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ABSTRACT
We present the longest tree-ring chronology to date in northeastern North America (2233 years; 
227 BCE – 2005 CE), resulting from several research projects conducted at the subarctic treeline in 
northern Quebec. This raw chronology of tree-ring width includes 464 black spruce (Picea mariana 
(Mill.) B.S.P.) shrubs (krummholz) growing in wetlands and preserved within peatlands. An indexed 
series of 152 erect black spruce trees that have lived in wetlands is also presented, covering the 
period 216 BCE to 1619 CE. We compared these chronologies to a tree-ring series including 116 
black spruce trees and krummholz having grown on well-drained lichen woodlands over the 
period 1304–2000 CE. These chronologies highlight the major climatic periods of the last two 
millennia. Floating chronologies dating from 2500 to 3500 years ago were also developed from 
trees preserved in frozen peat. Growth rings from this period are much wider than those of the last 
2233 years, suggesting warm climatic conditions and permafrost-free peatlands during the transi-
tion from mid- to late Holocene. The three subarctic chronologies presented here underscore the 
relevance and usefulness of tree growth rings and growth forms as ecological tools to assess the 
influence of climate on subarctic ecosystems.

RÉSUMÉ
Nous présentons une synthèse des recherches menées à la limite des arbres du Québec subarc-
tique qui ont permis la confection d’une série dendrochronologique couvrant 2233 ans, entre l’an 
227 AEC (AEC ‘avant l’ère courante’, soit avant l’an 0 de notre ère) et l’an 2005 EC (EC ‘ère courante’, 
soit après l’an 0 de notre ère). Il s’agit de la plus longue série produite à ce jour dans le nord-est de 
l’Amérique du Nord. Cette série de largeur de cernes a été confectionnée à partir de 464 épinettes 
noires (Picea mariana (Mill.) B.S.P.) arbustives (krummholz) établies dans des milieux humides et 
préservées dans des tourbières. Une série indicée de 152 épinettes noires arborescentes ayant vécu 
dans des milieux humides est également présentée. Elle couvre la période 216 AEC à 1619 EC. Ces 
séries sont comparées à une série confectionnée à partir de 116 épinettes noires (arbres et 
arbustes) de sols bien drainés de pessières à lichens couvrant la période 1304-2000 EC. Les séries 
dendrochronologiques mettent en relief les grandes périodes climatiques des deux derniers 
millénaires. Des chronologies flottantes datées entre 2500 et 3500 ans avant aujourd’hui ont été 
construites à partir d’arbres ayant poussé dans des tourbières maintenant sous l’influence du 
pergélisol. Les cernes de croissance des arbres de cette période sont beaucoup plus larges que 
ceux des 2233 dernières années, suggérant l’influence d’un climat plus chaud qu’aujourd’hui, au 
passage de l’Holocène moyen à l’Holocène supérieur. Les chronologies subarctiques présentées 
dans ce travail soulignent la pertinence et l’utilité des formes de croissance et des cernes de 
croissance des arbres comme outils écologiques pour évaluer l’influence du climat sur les 
écosystèmes subarctiques.
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Introduction

Trees are natural ecological archives with annual resolu-
tion informing on ecological processes, abiotic and bio-
tic disturbances, ecosystem development and climate 
change. Measurements of tree-ring width can be used 
to construct chronologies of variable length, from a few 
decades to several hundred or even thousand years. 

Millennial growth ring series are useful to reconstruct 
long-term climatic variations (Helama et al. 2005; 
Büntgen et al. 2011) and past ecosystem responses to 
climate change (Arseneault and Payette 1997a; Payette 
and Delwaide 2004). Long chronologies also allow dat-
ing of trees having died following natural disturbances 
such as wildfires, landslides, rockfalls (Brown et al. 1999; 
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Corona et al. 2013), or wood structures in buildings and 
archeological sites (Delwaide and Filion 1999; Querrec 
et al. 2009; Martin-Benito et al. 2014; Rochner et al. 2017). 
A Scots pine (Pinus sylvestris L.) chronology of more than 
7650 years, the first and longest conifer tree-ring chron-
ology in northern Eurasia, was constructed with tree 
megafossils found in lakes of northeastern Finnish 
Lapland (Helama et al. 2008). The longest chronology 
in North America covers 8837 years and was constructed 
from trees with a longevity greater than 1000 years 
(Pinus aristata Engelm., Pinus longaeva Bailey) growing 
in the dry, mountainous areas of western United States 
(Ferguson 1969; LaMarche and Harlan 1973; Salzer et al. 
2019). In northeastern North America, the longest chron-
ologies to date cover the period 5 BCE-2016 CE 
(Arseneault et al. 2013; Büntgen et al. 2020) and 572 
CE-2016 CE (Gennaretti et al. 2014) and were con-
structed with black spruce (Picea mariana (Mill.) B.S.P.) 
trees growing in the northern boreal forest. Two other 
long chronologies were developed from white cedar 
(Thuja occidentalis L.) in dry environments of the 
Niagara Escarpment in Ontario (798–2001 CE; Kelly 
et al. 1994) and on islands of Lac Duparquet in Quebec 
(1186–1987 CE; Archambault and Bergeron 1992).

In this study, we present the longest tree-ring 
chronology in northeastern North America, developed 
from black spruce sampled in the subarctic region of 
the Rivière Boniface–Lac Bush area (RBA) in northern 
Quebec (Figure 1). The construction of this long 
chronology (WkC, Figure 2) began during the 1980s. 
Well-preserved dead stems and living trees in lichen 
woodlands of the Lac Bush area made it possible to 
develop a first black spruce chronology spanning 
more than 600 years (Figure 2A, Figure 3a,b; Payette 
et al. 1985). Additional data from RBA (Figure 2B; 
Payette et al. 1989) were subsequently obtained 
from a site that escaped wildfire for more than 
1000 years (Figure 2C; Vallée and Payette 2004). 
Additional chronologies were constructed from black 
spruce growing in or at the edge of peatlands (here-
after called wetlands, Figure 3c). Lavoie and Payette 
(1997) constructed seven floating chronologies using 
black spruce trunks preserved in permafrost peat-
lands (Figure 2D). Arseneault and Payette (1997a) 
provided a chronology covering the period 690– 
1591 CE, as well as three older floating chronologies 
(Figure 2E). A reconstruction of lake level fluctuations 
made it possible to develop nine chronologies from 
samples preserved in two ponds and at the bottom 
of two lakes (Figure 2F; Payette and Delwaide 2004). 
Another chronology was prepared in 2010 using sam-
ples preserved in a palsa bog (Figure 2G; Cyr and 
Payette 2010). Finally, Asselin and Payette (2006) 

constructed 10 chronologies from wetland sites 
(Figure 2H) and successfully aligned them to the 
floating chronologies of Arseneault and Payette 
(1997a).

The main objective of this research was thus to con-
struct long black spruce chronologies highlighting the 
dominant climatic periods that had a major influence on 
ecosystem development in the Subarctic of eastern 
North America. Specifically, our study combined all data-
sets produced to date for RBA in order to generate three 
long growth-ring chronologies including two encom-
passing more than two millennia. Two chronologies 
were developed in wetland sites, one from krummholz 
(stunted) individuals (hereafter WkC) covering 
2233 years, and another one from erect trees (hereafter 
WtC) covering 1662 years. The third chronology is from 
lichen woodland sites (hereafter LWC) and covers 
697 years. Ring width patterns and growth forms of 
black spruce were used concurrently to highlight the 
influence of climate over the time period covered by 
the chronologies.

Methods

Study area

The study area is located in the subarctic zone of northern 
Quebec, along Rivière Boