2.2).
We collected soil samples from the mineral layer (20-30 cm) to characterize soil texture and pH in
each plot. One pit was dug in the central part of each subplot and four soil samples were collected
from each plot. The soil samples from the same plot were mixed together, air dried at 20

oc during

one week, and sieved through a 2-mm grid. Soil texture was quantified by the hydrometer method
(Sheldrick & Wang, 1993), and pH was measured in 0.01 M CaClz at a 1:5 soil solution ratio.
2.4.4 STATISTICAL ANALYSES
To test hypothesis 1, we checked differences between regeneration density among the elevations for
each species by using ANOVA with type III sum of squares and LSD post-hoc tests, using elevation
and species identity as independent factors. In this and the following ANOVAs, we considered only
direct effects of independent factors, ignoring any additive effects. Since we sampled two plots per
elevation, our replication for each contrast in the analysis was two, that exceeded the theoretically
required minimum replication for this type of ANOVA, which is one (Maxwell and Delaney 2003).
To test hypothesis 2, we analyzed variability of growth rate for each species along the elevational
gradient. We averaged all single-tree chronologies into a mean chronology for each species at each
elevation. We converted tree-ring width increment into basal area increment (BAI) to obtain average
BAI over 1996-2005, since the value of BAI was a better representation of the tree's growth rate than
diameter increment (Pedersen, 1998). ANOVA with LSD post-hoc tests (similar with regeneration
density analysis above) was used to test for the differences between BAI among elevations fo r each
species. The rationale to use the most recent 10 year frame in this analysis stemmed from the fact that
this period covered mature phase in the trees' lifespan for all species, which allowed us to minimize
age-related effects on growth. Furthermore, selecting the most recent decade minimized potential
impact of differences in stand disturbance histories on the growth dynamics. The analysis was
conducted using the software SPSS 13.0 at 0.05 significance level.
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To test hypothesis 3, we detected climate-growth relationships of studied species by using
dendroclimatical analysis. We removed the age- and size-related trends in tree growth by detrending
chronologies with a cubic spline with a 50% frequency response at 60 years, using ARS TAN program
(Cook & Peters, 1981). Ring width values were transformed into index values by dividing the
observed chronology values by the predicted values. This detrending procedure retained
high-frequency variation and filtered out low-frequency age- and disturbance-related trends.
Autoregressive modeling was also performed on each detrended series to r emove temporal
autocorrelation. The residual chronologies (RES) were used in the analyses of climate-growth
relationships.
We used response function correlations to assess associations between radial growth and climate
variables. A response function is a principal component regression to solve the problem of collinear ity
among climatic predictors (Briffa & Cook, 1990; Morzukh & Ruark, 1991) and is often used to
evaluate climate-growth relationships. Correlation coefficients of response functions were calculated
by the DendroClim2002 program (Biondi & Waikul, 2004) over the comm on interval 1958 -2007.
Climate data included mean monthly temperature and total monthly precipitation from the prev ious
year July to the current year September, as climate conditions of the previous year m ight have an
effect on tree growth in the current year (Fritts, 1976). We also considered seasonal climate conditions
based on known seasonal weather patterns in the study are a (Yu et al., 2013), i.e. the mean maximum
temperature and the total sum of precipitation of the previous autumn (September-October), the
current spring (April-May), and the current summer (June-August). We preferred maximum
temperature over mean temperature since the former produced more statistically significant results
and might have a stronger influence on growth processes than mean temper ature (Oberhuber, 2004).
2.5 RESULTS
2.5.1 SOIL CHARACTERlSTICS AND TREE-RlNG CHRONOLOGIES
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Soil texture and pH were similar among sites and did not show a clear elevational pattern (Appendix
2.3). Amajority of sites showed a high sand content(> 70%) and acid soil conditions.
Nine tree-ring chronologies ranged from 122 to 354 years in length. Jezo spruce had the longest
chronology, extending back to 1654 (Appendix 2.2). Mean sensitivity (MS) of the chronologies
increased with decreasing elevation. The contribution of the first principal component (PCl) in the
datasets of Korean pine chronologies increased at higher elevations, while the PCs obtained on
Manchurian fir and Jezo spruce datasets did not show any clear elevational pattern (Appendix 2.2).
We observed high signal-to-noise ratio (SNR), expressed population signal (EPS), and the variability
accounted for by the first PCs of all the residual chronologies, indicating a strong population-wide
signal in the site chronologies.
2.5.2 FOREST COMPOSITION
The diversity in canopy and undercanopy, shrub, and herb strata decreased with an increase in
elevation (Table 2.2). Species numbers in all three strata were much higher at the lowest (780 rn) than
at the highest elevation (1750 rn). In the BKSFE (1000-1300 rn), the differences in the number of
species were higher for the canopy and undercanopy strata (15 vs. 9 species) than for both the shrub
and herb strata (9 vs. 7 species, and 11 vs. 10 species, respectively). The studied coniferous trees
showed their lowest Importance Values (lV) at their respective lower distribution limits (Table 2.2).
Manchurian fir and Korean pine showed the highest IV at the center of their distributions, whereas
Jezo spruce had the highest IV at its upper limit. A high IV of Manchurian fir was largely attributed to
its high density, while a high basal are a maintained high IV of both Korean pine and Jezo spruce. This
was particularly true for Korean pine which showed a high relative dominance (22.7%) and a low
relative density (6.7%) at its upper limit (at 1300 rn). Boradleaved trees showed a decrease in IV with
an increase in elevation.
2.5.3 REGENERATION DENSITY
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There was no significant difference in the regeneration densities of .Manchurian fir and Korean pine
among the elevations (Figure 2.2; Appendix 2.4). Regeneration of .Manchurian fir and Korean pine
was abundant at all elevations with the density of seedlings exceeding 565 ha-1 (Figure 2.2A). Neither
species showed a significant tendency towards a higher regeneration density at the midpoint of the ir
distribution range (Figure 2.2B). Jezo spruce was the only species which showed significant
differences in regeneration densities among the three elevations (Appendix 2.4), with the lowest
regeneration density (222 ± 46 ha-1) at the lower limit and the highest density (1441 ± 449 ha-1) at the
center of its distribution (Figure 2.2B).
2.5.4 DYNNv!ICS OF BAl AND CLIMATE-GROWTH RELATIONSHIPS
Korean pine had the largest 10-year mean BAl among the three species while the BAl of .Manchurian
fir was the lowest (Figure 2.3A). BAl was significantly different in pair-wise comparisons between
species at each elevation (Appendix 2.4). All three species showed a significantly higher BAl at the
central part of their distribution range (Figure 2.3B). Korean pine had the lowest BAl at its lower
limit, while Manchurian fir and Jezo spruce showed the lowest BAl at their upper limits (Figure
2.3B).
All three species showed a higher sensitivity to temperature than to precipitation at their upper limits
and the inverse pattern was observed at their lower limits (Table 2.3; Figures 2.4 and 2.5). At
respective upper limits, the positive responses to temperature occurred during current year summer
(for Korean pine and Jezo spruce) and current year spring (for Manchurian fir) (Table 2.3; Figure 2.4).
At respective lower limits, the positive effect of precipitation was observed during previous year
autumn (Table 2.3; Figure 2.5). Jezo spruce differed from two other species in term of its response to
monthly climate variability. The growth at spruce's lower and middle distribution ranges responded
negatively to precipitation of the current April (Figure 2.5).
2.6 DISCUSSION
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Our study suggested the lack of a clear pattern in regeneration densities along the elevational gradient
in two out of three studied species (rejecting hypothesis 1) and a decline in growth rate of mature
trees towards their distribution limits (supporting hypothesis 2). We also observed a similar pattern of
climate-growth relationship for three studied species along the elevational gradient, the growth being
precipitation-sensitive at the respective lower distribution lim its and temperature-sensitive at the
upper limits, which supported hypothesis 3. Based on these findings, we conclude that climate
influences on the distribution limits of the main forest dominants in the Changbai Mountain is likel y
realized through the control of tree growth rather than of regeneration.
2.6.1 PATTERN OF REGENERATION DENSITY ALONG THE ELEVATIONAL GRADIENT
Climate effects on regeneration density differed among the three species. Observed regeneration
patterns failed to support our hypothesis suggesting the regeneration-leve! control of the distribution
limits for Korean pine and Manchurian fir. Both species have been shown to be abundant seed
producers (Wang et al., 1959; Okitsu, Ito & Li, 1995), which successfully regenerate along the
studied gradient. In addition, seedlings of pine and fir can tolerate lower light levels than seedlings of
co-occurring broadleaved species, which likely made them competitive under conditions of high
canopy closure (0. 7-0.9), typically observed in these forests (Xu et al., 2001). In contrast,
regeneration of Jezo spruce appeared to be negatively affected by the climate conditions at its lower
limit, supporting our 1st hypothesis. Although Jezo spruce is also capable of producing large seed
crops and has shade-tolerant seedlings, soils with low water holding capacity may limit seedling
survival and growth (Iijima et al., 2006). The sites at the lower limit of this species were generally
drier than those at its upper limit (Chi, Zhang & Li, 1981; Jiang et al., 2003), which might disfavor
spruce regeneration due to reduced water availability.
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Negative effects of drought on seedlings are often caused by poor root development and associated
decline in nutrient assimilation, effects which have been reported in Je zo (Iij ima et al., 2006) and in
other spruces (Karlsson et al., 1997; Chhin & Wang, 2008; Slugenova et al., 20 11 ).
2.6.2 GROWTH RATES AND ABUNDANCE ALONG THE ELEVATIONAL GRADIENT AND
DIVERSITY OF THE BKSFE
All three species showed the highest BAI at the middle of their respective distribution ranges, which
supported our second hypothesis and suggested that current species distributions were centered in the
area with climatic optima for the biomass accumulation rates. Iwo of the three studied species
(.Manchurian fir and Korean pine) also showed the highest Importance Values here, likely indicative
of the ir competitive advantage in the middle of the ir distribution ranges.
IV of studied canopy dominants varied between their respective lower and upper limits, suggesting
that the forest composition might be controlled by different factors . At their lower limits, bath
competition with broadleaved species (Table 2.1) and the climate (see next subsection) might be
limiting canopy abundance of the coniferous species and their range expansion towards lower
elevations. In contrast, the high IV of the three studied species at their upper limits may be caused by
the lack of broadleaved trees at high elevation (abave 1100 rn). This suggests a direct climate effect
on forest structure through limiting distribution of broadleaved species towards higher elevations.
Indeed, the annual average temperature for the upper limits of all three species was below -0.75
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(Jiang et al., 2003), supporting a view on the low temperature as a limiting factor for an upward
expansion of broadleaved trees.
Variation in community diversity of the BKSFE, pointed to the important role of climatic conditions
controlling the structure of the studied ecotone. An increase in elevation was associated with a decline
in the diversity across all forest strata. Canopy dominants and the undercanopy trees appeared to be
moderately sensitive to the changes in the environmental conditions along the BKSFE. In bath groups
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the number of species which were common across the whole BKSFE was slightly above 50% (55 and
57%, respectively). Importantly, no new species (i.e. species absent at the lower limit of the ecotone)
were recorded in either canopy or undercanopy strata at the upper limit of the BKSFE (Table 2.1).
The pattern was likely related to the gradient in trees tolerance to law temperatures, hardwood species
gradually disappearing from the canopy with increase in elevation (Table 2.2). In contrast, shrubs and
herbs were more sensitive to environment variations, as indicated by a law commonness of species in
bath shrub (36%) and herb (22%) strata between two limits of the BKSFE . The ground vegetation at
the lower limit of the BKSFE has been shawn to contain more shade -intolerant species as compared
to the one at the upper limit (Xu et al., 2004). Variation in the species composition of these strata
might, therefore, be partly due to changes in the degree of canopy openness along the BKSFE.
2.6.3 GROWTH SENSITIVITY TO CLIMATE
Tree growth was more sensitive to climate at the lower limits than at the upper limits, as indicated by
(a) the pattern of mean sensitivity of tree-ring chronologies (Appendix 2.2) and (b) more frequently
observed significant correlations between climate data and chronologies at lower elevations, as
compared to other parts of the distribution ranges (Table 2.3 ; Figures 2.4 and 2.5). Adequate sail
water reserves at the end of the previous growing season might be important for tree growth at the
respective lower limits. An increase in precipitation of the previous autumn (Septem ber through
October) (Table 2.3; Figure 2.5) likely facilitated accumulation and storage of carbohydrates used for
the next year growth (Ettl & Peterson, 1995; Liang et al., 2001). The soils in the Changbai Mountain
are rich in volcanic float stone with law water holding capacity (Yu et al., 2011 ), which might make
sail moisture limiting for the growth. Earlier dendrochronological studies have pointed to the summer
water deficit as an important factor limiting the growth of Korean pine at its lower distribution limit
(Yu et al., 2011; 2013). In our study, we demonstrated that moisture conditions of bath the current
summer and the previous autumn affected Korean pine growth at its lower limit. In contrast,
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Manchurian fir at the same elevation did not show response to water stress, probably due to its lower
evapotranspiration demand as a shade-tolerant sub-canopy tree. Positive effects of precipitation in the
previous autumn on trees growth at the species' lower distribution limits have previously been shawn
for subalpine conifers in the Northern China (Gao et al., 2013), and specifically - for Korean pine in
the Changbai Mountain (Yu et al., 2011; Wang et al. , 2013).
At the species upper limits, summer (June through August) temperature positively affected growth of
Korean pine and Jezo spruce, and showed a similar though non-significant effect on Manchurian fir
(Figure 2.5). Higher temperature during the growing period would increase activity of the cambial
tissue and the radial growth (Kozlowski, 1962) and may pralong growing season. As compared to the
middle parts of respective distributions, the growing season at the upper limits decreased by 27 days
for bath Manchurian fir and Jezo spruce, and by 28 days for Korean pine (Chi, Zhang & Li, 1981).
For Manchurian fir and Jezo spruce at their upper elevations (1 750 and 1300 rn, respectively), a
positive effect of spring temperatures on the growth (Table 2.3; F igure 2.4) was apparently related to
the thawing rate of snowpack and the onset of the physiologically active period (Tranquillini, 1979;
Peterson & Peterson, 2001; Deslauriers, Morin & Begin, 2003).
In Jezo spruce, the growth was strongly and negatively correlated with spring precipitation bath at its
lower limit and at the middle of its distribution range (Table 2.3; Figure 2.5). Two mechanisms would
explain this relationship. Firstly, higher input ofwater during snow melting could cause waterlogging,
a decrease in sail oxygen content, and an increase in carbon dioxide concentration, reduc ing sail
redox potential and subsequently limiting root and photosynthetic activity (Armstrong, Jackson &
Brandie, 1994; Jackson & Armstrong, 1999; Stokes, 2008). Jezo spruce requires a higher sail drainage
levels and has a lower tolerance to waterlogged conditions as compared to Kore an pine and
Manchurian fir (Andersson, 2005). Secondly, the pattern might be due to the fact that precipitation in
April fell as snow and heavier snowfalls would imply delayed onset of bath the budburst (Worrall,
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1983; Hansen-Bristow, 1986) and the growing period (Kramer & Kozlowski, 1979). In general, our
results were consistent with previous studies that showed the negative relationship between spring
precipitation and Jezo spruce growth at its middle and low distribution r anges in the Changbai
Mountain (Yu et al., 2006; Gao, Wang & Zhao, 2011).
2.6.4 EFFECTS OF CLIMATE CHANGE ON DISTRIBUTION OF CANOPY DOMINANTS AND
POSITION OF THE BKSFE
Future climate conditions will likely become warmer in Northeastem China. Regional climate madel
PRECIS has predicted increases in temperatures of spring (3. 1°C), summer ( 4. 7°C), and autumn
(3.6°C), and minor increases in precipitation during these seasons (2, 1, and 0%, respectively, Xu et

al., 2006). Climate changes would inevitably lead to shifts in the elevational positions of the climate
optima for the tree growth, leading to changes in species and ecotone ranges. At the respective upper
limits, the growth of Manchurian fir may benefit from warming during autumn and spring, while
warmer summers would likely enhance the growth of Korean pine and Jezo spruce . At their lower
limits, autumn climate may become less favorable for the growth of the studied trees, since an
increase in temperature and little change in precipitation would make this period drier, causing a more
severe drought stress in their growth.
The effects of future climate on regeneration may be differed among species. Future drier summer
may be important in limiting regeneration of Jezo spruce at its lower distribution limit. It is still
unclear how changing climate would affect regeneration of Korean pine and Manchurian fir at their
lower limits. Relatively high regeneration densities of these two species across the studied gradient
(Figure 2A) suggested that their recruitment may be more resilient than growth to future climate
v ariability.
The climate-driven shifts of distribution range of dominants in the BKSFE (Korean pine and Jezo
spruce) would result in the upward shift of the BKSFE. Our results provided empirical support of the

73

simulation studies, which have suggested migration of the dominant conifer species in the Changbai
Mountain to higher elevations (Shao, 1996; He et al., 2005). We speculate that in the future the
elevational gradient currently covered by BKSFE would likely contain a higher proportion of
broadleaved species such as Amur linden (Tilia amurensis Rupr. ) in the main canopy and maples in
the subcanopy (e.g. Acer barbinerve and Acer tegmentosum) , which are generally limited by low
temperatures (Xu et al., 2004).
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TABLE 2.1. Community structure of major forest types along the elevational gradient on the northem slope of the Changbai Mountain, based on
the data from Xu et al., 2004.
Forest zone

Elevation, rn

Canopy species

Understory species

Shrub species

Erman's birch forest

1700-2000

Betula ermanii
Larix ol~ensis

Sorbus vohuashanensis
Alnus mandshurica

Rhododendron chrvsanthum

Spruce-fir/alpine dwarfbirch forest ecotone

1700- 1800

Picea jezoensis
Betula ermanii
Larix ol~ensis

Sorbus pohuashanensis
Abies nephrolepis
Acer ukurunduense

Rhododendron chrysanthum
Vaccinium uli;;inosum
Lonicera caerulea

Spruce-fir forest

1100- 1700

Picea jezoensis
Abies nephrolepis

Betulla costata
Acer barbinerve
Acer te;;mentosum
Acer ukrunduense
Sorbus pohuashanensis

Rosa acicularis
Ribes maximowiczianum
Lonicera maximowiczii

Broadleaved-Korean pine/spruce-fir forest ecotone

1000- 1300

Pinus koraiensis
P icea jezoensis
Larix ol~ensis

Abies nephrolepis
Acer barbinerve
Acer te;;mentosum
Acer ukrunduense

Lonicera chrysantha
Lonicera maximowiczii

Broadleaved-Korean pine forest

750- 1100

Pinus koraiensis
Tilia amurensis
Fraxinus mandshurica
Quercus mon~olica
Phellodendron amurense
Ulmusjaponica
Betulla costata
Betula platyphylla
Populus ussuriensis
Populus davidiana

Acer barbinerve
Acer te~mentosum
Acer ukrunduense
Acer pseudosieboldianum
Acermono
Prunus padus
Tilia mandshurica
Syrin;;a amurensis
Malus baccata
Maackia amurensis

Philadelphus schrenkii
Corylus mandshurica
Ribes mandshuricum
Drutzis parviflora
Evonymus pauc!flora
Berberis amurensis
Vzburnum burejaeticum
Vzburnum opulus
Lonicera praeflorens
Lonicera chrysantha
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TABLE 2.2. Total species numbers and Importance Value (IV) of canopy trees along the elevation gradient on the northem slope of Changbai
Mountain. Broadleaved species include canopy dominants T. amurensis, Q. mongoliea, F. mandshurica, A. mono, B. platyphylla, and P. davidiana.
Standard deviation (SD) of the respective mean values is indicated in brackets. Values of Relative Density (Rel.dens.) and Relative Dominance
(Rel. dom.) are in percents.

Species numbers

rn

Trees

Shrub

Herbs

Rel. dens.

Rel. dom.

IV

Rel. dens.

Rel. dom.

IV

Rel. dens.

Rel. dom.

IV

780

18

13

15

25.6 (2.4)

37.8 (3.1)

31.7 (2.9)

3.8 (0.6)

8.0 ( 1.8)

5.9 (0.9)

4.3 (1.5)

6.2 (2.8)

5.3 (1 .9)

1000

15

9

11

18.2 (3.1)

24.5 (5.3)

21.4(4.3)

35.8 (6.2)

17.2 (2.7)

26.5 (5.1)

5.1 (2.3)

26.5 (5.7)

15.8 (4.1)

1300

9

7

10

0.4 (0.1)

0.6 (0.2)

0.5 (0.2)

71.9(2.9)

15.5 (4.2)

43.7 (3.3)

6.7 (1.7)

22.7 (3.1)

14.7 (2.3)

5

3

8

23.0 (4.6)

14.5 (3.9)

18.8 (4.0)

1750

Broadleaved species

P. jezoensis

Elevation,

P. koraiensis

A. nephrolepis

Rel. dens .

Rel. dom.

IV

5.8 (1 .2)

5.0 (3.7)

5.4 (2.7)

10.3 (4. 7)

16.5 (5.8)

13.4 (5.1)

27.9 (2.7)

36.0 (3.5)

31.9 (3.8)
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TABLE 2.3. Correlation coefficients of the response function analyses between tree growth and seasonal climate variables. Aster isk indicates
significant correlations (0.05 level). Maximum temperature refers to the mean maximum temperature of respective season.

A. nephrolepis

Climate variable

P. koraiensis

P. jezoensis

Season
780m

1300 m

1750 m

780m

l OOOm

1300m

lOOOm

1300 m

1750 m

PE Sept-Aug

0.38*

0.24

0.1 2

0.37*

0.15

0.1 5

0.30*

-0.1 7

0.07

CY April-May

-0.11

-0.04

-0.25

-0.01

0.04

-0.04

-0.32*

-0.06

-0.1 8

Current year (June-Aug)

0.10

0.12

0.1 0

0.36*

0.10

0.21

-0.01

0.16

0.17

Maximum

Previous year (Sept-Aug)

-0.06

-0.04

0.20

0.09

-0.05

0.23

-0.06

0.03

0.08

temperature

Current year (April-May)

-0. 06

0.03

0.25*

0.09

0.05

0.17

0.13

0.12

0.13

Current year (June-Aug)

0.03

-0.10

0.09

-0.21 *

0.09

0.04

0.1 2

0.14

0.13

Precipitation
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FIGURE 2.1. Location of the Changbai Mountain Natural Reserve in the Northeastem China (a),
distribution of species by elevation (b), and location of the meteorological stations and study si tes (c).
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FIGURE 2.2. Regeneration density of three tree specws along the elevational gradient in the
Changbai Mmmtain. ln A, x -axis represents the real elevation of the species distribution, while x -axis
of B shows the relative position along the elevational gradient.
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FIGURE 2.3. Basal area increment (BAI) for the three dominant species at different elevations over
1995-2006. The differences of x-axis betweenA and B are the same as illustrated by FIGURE 2.2.
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F1GURE 2.4. Response function analyses between the residual chronologies of A. nephrolepis, P
koraiensis, and P jezoensis and mean temperatures from the previous year July (P-JUL) to the current

year September (SEP) on the northern slope of the Changbai Mountain for the period 1958-2007.
Grey bars indicate significant relationships (p<0.05).
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FIGURE 2.5. Response function analyses between residual chronologies of A. nephrolepis, P.

koraiensis, and P.jezœnsis and precipitation &om the previous year July (P-JUL) t.o the CI.DTent year
September (SEP) on the northern slope of the Changbai Mountain for the period 1958-2007. Grey
bars indicate significant relationships (p<O. 05)
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Appendix 2. 1
APPENDIX 2.1. FIGURE 2.1. Long-tenn (1958-2007) pattern of climate variables at the Songjiang
station in the Changbai Mountain, Northeastem China.
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Appendix 2.2
APPENDIX 2.2, TABLE 2.1. Chronology statistics for the studied species on the northem slope of the Changbai Mountain. Statistics refer to
residual chronologies and include mean ring width (MRW), mean sensitivity (MS), standard deviation (SD), signal-ta-noise ratio (SNR), express
population signal (EPS), and variance explained by the first principal component (PC1, %).
Cores

Chronology

MRW

/trees

length

(mm)

A.nephrolepis

37/20

1889-2011

0.31

0.22

3

A.nephrolepis

33

1850-2007

0.48

4

A.nephrolepis

22114

1884-2008

P.koraiensis

40/21

2

P.koraiensis

3

Site

Species

Period with

Common interval analyses for the period 1958-2007

EPS;::0.85

Mean correlation

Core/Stem

SNR

EPS P Cl

0.21

1936-2011

0.349

33/1 8

17.68

0.95

37.72

0.22

0.23

1890-2007

0.480

28

25 .80

0.96

40.3 8

0.32

0.14

0.12

1922-2009

0.258

1811 2

6.25

0.86

30.18

1810-2011

0.36

0.20

0.18

1929-2011

0.277

40/21

15.34

0.94

30.96

33

1795-2007

1.18

0.20

0.27

1814-2007

0.311

33

13. 99

0.93

34.39

P.koraiensis

30

1788-2007

0.70

0.15

0.13

1829-2007

0.357

30

16.62

0.94

38.80

2

P.jezoensis

30

1780-2007

0.61

0.22

0.19

1796-2007

0.384

25

15.55

0.94

41.00

3

P.jezoensis

34

1865-2007

1.05

0.21

0.29

1917-2007

0.294

34

14.99

0.94

32.70

4

P.jezoensis

51 /27

1654-2008

0.30

0.18

0.17

1780-2009

0.318

45/24

20.95

0.95

34.40

No.

MS

SD
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Appendix 2.3
APPENDIX 2.3, TABLE 2.1. Soil gravimetrie composition is given for two plots and in percentages at the studied sites.
Site No.

Survey year

Elevation (rn)

Soil (plot 1/2)
sand

clay

Silt

pH

2012

780

78/54

10/22

12/24

4.3/4. 1

2

2008

1000

72/76

14113

14111

4.0/4.8

3

2008

1300

70174

16112

1411 6

3.1/3.4

4

2009

1750

74170

16114

1011 6

3.8/3. 8
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Appendix 2.4
APPENDIX 2.4, TABLE 2.1. Post-hoc comparisons of regeneration density and mean basal area increment (BAI) of the three species among three
elevations. For each species, contrasts marked with the same letters (a-c) are not significantly different (LSD test for post hoc pairwise
comparisons, p :, 0.05).

P. koraiensis

A. nephrolepis

P. jezoensis

Variable
780m

l300m

1750m

780m

l OOOm

l300m

l OOOm

l300m

1750m

Regeneration density, trees!ha

737 ± 441a

1048 ± 197a

565 ± 176a

1000 ± 530a

1050 ± 234a

965 ± 231a

221 ± 46a

1446 ± 449a

987 ± 109a

BAl, m2

0.59a

1.90b

0.58c

0.65a

15.03b

4.87c

2.37a

7.22b

0.73c
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3.1 RÉSUMÉ

Nous avons examiné les la croissance de l'érable rouge (Acer rnbrum L.) à sa limite nord de
répartition dans l'Est de l'Amérique du Nord afin d'évaluer sa relation au climat et sa possible réponse
suite aux changements climatiques futurs. Nous avons analysé les données dendrochronologiques de
neuf sites situés le long d'un transect latitudinal de 300 km (47-49 °N) couvrant trois domaines
bioclimatiques dans l'ouest du Québec. Les trois variables de croissance étudiées étaient les taux de
croissance au cours des 30 premières années de la vie de l'érable, la croissance cumulative de la
surface terrière au cours de la dernière décennie (2000-2009) et le taux de croissance annuelle pendant
toute la durée de vie de l'érable. Les trois mesures étaient positivement corrélées à la latitude. Sur
l'ensemble du transect, la variation annuelle de la croissance de l'érable était positivement affectée par
les températures de septembre de l'année précédente. Les températures de juillet de l'année en cours et
les précipitations de décembre de l'année précédente ont eu un effet positif sur la croissance dans la
partie nord du transe ct ( 48-49 °N). La croissance était limitée au milieu de l'été (juillet) par la
sécheresse à l'extrémité sud du transect ( 47-48 °N). La contradiction apparente entre les résultats de la
croissance absolue et ceux de la fonction de réponse a été interprétée par l'effet de l'histoire du
peuplement sur le modèle de croissance de l'érable rouge. Plus précisément, les érables recrutés après
de fortes perturbations, comme à la suite d'un feu, dans le nord, pourraient profiter des niveaux de
luminosité plus élevés, nécessaires à la croissance, par rapport aux peuplements plus au sud qui se
sont probablement développés dans des trouées. Dans l'avenir, la croissance de l'érable rouge
réponderait

négativement par l'augmentation de la sécheresse de l'été dans la partie sud de la zone

d'étude (la sapinière à bouleau à papier) et réponde rait positivement par la hausse des températures
dans le nord (le domaine de l'érablière à bouleau jaune). Cependant, les régimes de perturbations
naturelles et anthropiques qui affectent les conditions de croissance à l'échelle du site semblent
contrôlés plus que le climat la productivité de la biomasse de l'érable rouge au sein de son aire de
répartition actuel.
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3.2 ABSTRACT
We examined growth of red maple (Acer rubrum L.) to evaluate environmental controls of its
northern distributional limit in Eastern North America and its potential response to future climate
change. We collected growth data from nine sites located along a 300 km transect ( 47-49° N), which
included frontier population of red maple and covered three bioclimatic domains in western Quebec.
We analyzed three growth variables: growth rates during the first 30 years of maple lifespan,
cumulative basal area increment (BAI) over the most recent decade (2000-2009), and annual growth
rate over the whole tree lifespan (tree ages ranging from 58 to 11 2 years). We also examined growth
sensitivity to climate by using response function analyses. Red maple growth was positively
correlated with site latitude. Response function analyses indicated that annual growth variability was
positively affected by September temperatures of the previous year, the effect being observed acr oss
the entire transect. In the northern part of transect ( 48-49° N) growth was positively correlated with
July temperatures of the current year and December precipitation of the previous year. In the southern
part of transe ct (47-48° N) growth was negatively correlated with July Monthly Drought Code. We
interpret an apparent discrepancy between the results of BAI analyses and response function analyses
by the overriding effect of stand history on the growth pattern of red maple. In particular, regeneration
of maple in the southern sites likely occurred in canopy gaps, wher eas its regeneration in the north
was contingent upon large disturbance events such as stand-replacing fires, which facilitated maple
establishment. Bath stand history and climate affect red maple northern distribution lim it, but stand
history being much more influential on its growth. In the future, red maple growth would be
negatively affected by increased summer drought in the southern part of study area (sugar maple
(Acer saccharum Marsh.)- yellow birch (Be tula alleghaniensis Britt.) domain) and positively affected
by increased temperatures in the north (balsam fir (Abies balsamea (L.) Mill.) - paper birch (Betula
papyrifera Marsh.) domain). However, the natural and hum an disturbance regimes affecting the
growth conditions at the site lev el appear to be dominant controls of the actual biomass productivity
of red maple at its present distribution range.
Key words: climate change, dendrochronology, ecotone, hardwoods, migration
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3.3 INTRODUCTION
Climate influences forest communities by affecting species phenology and growth, and the outcomes
of competitive interactions among plants (Hansen et al. 2001; Richardson et al. 2006; Tylianakis et al.
2008). Over the 20th century, annual mean temperature and annual total precipitation in eastern
Canada have increased by 0.5-1.5

oc

and 5-35%, respectively (Zhang et al. 2000). Temperature is

expected to increase by an additional 1.5 to 4.5

oc by 2050, accompanied by 10 to 25% increases in

the amount of precipitation (Boer et al. 2000; Plummer et al. 2006). Such changes in climate may
have major impacts on tree growth and distribution by affecting plant physiology (Way and Oren
2010), tree sensitivity to environmental variability (Allen et al. 2010), and natural disturbance
regimes (Bergeron et al. 2010). Growth responses to these changes would likely be species-specific
(Ashraf et al. 20 13).
The performance of species at their distributionallimits may give elues to understand the ir responses
to long-term climate variability (Wilmking et al. 2004; Zhang and Hebda 2004; Griesbauer and Green
2010; Lv and Zhang 2012). Temperature is a crucial factor for tree growth at northern latitudinal and
upper altitudinal limits (Fritts 1976; Makinen et al. 2002; Frank and Esper 2005). Climate warming
has induced a northward or an upward shift of many species at their distributional limits in different
temperate biomes (Kullman 1993; Suarez et al. 1999; Wilmking et al. 2004; Pederson et al. 2004;
Griesbauer and Green 2010). In eastern North America, temperate hardwood species are expected to
migrate further north under warmer climate conditions (Goldblum and Rigg 2005; McKenney et al.
2007; Berteaux et al. 201 0; Terrier et al. 2013).
Competition may be another factor that influences species distributional limits (Gavin and Hu 2006;
Ettinger and HilleRisLambers 2013). Competition may restrict species ranges by excluding species
from potentially suitable habitats (Armas et al. 2009), and may also enhance negative effects of
sub-optimal climate conditions on tree growth (Scheller and Mladenoff 2008). Therefore, a
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consideration of competitive interactions between species, together with a detailed analysis of
climate-growth relationships, would help us to model accurately any potential shifts in species
distributions (Davis et al. 1998; Guo et al. 2013).
Studies of the long-term forest dynamics have demonstrated that distribution ranges of hardwood
species are closely linked to regional climate (Davis 1981; MacDonald 1993). For example, fossil
pollen data have indicated that red maple (Acer rubrum L.) experienced a northward expansion in
North America during the warmer period of the early to middle Holocene (from 11 000 to 7 000 years
BP, Delcourt and Delcourt 1987). Dendrochronological methods have a potential to provide high
resolution data to help disentangle climate-growth relationships, however there were few
dendroclimatological studies on hardwood species at their northern distributional limits in eastern
Canada (Tardif and Bergeron 1993; Tardif et al. 2006), most of them being focused on conifer ous
species (Drobyshev et al. 2010, 2013; Nishimura and Laroque 2011; Gemies et al. 20 12).
Red maple is one of the most widespread broadleaf trees in eastern North America, which also marks
the border between boreal and temperate biomes in eastern Canada (Walters and Yawney 1990). In
western Quebec, red maple reaches its northem distributional limit around 48° N, where its frontier
populations occupy south-facing hill slopes (James and Courtin 1985 ; Tremblay et al. 2002) and
coexist with other deciduous and coniferous species, forming mixedwoods. Spring frost is an
important factor affecting red maple sexual regeneration in this region, with waves of maple
recruitment being associated with periods of low spring frost frequency (Tremblay et al. 2002).
However, climate effects on the growth of adult trees, which may be another factor controlling the
northem distribution limit of red maple, are poorly understood. Furthermore, presence of abundant
regeneration of red maple on recently disturbed sites in this region suggests importance of stand
history affecting maple recruitment and abundance in the canopy.
In this study, we examined biomass accumulation rates and growth sensitivity of red maple to annual
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weather along a 300 km-long latitudinal gradient ( 47-49° N) stretching from the southern m ixed forest
to the frontier maple populations in eastern Canada. We put forward two hypotheses : (1) biomass
accumulation rate declines with increasing latitude, and (2) annual growth sensitivity to temperature
increases with latitude while sensitivity to precipitation decreases with latitude. Bath hypotheses
assumed that growth was increasingly limited by temperature towards the north, reflecting a trend
towards calder conditions and a shorter growing season. We also discussed the growth of red maple
under projected climate change and resulting dynamics of its northern limit in eastern North America.
3.4 :MAIERIALS AND METHODS
3.4.1 Study area
Our study was conducted at the Quebec-Ontario border along a latitudinal gradient ( 47° N to 49° N)
extending to the northern limit of red maple distribution (Figure 3.1 ). The study are a covered the
Abitibi-Témiscamingue region of Quebec, which is dominated by glacial deposits (Vincent and Hardy
1977; Bouchard et al. 2005). Regional topography is generally flat, with small hills reaching
elevations of 200 to 400 rn a.s.l. Stands with red maple in the canopy are usually found on till deposits
or rocky outcrops (Lalande 1991), with such habitats being more common towar ds the southern
portion of our transect (MRNQ 1998).
Winter climate of the study area is dominated by dry polar air masses, while warm summers bring
moist tropical air masses to the region. Average temperature de creases from the southern end of the
study transect to its northern end, while the pattern of precipitation is reversed (Table 3.1 ). Annual
mean temperature is about 1. 7 oc at BEA (the southernmost site) and O. 8 oc at DUP (the northernmost
site). January is the coldest month, with the average mean temperature rang ing between -16.9
(BEA) and -18
from 17.3

oc (DUP).

oc

July is the warmest month, with the average mean temperature varying

oc (BEA) to 16.6 OC (DUP). Total annual precipitation is between 705 mm (BEA) and 746

mm (DUP).
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Nine red maple sites were selected across the three bioclimatic domains (Sauc ier et al. 2003),
including two sites within the sugar maple (Acer saccharum Marsh.) - yellow birch (Betula

alleghaniensis Britt.) domain in the south (sites BEA and MAR), two sites within the balsam fir
(Abies balsamea (L.) Mill.) - yellow birch domain in the center of the study are a (sites REM and
KEK), and five within balsam fir-paper birch (Betula papyrifera Marsh.) domain in the north (sites
SAB 1, SAB2, SAB3, ROQ, and DUP, Figure 3.1). An ecological survey at the landscape scale across
the three bioclimatic domains determined that the frequency of red maple decreased from 46% to 11 %,
moving north ward along our latitudinal gradient (MRNQ 1998).
3.4.2 Soil sampling and analyses
To characterize soil properties, we collected two samples from the soil mineral layer (20-30 cm) at
each site, which were combined to form one bulk sample. A portion of the combined sample was
air-dried at 20 oc for one week and sieved to passa 2 mm mesh screen. Soil texture was quantified by
the Bouyoucos Hydrometer Method (Sheldrick and Wang 1993, Appendix 3.1 ). A second portion of
sample was sieved through a 4 mm screen and oven-dried at 40 oc for 60 hours. We used this portion
to determine soil chemical composition (Appendix 3.2), including total carbon (C, %), nitrogen
(N, %), sulphur (S, %), and phosphorus, together with pH in 0.5 M CaC12 and cation exchange

capacity (CEC). The analytical procedures followed established protocols (Laganière et al. 201 0) at
the Laurentian Forestry Centre of the Canadian Forest Service, Quebec City, Que bec, Canada.
3.4.3 Climate data
Climate data were generated in BioSIM 10.2.2.3, which is a set of spatially explicit bioclimatic
models (Régnière 1996). We used BioSim to interpolate climate data that had been obtained from the
five weather stations closest to each site, taking into consideration of site latitude, longitude, and
elevation. We used data for the period 1964 through 2009, which was the common period across sites
and had the highest quality of climate data. Analyzed climate variables included monthly mean
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temperature and monthly total precipitation from July of the previous year to August of the current
year. In addition, we used the Monthly Drought Code (MDC), which was calculated from May to
September, to detect the effects of sail moisture on tree growth. MDC is the product of monthly
maximum temperature and total precipitation (Girardin and Wotton 2009) and is considered an
indicator of deep organic layer moisture content (Turner 1972).
3.4.4 Field sampling and initial data treatment
We selected study sites based on the field surveys of Lalande (1991) and Tremblay et al. (2002).
Stand selection was guided by the following criteria: 1) red maple should be present as large (above
10 cm in diameter at breast height) canopy or sub-canopy trees; and 2) red maple should contribute
more than 20% in relative species abundance of selected stand. Identification of stand origin was
based on historical records of forest fires (Lalande 1991 ), data base of fire from ecoforestry maps of
the Quebec Ministry ofNatural Re sources and Wildlife, and data of stand age available from previous
studies (Lalande 1991; Graignic et al. 2013). In particular, we assumed that if stand age exceeded the
oldest sampled maples, the latter were recruited through canopy gaps and not through stand-initiating
disturbance.
At each site, we randomly sampled 12 to 17 canopy or sub-canopy maples, measuring diameter at
breast height (DBH, 1.3 rn) and extracting two cores from each tree at 20 cm above the ground
surface. The cores were dried, mounted, and sanded until ring boundar ies were clearly visible. Cores
were visually cross-dated by using the point year technique (Stokes and Smiley 1968) . After
cross-dating, ring widths were measured on scanned images in CDendro and CooRecorder software,
ver. 7.3 (Larsson 201 0). Data quality was statistically verified using the program COFECHA (Ho lmes
1983).
Prior to the dendroclimatic analyses, we removed age- and size-related trends in tree growth. The
tree-ring series were detrended with a cubic spline using program ARSTAN (Cook and Peters, 1981).
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The detrending procedure assumed a 50% frequency response over a 40-year frequency band. We
then performed autoregressive modeling on detrended ring-width series to remove temporal
autocorrelations and to enhance the common signal. The individual residual series were subsequently
averaged together using a biweight robust mean to develop a mean standardized chronology for a site
that retained high-frequency variation and which contained no low-frequency trend.
3.4.5 Dendrochronological analyses
Initial growth rates We developed cambial curves of the first 30 years of tree lifespan to evalua te the
initial growth rates and regeneration conditions. To develop cambial age chronologies we calculated
mean ring-width (in mm) for each year of growth from year one to year 30 using samples collected
within each bioclimatic domain. Since basal area increment (BAI, m2) better represents tree biomass
accumulation than does the diameter increment (Pedersen 1998), we converted the averaged
ring-widths into BAI. To evaluate differences in absolute growth rates among the bioclimatic domains,
we fitted BAI cambial chronology by linear regression and tested the differences among b coefficients
(regression slopes) using a General Linear Madel in SPSS 15.0 (Carpenter et al. 2004).
Environmental effects on growth of adult trees To understand environmental contrais of growth for
adult trees we related cumulative BAI of the most recent ten years (2000-2009) to site variables, by
using multiple linear regression function lm and bootstrapping function boat of the statistical
programming language R ver. 3.0.2 (Fox 2000). Similar to the analyses of initial growth, tree-ring
data were converted into BAis. To eliminate age effects on biomass accumulation, we divided BAI of
each tree by tree age, and then make an average of adjusted BAI from all trees as site mean BAI. We
considered latitude (representing temperature gradient, Table 3.1 ), sail pH value (representing sail
conditions, Appendix 3.2), and an index of competition interactions, as environment factors affecting
BAI.
To calculate competition interactions, we measured DBH of bath cored and neighboring trees, and
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recorded the distances between them. Specifically, we selected the nearest neighbor within each of the
four quadrants that were located around the focal maple tree, and which were delimited by the four
cardinal directions (i.e., North, South, East, and West). We then used Hegyi's (1974) single tree
competition index (CI) to quantify the influence of neighboring trees on the focal trees:

CI=

fcDj x l )
;= 1

Di DJSTij

where CI is the competitive load for the focal tree; Di is for the focal tree's DBH (cm); Dj is for the
competitor tree's DBH (cm); DISTij is the distance (rn) between focal tree i and competitor tree j ; and
N is the number of competitor trees surrounding the focal tree (four in our study). According to this
formula, higher CI would result from the sm aller the size of the focal tree, the larger the size of the
competitor, and the lower the local density (i.e., the greater the distance between trees) . We averaged
CI of all of the maple trees from the same site to estimate site CI.
Annual growth rate To further evaluate variability in growth rates along the transect, we calculated
mean diameter growth rate of red maple by calculating a ratio between DBH and tree age for each site,
and then linearly regressing it against site latitude.
Growth sensitivity to annual climate variability We used response function correlations to examine
growth sensitivity to climate resolved at monthly scale. A response function is a principal component
regression that is used to solve the problem of multicollinearity among climatic predictors (Briffa and
Cook 1990; Morzukh and Ruark 1991), and which is usually applied when evaluating climate-growth
relationships. Correlation coefficients of the response functions were calculated over the common
interval1965-2009, using the program DENDROCLIM2002 (Biondi and Waikul 2004).
3.5 RESULTS
3.5.1 Stand history and soil conditions
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The majority of northem sites (ROQ, SAB 1, SAB2, SAB3, and KEK) were post-fire stands according
to the documentary records of fire events (Lalonde 1991) and maximum tree age of red maple in these
sites (Table 3.1 ). At site DUP the initiation year of the stand and of the cored maples coincided (Table
3.1), and absence of recent charcoal suggested a clear-cut event. In southem sites (REG, :MAR, and
BEA), the maximum age of trees in the forest canopy was higher than that of sampled maples,
suggesting that these maples probably regenerated in gaps or under canopy (Table 3.1).
Soils of all sites showed a high sand content(> 73%, Appendix 3.1 ) and rather acid soil condition (pH
ranging between 3.04 and 4.20, Appendix 3.2). There was no clear pattern in variation of soil
nutrients (i.e. total C, N, and S) along the latitudinal gradient. Both northernmost (DUP) and
southernmost (BEA) sites revealed lower nutrient concentrations as compared to more centrally
located sites. Cation exchange capacity (CEC) was similar among all the sites (ranging from 17.63 to
23.79), except for the site SAB 1 (5.86).
3.5.2 Chronology characteristics
The length of maple residual chronologies ranged from 58 to 11 2 years, with the oldest chronology
dating back to 1897 (Table 3.1). Chronologies showed high expressed population signais (EPS,
ranging from 0.85 to 0.91), while the variation explained by the first principal component (PC) ranged
from 29.12 to 49.02%. The nine chronologies were similar in terms of their mean sensitivity (MS),
which ranged from 0.24 to 0.31 (Table 3.1).
3.5.3 Growth rates
Maple growth during the first 30 years of life was significantly higher (p < 0.001) in the northernmost
balsam fir-paper birch domain compared to the other two domains (Figure 3. 2) . There was no
difference between balsam fir-yellow birch and sugar maple-yellow birch domains in terms of the b
coefficients representing the increase in growth rate with age during the first 30 years (p

=

0.54). In
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all three domains, linear regression fitted the growth patterns w ell, with R 2 varying between 0.95 and
0.98.
Site average BAI accumulated during 2000-2009 was significant ly and positively related t o site
latitude (p

=

0.032), while competitive interactions and sail pH did n ot show significant effects on

BAI (Table 3.2). The average growth rate over whole tree lifespan was higher in the north of tran sect
than in the south, trees on the northernmost site ROQ exhibited the highest growth rat e wh ile the trees
on the southemmost site REM showed the lowest growth rate (F igure 3. 3).

3.5.4 Climate-growth relationships
Temperature, precipitation, and sail moisture conditions affected red map le growth (Figure 3.4).
Temperature in September of the previous year was positively related to map le growth across the
who le transe ct, with significant correlations observed at four sites (ROQ, SAB3, MAR, and B EA). In
the northem part of transect (sites DUP, ROQ, SAB 1, SAB2, SAB3, an d KEK) , June and July
temperatures of the current year, and precipitation in December of the previou s year were p osit ively
correlated with maple growth. In the southem part of transe ct, summer water deficit appear ed to limit
growth, as indicated by significant and negative correlations with July MDC (sites REM and BEA),
June temperature (BEA), and August temperature (REM), and by p ositive correlations with July
precipitation (REM and BEA).
3.6 DISCU SSION
Growth rate of red maple at its northem distributionallimit w as n ot limited by temp erature, wh ich
rejected Hypothesis 1. However, annual variability in growth was sensit ive to temp erature in the north
of transe ct and to moisture availability in the south, supporting Hypothesis 2. The resu lt rejected our
general hypothesis assuming the dominant role of law temperature in affecting red maple growth.
Initial (first 30 years of tree lifespan) and the most recent (2000-2009) growth rat es, as well as rates
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averaged over the whole lifespan of the trees were all higher in the northem part of transect,
suggesting that stand history might be more important than direct climate variability in controlling
biomass accumulation rates. Below we discuss the details of these findings and the potential effects of
future climate conditions on the northern distributionallimit of re d maple.
3.6.1 Growth rates along the latitudinal gradient
All growth variables analyzed in this study suggested that growth of red maple increased towards the
north (Table 3.2; Figures 3.2 and 3.3), which falsified our assumption about decline in growth rate
towards north due to temperature limitations. We be lieve that differences in stand history (Table 3.1)
may be important in explaining this apparent contradiction. The sites in the northern balsam fir paper birch domain regenerated after stand-replacing fires or clear cutting, and maple establishment
likely followed a stand-replacing disturbance event, thereby benefiting from high light levels during
early life stages of stand development. In contrast, red maple trees in the more southerly locations (i.e.,
sugar maple-yellow birch and balsam fir-yellow birch domains) likely regenerated under the closed
canopy and benefited from canopy gap formation. An advantage of regenerating on the open habitat
would likely be due to favorable light levels over the whole lifespan of red maples, since this species
is one of the most fast growing trees in the northern mixedwood on till soils (Walters and Yawney
1990).
Except stand history, local forest management may also modulate maple growth. For example, the
exceptionally high growth rate of ROQ (Figure 3.3) could be attributed to selective thinning, which
was applied to this stand in connection to maple syrup production in the past. A lower stand density
leading to decreased competition among trees, appeared therefore to override the effects of
sub-optimal climate on maple growth. Red maple has been shown to have strong and positive growth
responses to decreases in stand density (Walters and Yawney 1990).
3.6.2 Climate-growth relationships
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Red maple growth was sensitive to temperature in the northern part of the transect (sites DUP, ROQ,
SAB 1, SAB2, SAB3, KEK) and to moisture in its southern part (sites REM, MAR, BEA, Figure 3.4).
Higher temperature likely enhanced photosynthetic rates during the short growing period at the
northern sites, thereby favoring tree growth. A southward increase in temperature was accompanied
by a decrease in precipitation (Table 3.1), which likely led to summer drought stress in the south. A
recent study conducted in an area of Northern Ontario (De Silva et al. 2012) adjacent to our
southernmost sites, likewise demonstrated a negative effect of water deficiency on red maple growth.
Negative effects of drought stress on red maple growth, shown for the mixed forests of the eastern
USA (He et al. 2005), might have caused growth declines in red maple over that region (Fekedulegn
et al. 2003). Negative effects of summer water deficiency on hardwood species have also been
observed in sugar maple, which is taxonomically and ecologically related to red maple (Tardif et al.
200 1), as well as in other deciduous species of eastern Canada, i.e. trembling aspen (Populus
tremuloides :Michx.), paper birch (Huang et al. 2010), and white oak (Quercus alba L.; Tardif et al.
2006).
Red maple growth in the northern part of transect was positively correlated with precipitation in
December of the previous year (Figure 3.4). We believe that deeper snow cover during December
would better protect roots from the damaging effects of low temperature. Such relationship has been
proposed in many studies of tree growth dynamics at distributionallimits. Deep snow cover has be en
suggested as a factor limiting temperature-related root damage at tree lines both in northern Quebec
(Payette et al. 1996) and in western Austria (Oberhuber 2004). Positive effects of early winter snow
accumulation on tree growth have been reported for Erman's birch (Betula ermanii Charm.) at the
upper altitudinal limit of subalpine forests in northeastern China and central Japan (Takahashi et al.
2005; Yu et al. 2007). Negative effects of a reduction in snow cover on growth of sugar maple
through damaging roots have been observed in the northern hardwood forest of USA (Comerford et al.
2012).
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Red maple responded positively to previous September temperature across the entire latitudinal
gradient (Figure 3.4). Iwo mechanisms would explain this relationship. First, warmer autumn may
lead to a longer growing season for red maple and help increases of carbohydrate reserves in roots to
be used in the following growing season (Kozlowski and Pallardy 1997; Yu et al. 2007). It has been
widely reported that root reserves during the previous year appeared to play an important role for
early growth of deciduous trees in the following year (Tromp 1983; Cheng and Fuchigami 2002; Hart
et al. 2012). Secondly, warm autumn could promote root growth by keeping sail warm (Oberhuber

2004), and increases in root biomass during previous year could facilitate early growth in the
following year due to greater root mass allowing better nutrients absorption (Ettl and Peterson 1995).
3.6.3 Future responses of red maple to climate at its northem distributional limit
Our results suggested that effects of future climate on red maple distribution may be realized
primarily through climatically-induced changes in the natural disturbance regimes rather than through
direct effects of climate on tree growth. The data indicated a strong link between red maple growth
rates and the stand histories, and absence of temperature limitation of growth within the studied
transect. Bath observations apparently reflected plasticity of maple life strategy at its northem
distribution limit and, more generally, its ability for recruitment under different disturbance regimes
(Lorimer 1984; Hart et al. 2012; Duchesne and Prévost 2013). An important element of this strategy
appears to be a rapid response to changes in light availability, as it has been shawn in the study of red
maple response to budworm outbreaks (Duchesne and Prévost 20 13), formation of tree fall gaps
(Leithead et al. 2010; Hart et al. 2012), and timber harvesting (Abrams 1998; Duchesne and Ouimet
2008).
A projected increase in the frequency and severity of spruce budworm outbreaks (Gray 2008) and
windstorms (Ouranos 2010) in the study region may favor maple colonization of new habitats,
particularly - on well and moderately drained parts of landscape. Forest fire may affect northem
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distributional limit of red maple in different ways depending on variations of fire severity and
frequency in future. Red maple can sprout vigorously after fire disturbances (Walters and Yawney
1990) and growth rate of maple was higher at those post-fire stands than gap-initiated stands (Figure
3.3), suggesting positive effects of fire on maples. However, fire with high severity and frequency
could negatively affect maple frontier populations and cause a recession of its northern limit
southward. Thin bark of adult maple trees makes them susceptible to fires of even moderate intensity
(Frissell 1973; Walters and Yawney 1990; Abrams 1998), and sever fire may kill roots of maples
limiting vegetative regeneration. Frequent fires may reduce the amount of seed resources and lead to
low levels of sexual regeneration (Tremblay et al. 2002), reducing possibility of colonizing newly
available sites across landscape. Therefore, great increases in both fire frequency and severity may
exterminate populations of red maple locally and limit capacity of maple maintenance at landscape
lev el.
Considering direct effects of future climate on red maple in western Quebec, it is likely that general
warming of the climate would benefit maple recruitment and growth. Climate models predict that
temperature will rise by an additional 2.2-3.5

oc by 2050 over the entire study area, with a greater

increase in winter (3.0-4.4 °C, Ouranos 2010). Models also predict little change in summer
precipitation patterns, but a decrease in snow accumulation during the winter (Ouranos 2010). A large
increase in the abundance of maple seedlings due to climate warming has been reported at its northern
limit in northeastern Ontario (Pinto et al. 2008) and eastern Quebec (Duchesne and Ouimet 2008;
Duchesne and Prévost 2013), two locations which were geographically close to our study area. These
results imply that future warming may also enhance recruitment of red maple in western Quebec.
Increasing temperatures have been expected to increase seedling abundance of other tree species at
high latitudinal or altitudinal distribution limits (Camarero and Gutiérrez 2004; Garnache and Fayette
2005).
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In the northern part of the study area (balsam fir - paper birch domain), the warmer summer may
promote radial growth of red maple. During growing period, frontier populations of red maple may
also benefit from warmer soil temperatures (Houle et al. 2012) and, consequently, increased nitrogen
availability (Butler et al. 2012), which may be an important factor on sites with increased thickness of
soil organic layer. Maple in the southern part of the study area (sugar maple-yellow birch and balsam
fir-yellow birch domains) may face more stressful summer conditions in the future. A decrease in
summer water availability may have a negative influence in maple growth in the south.
To conclude, future abundance of red maple in the western Quebec appears to be largely a product of
disturbance-mediated effects on its recruitment and growth. Dynamics of future precipitation, which
controls levels of fire activity seems to be of immediate importance under generally warmer and
longer growing seasons. We believe that better projections of future precipitation should enhance our
ability to project future changes in northern distribution limit of red maple in eastern Canada.
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Table 3.1. Climatic conditions (1965-2009) and statistical characteristics of red maple residual chronologies at the study sites in western Quebec.
:MDC refers to Monthly Drought Code.
DUP

ROQ

SAB l

SAB2

SAB3

KEK

REM

MAR

BEA

Direct records of disturbances year

1950

1880s

1923

1923

1923

194 1

Disturbance type

Clear-cut

Fire

Fire

Fire

Fire

F ire

Stand age, maple age

58,58

112, 11 2

85, 85

85, 84

85, 84

65,64

161' 88

11 0, 83

145, 74

Latitude, N

48.88

48.55

48.46

48.46

48.46

48.18

47.68

47.36

47.12

Longitude, o W

79.36

79.41

79.42

79.42

79.42

79. 15

79.04

79.28

79.48

Elevation, rn

312

330

405

365

350

376

340

293

239

Annual mean temperature, oc

0.8

1.5

1.5

1. 5

1.5

1.6

1.5

1.5

1. 7

Annual total precipitation, mm

895

907

899

898

898

898

897

887

846

Average summer temperature, oc

15.3

15.9

16.0

16.0

16.0

16.0

15.9

15.9

16.1

Sum of summer precipitation, mm

303

300

292

291

291

288

287

289

272

Average summer :MDC

12.6

12.7

12.9

12.9

12.9

13.9

12.5

13.4

14.2

Number oftrees (number ofradii)

14 (26)

12 (23)

13 (26)

12 (24)

12 (24)

17 (32)

12 (24)

12 (23)

15 (27)

Chronology length

1951-2009

1897-2009

1924-2009

1925-2009

1925-2009

1909-2009

192 1-2009

1926-2009

1937-2011

Mean ring width, mm

1.08

1.43

1.07

1.1 6

1.12

1.05

0.50

0.98

0.86

Mean sensitivity

0.29

0.24

0.27

0.24

0.28

0.28

0.25

0.27

0.31

Period withEPS 2': 0.85

1957-2009

1944-2009

1929-2009

1936-2009

1951 -2009

1952-2009

1965-2009

1957-2009

1953-2011

Sites

Stand history and site location

0

Climatic conditions

Characteristics ofchronologies
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Common interval analysisfor 1965-2009

Express population signal (EPS)

0.91

0.85

0.90

0.88

0.87

0.90

0.86

0.89

0.91

Signal-to-noise ratio

10.57

5.53

9.05

6.6

6.50

8.71

5.99

8.47

10.65

Variance explained by the first principal component,%

36.89

29.12

49.02

44. 0

44. 2

28.93

30.21

36.03

39.01
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Table 3.2. Multiple linear regression between cumulative BAI over 2000-2009 and site level factors .
For the analysis of who le regression, coefficient R 2 (confidence interval) =0.47 (0.29, 0.56), p=O.ll.
95% confidence intervals were obtained by bootstraping of original dataset 1000 times and
calculating distribution of the b coefficients.

Factor

Estimated coefficient, b

95 % confidence interval

Std. Error

tvalue

p value

Intercept

-149.5

-354.3 & -79.4

52.49

-2.849

0.036

Latitude

3.212

1.934 & 22.559

1.087

2.955

0.032

Competition

-2.291

-11.50 & 7.823

2.088

-1. 097

0.323

Sail pH

0.632

-3.292 & 7.282

1.479

0.427

0.687
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Figure 3.1. Site locations and distribution range of red maple.
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Figure 3.2. Cambi al age BAI

chronolo~es

of red maple in the !bree bioclima1ic domains at its

northern distribution limit. Vettical bars represent SD (standard deviations) for a given cambial age.
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Figure 3.3. Mean diameter growth rate along the latitude and linear regression between them .
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Figure 3.4. Pearson product-moment correlations (r) of the response function analysis for red maple
from previous year July to current year August for the period 1965 -2009 at its northem limit. A black
bar indicates a significant relationship at p = 0.05.
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3.9 APPENDICES
Appendix 3.1. Stand history and soil texture of red maple at the nine sites in western Quebec.
Site

Sand,%

Silt, %

Clay,%

Texture Class

DUP

95.5

1.0

3.5

Sand

ROQ

91.3

6.0

2.7

Sand

SABl

92.5

4.8

2.8

Sand

SAB2

85.1

9.4

5.5

Sand

SAB3

90.3

7.0

2.7

Sand

KEK

87.5

12.2

0.2

Sand

REM

89.5

4.0

6.5

Sand

MAR

73.3

17.5

9.2

Sandy loam

BEA

95.5

1.5

3. 0

Sand
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Appendix 3.2. Soil chemical component of red maple at studied sites in western Quebec.
pH

p

K

Ca

Mg

J\1n.

Al

Fe

Na

C.E.C.

%

CaCh

mg/kg

cmol(+)/kg

cmol(+)/kg

cmol(+)/kg

cmol(+)/kg

cmol(+)/kg

cmol(+)/kg

cmol(+)/kg

cmol(+)/kg

0.02

<0,01

4.08

10.86

0.06

0.42

0.11

0.02

14.34

2.66

0.03

17.63

2.21

0.11

0.02

3.99

8.51

0.08

0.62

0.21

0.09

15.39

1.57

0.03

18.00

1.77

0.06

0.01

3.04

16.05

0.06

0.1 7

0.1 2

0.00

4.88

0.60

0.03

5.86

SAB2

6.50

0.30

0.04

3.51

28.92

0.19

0.57

0.28

0.03

15.89

2.65

0.04

19.65

SAB3

6.38

0.34

0.06

3.87

13.05

0.18

0.28

0.21

0.02

19.51

2.14

0.04

22.39

KEK

8.15

0.45

<0,0 1

3.92

7.77

0.24

0.78

0.36

0.1 7

20.58

1.60

0.06

23.79

REM

3.53

0.18

0.04

3.82

2.84

0.10

0.73

0.36

0.01

18.1 5

2.11

0.03

21.51

MAR

3.82

0.21

0.03

4.01

23.35

0.16

0.78

0.33

0.05

17.08

2.22

0.06

20.69

BEA

1.50

0.05

0.01

4.20

161.73

0.17

1.49

0.48

0.11

15.00

3.01

0.03

20.30

Sites

C total

N total

S total

%

%

DUP

0.92

ROQ
SAB1

GENERAL CONCLUSION
Climate and disturbances are major environmental controls of species distribution ranges, driving
forest dynamics, and affecting forest productivity (Didier, 2001; Bergeron et al., 2004; Boisvenue and
Running, 2006; Laura Suarez and Kitzberger, 2010). Direct and indirect effects of recent climate
warming on tree growth and recruitment have induced a profound change in forest structure (IPCC,
2007). An ecotone, as a transitional ecosystem between two biomes, may spatially exemplify the
temporal changes in vegetation cover under the climate change. This observation points to the
importance of understanding the response of ecotone vegetation to climate variability. This response
can be partitioned as tree growth responses, changes in recruitment patterns, and finally spatial
changes in ecotones positions.
The results of our studies suggest that distribution limits of studied species are affected by both direct
climate control and indirect effects of climate (i.e., changes in natural disturbance regimes) on tree
growth and recruitment. In this thesis, we studied an elevational gradient (750-1800 rn) in
northeastern China and a latitudinal gradient (46-48 "N) in western Quebec, both covering ecotones
between mixed and coniferous forest, to evaluate environmental factors controlling ecotones
dynamics and to project these responses over a wider temporal and geographical climate change
contexts. In two study areas, both disturbances and climate were important in shaping structure and
dynamics of ecotone vegetation. In the elevational ecotone of Changbai Mountain in northeastern
China, gap phase dynamics driven by windthrows was the major factor maintaining coexistence of
different conifers species. Our study suggested that changes in gap creation rates would induce
changes in ecotone structure (Chapter I). Along the latitudinal gradient in western Quebec, fire
frequency would be a crucial factor controlling red maple's northern distribution limit and,
consequently, affecting forest structure in this transitional zone (Chapter III).
Following identification of the disturbance-related effects on forest ecotone, we evaluated the direct
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effects of recent climate change on tree growth along the studied ecotones (Chapter II and Chapter
III). All the three studied species showed temperature-sensitive at elevational upper (Changbai
Mountain) or latitudinal northern limits (western Quebec), suggesting that warmer climate may
favour trees growth. The results of the se studies laid ground for the discussion of potential response of
tree growth to future climate change and potential changes in position and structure of the studied
ecotone in two study areas (Chapter I, II, and III).
CLIMATE EFFECTS ON TREE DISTRIBUTIONS AND ECOTONE POSITION
Climate affects species distributions by influencing growth rather than regeneration in Changbai
Mountain (Chapter II), based on analyses of regeneration density, growth rate, and growth sensitivity.
Our study showed little differences in regeneration density in two out of three studied species along
the elevational gradient, but presented similar pattern of accumulative basal area increment (BAI) and
growth sensitivity to climate. The observed highest BAI at the middle distribution range of respective
three species, together with the high growth sensitivity to climate, indicated an important role of
climate on biomass accumulation and, ultimately, on determining trees distribution limits. The three
species were expected to move altitudinally upward under the current climate effects on growth, and
as a consequence, the altitudinal position of broadleaf-Korean pine/spruce-fir ecotone may shift up.
Our results supported conclusions of the previous studies which considered exclusively data on
growth sensitivity to climate (Yu et al., 2011; 2013; Wang et al. , 2013).
At northern margin range of red maple in western Quebec, annual variability in growth was sensitive
to temperature in the north of transect and to moisture availability in the south. Mid-summer
temperature (positive effects) and summer water deficiency (negative effects) were two important
factors affecting maple growth in the north and south, respectively. In general, recent warm ing
appeared to benefit frontier population of red maple. Similar results were also reported at red maple's
northern limit in northeastern Ontario (Pinto et al., 2008) and eastern Quebec (Duchesne and Ouimet,
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2008; Duchesne and Prévost, 2013). However, if increases in precipitation no longer compensate
increases in temperature, as a consequence, inducing higher fire frequency, it may offset positive
influences of direct effects of climate warming on maple's northern extension.
Annual growth variability showed significant correlations with temperatures and precipitation in both
study areas, suggesting that future changes in climate would have profound effects on tree growth and
ecotone vegetation structure. Our study indicated that in Changbai Mountain, all the three species
may benefit from a warmer climate at their respective upper limits, but more severe drought in
autumn may limit the growth at their lower limits. The results suggested an upward shift of three
species at their upper limits and a retreat at the ir lower limits in future . As a consequence, the position
of studied ecotone may shift upward. In western Quebec, expected climate change would likely favor
greater growth of red maple in the northern balsam fir-paper birch domain, while maple growth in
balsam fir-yellow birch and sugar maple-yellow birch domains may face more stressful climate
condition of summer drought.
DISTURBANCES EFFECTS ON ECOTONE STRUCTURE
In the Chapter I, the results suggested that windthrows were the maj or disturbances affecting the
dynamics of broadleaf-Korean pine/spruce-fir ecotone in Changbai Mountain. Over the period
1770-2000, we found frequent small-scale disturbances (the size was 100-250 m2) and two
medium-scale disturbance events occurred in 1920s and 1980s (1 000 m2) in the studied ecotone, and
canopy gap was the primary source of small- and medium-scale disturbances. An analysis of
recruitment pattern and growth release showed differences in response to the disturbances among
species. Our results indicated that the current disturbance regime of the studied ecotone maintained
coexistence of light-demanding and shade-tolerant species.
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Considering the results in a larger spatial context, we conclude that changes in wind climate may be
particularly important for future forest composition not only in studied forest ecotone but also across
the entire forest ecosystem in Changbai Mountain.
Similar to Changbai Mountain, disturbance (fires) was also important in affecting forest structure
(Bergeron et al., 1998) in boreal and mixedwood transitional zones of western Quebec. In the chapter
III, the analyses of growth patterns of red maple demonstrate that stand history of local site may
override the direct effects of climate on maple growth at its northern distribution limit in western
Quebec. We found a consistent pattern of initial growth (first 30 years), adult tree growth (recent 10
years), and average growth of whole tree lifespan showing increased growth rates towards the north,
suggesting that maples, which recruited after stand replacing fire in the north, appeared to benefit
higher levels of light for growth than those of gap-origin in the south. Although our result showed a
higher growth rate of red maple in post-fire stands and red maple can sprout vigorously after fire
(Walters and Yawney 1990), in a long run, fires may limit red maple's maintenance at landscape sc ale.
Even moderate fire can kill adult maples due to their thin barks (Walters and Yawney 1990), and
frequent fires my cause the extinction of local population and reducing the possibility of colonizing in
the new site (Tremblay et al., 2002). Therefore, we believe that decreased fire frequency since the end
of Little lee Age (1850) in this mixed forest zone (Bergeron and Archambault, 1993) may positively
affect red maple's development at its northern limit.
Our results pointed out the important role of disturbance regimes in influencing forest structure of
ecotones through affecting species distribution, and were consistent with previous research in similar
transitional areas. In deciduous-boreal transitional zone of Canada, fires and insect outbreaks were
two important disturbance agents affecting forest structure. Low fire frequency and small fire area
were suggested to be limiting factor for the northem expansion of Jack pine (Pinus banksiana Lamb.)
(Asselin et al., 2003). The northern distribution limits of bath red pine (Pinus resinosa Ait.) and whit
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oak (Quercus alba) were related to fire regime (Flannigan and Bergeron, 1998; Tardif et al., 2006).
Recent spruce budworm outbreak (1972-1986) favored widespread of red maple in the northem
temperate zone of Quebec (Duchesne and Ouimet 2008). Another example is from mixed-boreal
forest ecotones in Grand Canyon of US. Frequent and severe fires used to favor establishment and
growth of shade-intolerant ponderosa pine and aspen species (Wolf and Mast, 1998; Fulé et al., 2000).
Subsequent cessation of the mixed-severity fires resulted in increased density and distribution of
shade-tolerant conifer species, and a shift in composition from mixed conifer to encroachment of
subalpine species (White and Vankat, 1993; Fulé et al., 2002; Mast and Wolf, 2006).
Potential changes in disturbance regimes in two studied areas will likely affect respective forest
structure. In northeastem China, frequency of extreme climate events such as windstorms will likely
increase in the future (IPCC 2007). This willlikely increase the frequency of m edium and large-scale
wind disturbances across the forest of northeast China. In Changbai Mountains, such a trend would
lead to an increase in proportion of light demanding species in the canopies of broadleaf-Korean
pine/spruce-fir forest ecotone, including Korean pine (Pinus koraiensis Siebold et Zuccarini.) and
Olga Bay larch (Larix olgensis Henry.). In western Quebec, a predicted increase in fire frequency
(Bergeron et al., 2010) could restrict red maple's distribution range even a retreat at species northem
limit.
IMPLICATIONS IN ANALYZING UNPUBLISHED DATA(CHAPTER IV)
Chapter I, II, and III have demonstrated the importance of both disturbance and climate effects on tree
growth and forest dynamics at the transitional zones in two study areas. These results provide us a
good idea to combine climate, disturbance, and other factors like topography and competition to
investigate the contribution of each factor in species distribution at the ir distributionallimits.
Understanding what drives species distributions is a fundamental goal in forest ecology (Gilbert et al.,
2004). Climate, topography, disturbance, and competition are all factors affecting species distributions
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and forest composition (Archer and Smeins, 1991; Bergeron et al., 1997; Pickering et al. , 2008).
Climate is often considered as the main factor determining species distributions and thus climate
change substantially affects dynamics of forest ecosystems (Hamann and Wang, 2006) . Many studies
have demonstrated shifts in species distribution range with respect to climate change (Beckage et al.,
2008; Leithead et al., 2010). However, large-scale climate variables can not account for the spatial
distribution of species at a local scale since variations of microenvironment occurs across landscape,
and topography significantly affects species distributions through regulation of microclimate and sail
condition (Archer and Smeins, 1991). Furthermore, disturbance and competition can also modify
species distributions based on species own characteristics (Bergeron, 2000; Asselin et al., 2003).
Therefore, understanding relative contribution of factors affecting species distributions can help us
better understand future forest dynamics in the context of global warming.
In the Chapter IV, we aim to identify respective contributions of investigated factors that may affect
red maple distribution at its northem distributionallimit, by 1) investigating recruitment pattern of red
maple in post-fire stands; 2) examining growth rates and climate-growth relationships of red maple
along a short altitudinal gradient (100 rn); 3) evaluating relationship between microenvironment
(topographie attributes and micro-temperature) and maple performance over a 50 ha mountain area.
We hypothesize that 1) cold temperature is limiting factor for tree growth and recruitment, i. e.
positive correlations between growing-season temperatures and growth as well as establishment; 2)
red maple has higher abundance of seedlings and saplings at the sites with warmer temperature due to
their sensitivity to frost.
POTENTIAL CHANGES IN FOREST STRUCTURE AT ECOTONES
Analyses of climate-growth relationships and disturbance effects on tree growth, combined with our
discussion of effects (bath direct and indirect) of future climate change on growth, may allow us to
infer potential changes in forest structure of studied ecotones. In Changbai Mountain,
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broadleaf-Korean pine/spruce-fir ecotone willlikely be rearranged due to changes in optimal-climate
and microhabitats. Direct increases of temperatures may cause an upward shift of Korean pine at
upper edge of the studied ecotone and a retreat of Jezo spruce (Picea jezoensis Carr) at ecotone's
lower edge. Furthermore, increases in wind events may create more open habitats in favouring
mid-tolerant Korean pine rather than shade-tolerant Jezo spruce. Therefore, we may expect a higher
abundance of Korean pine and lower abundance of Jezo spruce, accompanied with an upward shift of
the elevational position of this ecotone. In western Quebec, the future northem limit of red maple
seems to be a product of direct climatic and disturbance-mediated effects on its recruitment and
growth. Although warmer climate would benefit frontier population of red maple, increases in fire
activity may offset this positive influence due to its overriding effects on maple distribution.
Many efforts have been made to madel biome-level changes at bath temperate and boreal regions
(Sykes et al., 1996; Koca et al., 2006; Xu et al., 2007). Simulating upward/northward expansion of
deciduous forest is complex and should consider effects of climates, disturbance regimes, seed
dispersal, and sail process. A northward movement of deciduous forest into southem boreal forest has
been modeled in deciduous-boreal transitional zones in Scandinavia (Prentice et al. 1991), East Asia
(Zhang et al. 2009), and North America (Frelich and Reich, 2009). However, a few field-based
empirical studies have been carried out (Goldblum and Rigg, 2002). Therefore, our study would
certainly add contribution to improve the simulation of future forest dynamics in such transitional
zones. A previous study combined gap madel (linkages) and landscape madel (LANDIS) to predict
responses of forest ecosystem to warming climate in Changbai Mountain (He et al. , 2005), and they
reported that Korean pine, Jezo spruce, and Manchurian fir would disappear at lower elevations and
finally replaced by broadleaved species, but it would take longer time than the time periods predicted
by the gap models (considering climate effects only). Our empirical data, suggesting upward shifts of
major conifer species and position of the studied ecotone, agreed the simulation result in a certain
degree, although we could not estimate exactly time period causing forest transition.
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IMPLICATIONS FOR FOREST MANAGEMENT
Potential changes in the forest structure of ecotone may provide guidance for the management
strategies, although field experiments more focused on different silvicultural options are needed to
translate results of the current study into a practical context. Our results suggested that the main
species of broadleaf-Korean pine/spruce-fir ecotone in Changbai Mountain coexisted due to
interspecific differences in shade tolerance and growth response to canopy disturbances. In particular,
the establishment of Korean pine was mainly associated with multiple-tree fall gaps, while Jezo
spruce and Manchurian fir were able to recruit in single-tree fall gaps or under the canopy. Our results
argue for promoting Korean pine regeneration by creation of large canopy gaps. This is in line with
group-selective cutting system developed for the better conservation and utilization of this high value
species and of natural forest resources in northeastem China (Yu et al., 2011). We also suggest that
the creation of smaller gaps may be necessary for the regeneration and growth of shade-tolerant Jezo
spruce and Manchurian fir.
In Quebec, creation of canopy gaps (400-600 m2 ) can be viewed as a way to increase the presence of
red maple in the mixed boreal landscapes. Red maple responds positively to gap opening (Fei and
Steiner, 2009; Duchesne and Prévost, 2013). In addition, light-intensity burning can be used to
increase the abundance of red maple due to its ability to sprout vigorously after fire (Walters and
Yawney, 1990). However, frequent and intense burning strategy is not recommended to spread maple
distribution, since it could limit sexual regeneration level by killing adult trees and consequently,
causing longer dispersal distances and reducing possibilities of colonizing new sites (Tremblay et al.,
2002).
Altogether, my Ph.D. study focuses on the growth dynamics of main tree species in the deciduous
forest-boreal forest ecotones, where little effort has been made to understand its successional
dynamics (Goldblum and Rigg, 2010). The findings reported in this thesis should contribute to
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improve our understanding in tree growth response to climate and disturbance regime at forest-forest
ecotones, and vegetation dynamics under global warming. Rene e our study would be a good template
for exploring factors (climate and disturbance) determining trees distributions and ecotone position in
other temperate-boreal regions of the Northern Hemisphere. This could aid us to quantitatively assess
potential changes in forest composition across Mountain or high-latitude ecosystem of the Northern
Hemisphere, which in turn may help us to make long-term strategies for the sustainable forest
management in such transitional zones.
REFERENCES IN GENERAL INTRODUCTION AND CONCLUSION
Abakumova, G.M., Feigelson, E.M., Russak, V, and Stadnik, VV 1996. Evaluation of long-term
changes in radiation, cloudiness, and surface temperature on territory of the former Soviet Union.
Journal ofClimate, 9: 1319-1327.
Alderman D.R., Jr., Bumgardner M. S., Baumgras I.E. 2005. An assessment of the red maple resource
in the northeastern United States. Northern Journal of Applied Forestry 22 : 181 -1 89.
Allen, C.D., and Breshears, D.D. 1998. Drought-induced shift of a forest-woodland ecotone: rapid
landscape response to climate variation. Proceedings of the National Academy of Sciences of the
United States of America, 95: 14839-14842.
Archer, S., and F. E. Smeins. 1991. Ecosystem-level processes. Pages 109-139 in R. K. Heitschmidt
and J. W. Stuth, editors. Grazing management: an ecological perspective . Timberlake Press, Portland,
Oregon
Asselin, H., Fayette, S., Fortin, M-J., and Vallée, S. 2003. The northern limit of Pinus banksiana
Lamb. in Canada: explaining the difference between the eastern and western distributions. Journal of
Biogeography, 30: 1709-1718.

143

Eames, VB., Xu, Z.B., and Zhao, S.D. 1992. Forest ecosystem in an o1d-growth pine-mixed
hardwood forest of Changbai Shan Preserve in northeastem China. Canadian Jounal of Forest
Research, 22: 144-160.
Bazzaz, F.A. 1996. Plants in Changing Environments. Linking Physiological, Population and
Community Ecology. Cambridge University Press, Cambridge, Great Britain.
Beckage, B., Osborne, B., Gavin, D.G., Pucko, C., Siccama, T., Perkins, T. 2008. Arapid upward shift
of a forest ecotone during 40 years of warming in the Green Mountains of Vermont. Proc Natl Ac ad
Sei USA, 105: 4197-4202.
Bergeron, Y 1991. The influence of lake and mainland landscapes on fire regime of the boreal forest.
Ecology, 72: 1980-1992.
Bergeron, Y 2000. Species and stand dynamics in the mixed-woods of Quebec's southern boreal
forest. Ecology, 81: 1500-1516.
Bergeron, Y, and Archambault S.1993. Decrease of forest fires in Quebec's southem boreal zone and
its relation to global warming since the end of the Little Ice Age. The Holocene, 3: 255 -259.
Bergeron, Y, and Brisson, J. 1994. Effect of climatic fluctuations on post-fire regeneration of two
pine and red pine populations during the twentieth century. Géographie physique et quaternaire, 48 :
145-149.
Bergeron, Y, Cyr, D., Girardin, M.P, and Carcaillet, C. 2010. Will climate change drive 21st century
burn rates in Canadian boreal forest outside of its natural variability: collating global climate model
experiments with sedimentary charcoal data. International Journal ofWildland Fire, 19: 1127-1139.
Bergeron, Y, and Dubuc, M. 1989. Succession in the southern part of the Canadian boreal forest.
Vegetatio, 79: 51-63.

144

Bergeron, Y, and Gagnon, D. 1987. Age structure of red pine (Pinus resinosa Ait.) at its northern
limit in Quebec. Canadian Journal ofF or est Research, 1 7: 129-1 3 7.
Bergeron Y, Leduc, A, and Ting XL. 1997. Explaining the distribution of Pinus spp in a Canadian
boreal insular landscape. Journal of Vegetation Science, 8: 37-44
Bergeron, Y, Leduc, A, Morin, H., and Joyal C. 1995. Balsam fir mortality following the last spruce
budworm outbreak in northwestern Quebec. Canadian Journal of F or est Research, 25 : 13 75 -13 84.
Bergeron, Y, Richard, P.J.H., Carcaillet, C., Flannigan, M., Gauthier, S., and Prairie, Y., 1998.
Variability in Holocene fire frequency and forest composition in Canada's southeastem boreal forest:
a challenge for sustainable forest management. Conservation Ecology (online) 2(2) . Available from
http :1/www. consecol. org/v ol2/iss2/art6.
Berteaux, D., Blois, S., Angers, J.-F., Bonin, J., Casajus, N., Darveau, M., Fournier, F., Humphries,
MM., McGill, B., Larivée, J., Logan, T., Nantel, P., Férié, C., Poisson, F., Rodrigue, D., Rouleau, S.,
Siran, R., Thuiller, W, and Vescovi, L. 2010. The CC-Bio Project: studying the effects of climate
change on Quebec biodiversity. Diversity, 2: 1181-1204.
Boer, G.J., Flato, D., and Ramsden, D. 2000. A transient climate change simulation with greenhouse
gas and aerosol forcing: projected climate to the twenty-first century. Climate Dynamics, 16: 427-450.
Boisvenue, C., and Running, S. W. 2006. Impacts of climate change on natural forest productivity Evidence since the middle of the 20th century. Global Change Biology, 12: 862-882.
Bonsal, B.R., and Prowse, T.D. 2003. Trends and variability in spring and autumn 0 °C-isotherm dates
over Canada. Climatic Change, 57: 341-358.
Bonsal, B.R., Zhang, X., Vincent, L.A., and Hood, W.D. 2001. Characteristics of daily and extreme
temperatures over Canada. Journal of Climate, 14: 1959-1976.

145

Brubaker, L.B. 1986. Responses oftree populations to climatic change . Vegetatio, 67: 119-130.
Burger, D., and Zhao, S.D. 1988. An introductory comparison of forest ecological conditions in
northeast China and Ontario, Canada. Forestry Chronicle, 64: 105-1 15.
Chapman, W.L., and Walsh, J.E. 1993. Recent variations of sea ice and air temperature in high
latitudes. Bulletin of the American Meteorogical Society, 74: 33-47.
Chen, X., Hu, B., and Yu, R. 2005. Spatial and temporal variation of phenological growing season and
climate change impacts in temperate eastern China. Global Change Biology, 11: 111 8-1130.
Dai, L. , Jia, J., Yu, D., Lewis, B.J., Zhou, L., Zhou, W., Zhao, W., and Jiang, L. 20 12. Effects of
climate change on biomass carbon sequestration in old-growth forest ecosystems on Changbai
Mountain in Northeast China. Forest Ecology and Management, 300: 106-1 16.
Dai, L.M., Qi, L., Su, D.K., Wang, Q.W., Yu, D.P., Wang, Y, Ye, YJ. , Jiang, S.W., and Zhao, W 20 11.
Changes in forest structure and composition on Changbai Mountain in Northeast China. Annals of
Forest Science, 68: 889-897.
Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P. , Flannigan, MD., Hanson, P.J., Irland,
L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., Swanson, F.J., Stocks, B. J. , and Wotton, B.M . 200 1.
Climate change and forest disturbances. Bioscience, 51: 723-734.
De Silva, N.D., Cholewa, E., and Ryser, P. 2012. Effects of combined drought and heavy metal
stresses on xylem structure and hydraulic conductivity in red maple (Acer rnbrum L.) . Journal of
Experimental Botany, 63: 5957-5966.
Delcourt, PA, and Delcourt, H.R. 1987. Late-Quatemary dynam ics of temperate forests: applications
of paleoecology to issues of global environmental change. Quatemary Science Reviews, 6: 129-1 46.

146

Didier, L. 2001. Invasion patterns of European 1arch and Swiss stone pine in suba1pine pastures in the
French Alps. Forest Ecology and Management, 145: 67-77.
Duchesne, L., and Ouimet R. 2008. Population dynamics of tree species in southern Québec, Canada:
1970-2005. Forest Ecology and Management, 255: 3001-3012.
Duchesne L., and Prévost, M. 2013. Canopy disturbance and intertree competition: implications for
tree growth and recruitment in two yellow birch-conifer stands in Quebec, Canada. Journal of Forest
Research, 18: 168-178.
Easterling, D.R. 2002. Recent changes in frost days and the frost-free season in the United States.
Bulletin of the American Meteorological Society, 83: 1327-1332.
Environment Canada. 1993. Canadian climate normals 1961-90. Canadian climate program.
Atmospheric Environment Service, Downsview, Ont.
Fei S., and Steiner K. C. 2009. Rapid capture of growing space by red maple. Canadian Journal of
ForestResearch, 39: 1444-1452.
Feng, S., and Hu, Q. 2004. Changes in agro-meteorological indicators in the contiguous United States:
1951-2000. Theoretical andApplied Climatology, 78: 247-264.
Flannigan, MD., and Bergeron, Y 1998. Possible role of disturbance in shaping the northern
distribution of Pinus resinosa. Journal of Vegetation Science, 9: 477-482.
Frank, D., and Esper, J. 2005. Characterization and climate response patterns of a high-elevation,
rn ulti-species tree-ring network in the European Alps. Dendrochronologia, 22: 107-1 21.

Fritts, H.C. 1976. Tree rings and Climate. Academie Press, New York.
Fulé, P.Z., Covington, W.W, Moore, MM. , Heinlein, TA , and Waltz, AE.M . 2002. Natural
variability

in

forests

of Grand

Canyon USA

Journal

of

Biogeography,

29: 31 -47.

147

Fulé, P.Z., Heinlein, I.A., Covington, W.W, and Moore, MM. , 2000. Continuing fire r egimes in
remote forests of Grand Canyon National Park. In: Cole David, N., McCool Stephen, F. (Eds.),
Proceedings: Wilderness Science in a Time of Change. Proc. Rl'v1RS -P -15, USA Dept Ag., For. Serv.,
Rocky Mtn. Res. Sta., Ogden, Utah, USA, pp. 242-248.
Garnache, I., and Fayette, S. 2004. Height growth response of tree line black spruce to recent climate
warming across the forest tundra of eastern Canada. Journal ofEcology, 92: 835 -845.
Gilbert, B., and Lechowicz, M.J. 2004. Neutrality, niches, and dispersal in a temperate forest
understory. Proceedings of the National Academy of Sciences of the United States of America, 10 1:
7651-7656.
Girardin, M. P., and Tardif, J. 2005. Sensitivity of tree growth to the atmospheric vertical profile in the
Boreal Plains of Manitoba, Canada. Canadian Journal of Forest Resear ch, 35 : 48-64.
Goldblum, D. and Rigg, L.S. 2002. Age structure and regeneration dynam ics of sugar maple at the
deciduouS'boreal forest ecotone, Ontario, Canada. Physical Geography, 23 : 11 5-1 29.
Goldblum, D., and Rigg, L.S. 20 10. The deciduous forest-boreal forest ecotone. Geography Compass,
4:701-717.
Grant, R.F., Barr, AG., Black, TA, Gaumont-Guay, D., Iwashita, H., Kidson, J., McCaughey, H.,
Morgenstern, K., Murayama, S., Nesic, Z., Saigusa, N. , Shashkov, A, and Zha, T. 2007. Net
ecosystem productivity of boreal jack pine stands regenerating from clearcutting under current and
future climates. Global Change Biology, 13: 1423-1440.
Greene, D.F., and Johnson, E.A 2000. Tree recruitment from burn edges. Canadian journal of forest
research, 30: 1264-1274.

148

Griesbauer, H.P., and Green, D.S. 2010. Assessing the climatic sensitivity of Douglas-fir at its
northem range Margins in British Columbia, Canada. Trees Structure and Function, 24: 375 -389.
Grinnell, J. 1917. Field tests of theories concerning distributional control. The American Naturalist,
51: 115-128.
Guo, Z.X., Zhang, X.N., Wang, Z.M., and Fang, WH. 2010. Simulation and variation pattern of
vegetation phenol ogy in Northeast China based on rem ote sensing. Chine se Journal of Ecology, 29(3):
578-585 (in Chine se with English abstract).
Gworek, J.R., Wall, S.B.V, and Brussard, P.F. 2007. Changes in biotic inter actions and climate
determine recruitment of Jeffrey pine along an elevation gradient. Forest Ecology and Management,
239: 57-68.
Hamann, A, and Wang, T. 2006. Potential effects of climate change on ecosystem and tree species
distribution in British Columbia. Ecology, 87: 2773-2786.
Hansen, A.J., Neilson, R.R., Dale, VH., Flather, C.H., Iverson, L.R. , Currie, D.J., Shafer, S., Cook, R.,
and Bartlein, P.J. 2001. Global change in forests: Responses of species, communities, and biomes,
BioScience, 51: 765-779.
He, H.S, Hao, Z.Q., Mladenoff, D.J., Shao, GF., Hu, YM., and Chang, Y. 2005. Simulating forest
ecosystem response to climate warming incorporating spatial effects in north-eastern China. Journal
ofBiogeography, 32: 2043-2056.
Hicke, J.A., Asner, G.P., Randerson, J.T., Tucker, C., Los, S., Birdsey, R. , Jenkins, J.C., Field, C., and
Rolland, E. 2002. Satellite-derived increases in net primary productivity across North America,
1982-1998. Geophysical Re se arch Letters, 29(1 0), doi: 10.1 029/2001 G LO13578.

149

Hofgaard, A, Kullman, L., and Alexandersson, H. 1991. Response of old -growth montane Picea

abies (L.) Karst. forest to climatic variability in northem Sweden. New Phytologist, 119: 5 85-594.
Huang, J.G, Tardif, J.C., Bergeron, Y, Denneler, B., Berninger, F. , and Girardin, M. P. 2010. Radial
growth response of four dominant boreal tree species to climate along a latitudinal gradient in the
eastern Canadian boreal forest. Global Change Biology, 16: 711-731.
Huntley, B., and Webb, T. 1989. Migration : species' response to climatic caused by changes in the
earth's orbit. Journal ofBiogeography, 16: 5-19.
IPCC, 2001. Climate change 2001: the scientific basis. Contribution of Work ing Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate Ch ange. Cambridge University Press,
New York, USA, p. 881.
IPCC, 2007: Climate Change 2007: Impacts, Adaptation, and Vuln erability. Contribution of Working
Group II to the Fourth Assessment Report of the Intergovemmental Pane l on Climate Ch ange [Parry,
M. L., Canziani, O. F., Palutikof, J. P., van der Linden, P. J. and Hanson, C. E. 7 -22. UK: Cambridg e
University Press. Contribution of Working Group II to the Fourth Assessment Report of the
Intergovemmental Panel on Climate Change.
Koca, D., Smith, B., and Sykes, M.T. 2006. Modelling regional climate change effects on p otential
natural ecosystems in Sweden. Climatic Change, 78: 381-406.
Kolbe, J. J., VanMiddlesworth, P. S., Losin, N., Dappen, N., and Losos, J. B. 2012. C limatic nich e
shift predicts thermal trait response in one but not both introductions of the Puerto Rican lizard Anolis
cristatellus to Miami, Florida, USA Ecology and Evolution, 2: 1503-1 516.
Komer, C. 2006. Plant C02 responses: an issue of definition, time and resource supply. New
Phytologist, 172: 393-411.

150

Kullman L. 1993. Pine (Pinus sylvestris L.) treelimit surveillan ce during recent decades central
Sweden. Arctic andAlpine Research, 25: 24-31.

Landhausser, S.M., Deshaies, S., and Lieffers, V.J. 2010. Disturbance facilitates r ap id range
expansion of aspen into higher elevations of the Rocky Mountains under a warm ing climate. Journal
ofBiogeography, 37: 68-76.
Laura Suarez, M., and Kitzberger, T. 2010. Differentiai effects of climate variability on forest
dynamics along a precipitation gradient in northem Patagonia. Journal ofEcology, 98 : 1023-1 034.
Lavoie, C., and Lachance, D. 2006. A new herbarium-based method for reconstructing the phen ology
of plant species across large areas. American Journal ofBotany, 93 :5 12-51 6.

Lavoie, C., and Fayette, S. 1992. Black spruce growth forms as a record of ch anging winter
environment at treeline, Quebec, Canada. Arctic and Alpine Resear ch, 24: 40-49.

Leithead, M., Anand, M., and Silva, L.C.R. 2010. Northward migrating tree s establish in tree fall gaps
at the northem limit of the temperate-boreal ecotone, Ontario, Canada. Oecologia, 164: 1095-1106.

Lescop-Sinclair, K., and Fayette, S. 1995. Recent advance of the arctic treeline along the eastern coast
ofHudsonBay. Journal ofEcology, 83: 929-936.
Liang, L., Li, L., and Liu, Q. 2011. Precipitation variability in Northeast China from 1961 to 2008.
Journal ofHydrology, 404: 67-76.
Liu, Q.I. 1997. Structure and dynamics of the subalpine coniferou s forest on Changbai mountain,
China. PlantEcology, 132:97-105.
Luo, Y, Su, B., Currie, W.S., Dukes, J.S., Finzi, A, Hartwig, U., Hungate, B., McMurtrie, R E., Oren,
R. Parton, W.J., Pataki, D.E., Shaw, M.R., Zak D.R., and Field, C.B. 2004. Progressiv e n itrogen
limitation of ecosystem response to rising atmospheric carbon dioxide. BioScience, 54: 731-739.

151

Manchida, H., Horiwaki, H., and Arai, F. 1987. Historical eruptions of the Changbai volcano resulting
in large-scale forest devastation (deduced from widespread tephra). In: Yang, H.X, Wang, Z ., Jeffers,
J.N.R., Ward, PA (Eds), The temperate forest ecosystem. Lavenham Press, Lavenham, UK, pp.
23-26.
Mast, J.N., and Wolf, J.J. 2004. Ecotonal changes and altered tree spatial patterns in lower
rn ixed-conifer forests, Grand Canyon National Park, Arizona, USA Landscape Ecology, 19: 167-180.

McKenney, D.W., Pedlar, J.H., Lawrence, K., Campbell, K., and Hutchinson, M.F. 2007. Potential
impacts of climate change on the distribution of North Am eric an trees. Bio Science, 57: 939-948.
Meehl, G. A, Washington, W.M., Ammann, C.A., Arblaster, J.M ., Wigley, T.M.L., and Tebaldi, C.
2004. Combinations of natural and anthropogenic forcings in twentieth-century climate. Journal of
Climate, 17: 3721-3727.
Menzel, A, and Fabian, P. 1999. Growing season extended in Europe. Nature, 397: 659.
Messaoud, Y, Bergeron, Y, and Leduc, A 2007. Ecological factors explaining the location of the
boundary between the mixedwood and coniferous bioclimatic zones in the boreal biome of eastern
North America. Global Ecology and Biogeography, 16: 90-102.
Ministère des Ressources Naturelles du Québec. 2000. Les régions écologiques du Québec méridional
(troisième version) à l' échelle de 111 250 000. Ministère des Ressources Naturelles du Québec,
Direction des Inventaires Forestiers.
Morin, X, Lechowicz, M.J., Augspurger, C., 0' Keefe, J., Viner , D., and Chuine, I. 2009. Leaf
phenology in 22 North American tree species during the 21st century, Global Change Biology, 15:
961-975.
Odum, E.P. 1983. Basic Ecology. Saunders College Publishing.

152

Okitsu, S., Ito, K., and Li, C.H. 1995. Establishment processes and regeneration patterns of mont an e
virgin coniferous forest in northeastern China. Journal of Vegetation Science, 6 : 305-308.
Ouranos. 201 O. Leaming to Adapt to Climate Change. Written by : DesJarlais, C., Allard, M. , Bélanger,
D., Blondlot, A, Bouffard, A, Bourque, A, Chaumont, D., Gosselin, P. , H oule, D., Larrivée, C.,
Lease, N., Pham, A.T., Roy, R., Savard, J.P., Turcotte, R., and Villeneuve, C. Ouran os, Consortium on
Regional Climatology and Adaptation to Climate Change, Montreal, QC.
Fayette, S., and Delwaide, A 1994. Growth of black spruce at its northern r ange limit in arctic
Quebec, Canada. Arctic and Alpine Research, 26: 174-179.
Pefiuelas, J., and Boada, M. 2003. A global change-induced biome shift in the Montseny m ountains

(NE Spain). Global Change Biology, 9: 131-140.
Piao, S.L., Fang, J.Y., Zhou, L.M., Guo, Q.H., Henderson, M., Ji, W., Li, Y, and Tao, S. 2003.
Interannual variations of monthly and seasonal normalized difference vegetation index (NDVI) in
China from 1982 to 1999. Journal ofGeophysical Research-Atm osphere, 108 : 440 1.

Piao, S.L., Fang, J.Y., Zhou, L.M., Zhu, B., Tan, K., and Tao, S. 2005. Ch anges in vegetation net
primary productivity from 1982 to 1999 in China. Global Biogeochemical Cycles, 19 : 1-1 6 .

Richardson, D.M., Pysek, P, Rejmanek, M., Barbour, MG. , Pan etta, F.D., and West, C.J. 2000.
Naturalization and invasion of alien plants: concepts and definitions.Diversity and Distributions, 6 :
93-107.
Petitpierre, B., Kuefer, C., Broennimann, 0., Randin, C., Daehler, C., and Guisan, A 20 12. Climatic
Niche Shifts Are Rare Among Terrestrial Plant Invaders. Science, 335: 1344-1348.
Pickering, C., Hill, W., and Green, K. 2008. Vascular plant diversity and climate change in the alpine
zone of the Snowy Mountains, Australia. Biodivers Conserv, 17: 1627-1644.

153

Plummer, DA, Caya, D., Frigon, A, Côté, H., Giguère, M., Faqu in, D., Biner, S., Harvey, R., and de
Elia, R. 2006. Climate and climate change over North America as simulated by the Canadian RCM.
Journal ofClimate, 19: 3112-3132.
Prentice, I. C., Cramer, W., S., Harrison, S. P., Leemans, R., Monserud, R A, an d Salomon, AM.
1992. Global Biome Madel Based on plant physiology and dominance, sail prop erties and climate.
Journal ofBiogeography, 19: 117-134.
Prentice, I.C., Sykes, M.T., and Cramer, W. 1991. The possible dynamic r esponse ofnorth em forests
to global warming. Global Ecology and Biogeography Letters, 1: 129-135.
Pysek, P., Richardson, D.M., Pergil, J., Jarosik, V, Sixtova, Z., and Weber, E. 2008. Geographical and
taxonomie biases in invasion ecology. Trends in Ecology & Evolution, 23: 237-244.
Qian, W, and Qin, A 2006. Spatial-temporal characteristics of temperature variation in China.
Meteorology and Atmospheric Physics, 93: 1-16.
Qian, WH., and Zhu, Y.F. 2001. Climate change in China from 1880 to 1998 and its impact on the
environmental condition. Climatic Change, 50: 419-444.
Raulier, F., and Bernier, P.Y. 2000. Predicting the date of leaf emergence for sugar maple (Acer

saccharum Marsh) across its native range, Canadian Journal ofF or est Research, 30: 1429-1435.
Reinhardt, K., Castanha, C., Germino, M.J., and Kueppers, L. M. 2011. Ecophysiological v ar iation in
two provenances of Pinus flexilis seedlings across an elevation gradient from forest to alpin e. Tree
Physiology, 31: 615-625.
Richard, P.J.H. 1993. Origine et dynamique postglaciaire de la forêt mixte au Québec. Review of
Paleobotany and Palynology, 79: 31-68.

154

Ries, L., Fletcher, R.J., Battin, J., and Sisk, T.D., 2004. Ecological responses to habitat edges:
mechanisms, models, and variability explained. Annual Review of Ecology Evolution and
Systematics, 35: 491-522.
Schwartz, M.D., and Reiter, B.E. 2000. Changes in North American spring. International Journal of
Climatology, 20: 929-932.
Shao, G., Schall, P., and Wishampel, J.F. 1994. Dynamic simulations of mixed boradleaved-Pinus

koraiensis forests in the Changbaishan Biosphere Reserve of China. Forest Ecology and Management,
70: 169-181.
Stanhill, G., and Cohen, S. 2001. Global dimming: a review of the evidence for a widespread and
significant reduction in global radiation with discussion of its probable causes and possible
agricultural consequences. Agricultural and Forest Meteorology, 107: 255-278.
Stephenson, N.L. 1990. Climatic control of vegetation distribution: the role of water balance.
AmericanNaturalist, 135: 649-670.
Suarez, F., Binkley, D., Kaye, M. W., and Stottlemyer, R. 1999, Expansion of forest stands into tundra
in the Noatak National Preserve, NorthwestAlaska. Ecoscience, 6: 465-470.
Sykes, MT., Prentice, I.C., and Cramer, W. 1996. A bioclimatic model for the potential distributions
of north European tree species under present and future climates. Journal of Biogeography, 23 :
203-233.
Tardif, J., Brisson, J., and Bergeron, Y. 2001. Dendroclimatic analysis of Acer saccharum, Fagus

grandifolia, and Tsuga canadensis from an old-growth forest, southwestem Quebec. Canadian Journal
ofForestResearch, 31: 1491-1501.

155

Tardif, J.C., Conciatori, F., Nantel, P., and Gagnon, D. 2006. Radial growth and climate responses of
white oak (Quercus alba) and northem red oak (Quercus rubra) at the northem distribution limit of
white oak in Quebec, Canada. Journal of Biogeography, 33: 1657-1669.
Tremblay, M.F., Bergeron, Y, Lalonde, D., and Mauffette, Y 2002. The potential effects of sexual
reproduction and seedling recruitment on the maintenance of r ed maple (Acer rubrum L.) populations
at the northem limit of the species r ange. Journal ofBiogeography, 29 : 365-373.
Volney, W.J.A., and Fleming, R.A. 2000. Climate change and impacts of boreal forest insects.
Agriculture Ecosystems and Environment, 82: 283-294.
Walter, H. 1973. Vegetation of the earth in relation to climate and the ecophysiological conditions.
London: English Universities Press, p. 237.
Walther, G.R. 2003. Plants in a warmer world. Perspectives in plant ecology evolution and system atics,
6: 169-185.
Walters, R.S., and Yawney H.W. 1990. Acer rubrum red maple. Burns, R.M. and H onkala, B.H.
(technical coordinators), Silvics of North America, Vol. 2. Hardwoods. Agricultural Handbook 654,
USDAForest Service, Washington, DC. pp. 60-69.
Wang, H., Shao, X.M., Jiang, Y, Fang, X.Q., and Wu, S.H. 20 13. The impacts of climate change on
the radial growth of Pinus koraiensis along elevations of Changbai Mountain in northeastem China.
Forest Ecology and Management, 289: 333-340.
Wang, M., Bai, S.J., Tao, D., and Shan, J.P. 1995. Effect of rise in air-temperature on tree ring growth
of forest on Changbai Mountain. Chinese Journal of Applied Ecology, 6(2): 128-1 32 (in Chinese with
English abstract).

156

Wang, T., Zhang, Q.B., and Ma, K.P. 2006. Treeline dynamics in relation to climatic variab ility in the
central Tianshan Mountains, northwestem China. Global Ecology and Biogeography, 15: 406-415.
Wang, X.M., Zhao, X.H., and Gao, L.S. 2013. Climatic response of Betula ermanii along an
altitudinal gradient in the northem slope of Changbai Mountain, China. Dendrobiology, 70: 99-107.
Wang, Z., Xu, Z., Tan, Z., Peng, YS., Qian, J.J., Liu, Z.D., Yang, Y , Wei, C.L. , and Li, YZ. 1980. The
main forest types and their features of community structure in n orthem slope of Changbai Mountain.
Forest Ecosystem Research, 1: 25-42 (in Chinese with English abstract).
White, MA, and Vankat, J.L., 1993. Middle and high elevation conifer ous forest communities of the
North Rim region of Grand Canyon National Park, Arizona, U SA Vegetatio, 109: 161-174.
Wild, M. 2009. Global dimming and brightening: A review. Journal of Geophysical Research, 114,
DOOD16, dai: 10.1029/2008JD011470.
Wilmking. M., Juday, GP., Barber, VA, and Zald, H.S.J. 2004. Recent climate warming forces
contrasting growth responses of white spruce at treeline in Alaska through temper ature thresholds.
Global Change Biology, 10: 1724-1736.
Wolf, J.J., and Mast, J.N., 1998. Fire history of mixed-conifer forests on the North Rim, Gr an d
Canyon National Park, Arizona. Physical Geography, 19: 1-14.
Woodward, A, Silsbee, G, Schreiner, E.G., and Means, J. 1994. Influence of climate on radial growth
and cane production in subalpine fir (Abies lasiocarpa) an d 154 mountain h em lock (Tsuga

mertensiana). Canadian Journal of Forest Research, 24: 1133-1143.
Xu, C., Gertner, G.Z., and Scheller, R.M. 2007. Potential effects of interaction b etween C0 2 an d
temperature on forest landscape response to global warming. Global Change Biology, 13: 1469 -1483.

157

Xu, D.Y, and Yan, H. 2001. A study of the impacts of climate change on the geographie distribution
of Pinus koraiensis in China. Environment International, 27: 201 -205.
Yang, GT., Erich, H., Sun, B., and Zhang, J. 1994. Picea-Abies for ests of the n ortheast China.
Bulletin ofBotanical Research, 14: 313-328.
Yassine, M. 2007. Les Facteurs ecologiques et les mecanismes expliquant la localisat ion de L' ecotone
sapiniere/pessiere dans L' ouest du Quebec. Université du Québec en Abitib i-Témiscam ingue. Ph.D
thesis.
Yu, D.P., Liu, J.Q., Benard, J.L., Zhou, L., Zhou, W.M., Fang, XM., Wei, YW., Jiang, S.W , and D ai,
L.M. 2013. Spatial variation and temporal instability in the climate-growth relationship of Kore an
pine in the Changbai Mountain region of Northeast China. Forest Ecology and Management, 300:
96-105.
Yu, D.P., Wang, Q.W, Wang, Y, Zhou, W.M., Ding, H., Fang, XM. , Jiang, S.W., and Dai, LM. 20 11.
Climatic effects on radial growth of major tree species on Changbai Mountain. Annals of Forest
Science, 68: 921-933.
Yu, D., Zhou, L., Zhou, W, Ding, H., Wang, Q., Wang, Y, Wu, X , and Dai, L. 2011. Forest
management in Northeast China: history, problems, and challenges. Environm ental Man agement,
48(6): 1122-1135.
Zhai, P.M., Sun, A.J., Ren, XL., Gao, B., and Zhang, Q. 1999. Changes of climate extremes in China.
Climate Change, 42: 203-218.
Zhang, N., Shugart, H.H., and Yan, X 2009. Simulating the effects of climate ch anges on Eastern
Eurasia forests. Climatic Change, 95: 341-361.
Zhang, X, Vincent, L., Hogg, W.D., and Niitsoo, A 2000. Temperature an d precipitation trends in

158

Canada during the 20th century. Atmosphere-Ocean, 38: 395-429.
Zhang, YJ., Dai, L.M., and Pan, J. 2001. The trend of tree line on the northem slope of Changbai
Mountain. Journal of Forestry Research, 12 (2): 97-100.
Zhao, D.C. 1981. Preliminary study of the effects of volcano on vegetation development and
succession. Forest Ecosystem Research, 2: 81-87 (in Chine se with English abstract).
Zhao, S.D., Yan, X.D., Yang, S.H., Tao, D.L., and Dai, L.M. 1998 . Simulating responses of
northeastem China forests to potential climate change. Journal of For estry Research, 9: 166 -172.
Zhao, S.Q., Fang, J. Y., Zong, Z. J., Zhu, B., and Shen, H.H. 2004. Composition, structure and species
diversity of plant communities along an altitudinal gradient on the northem slope of Mt Changbai,
Northeast China. Biodiversity Science, 12(1): 164-173 (in Chinese with English abstract).

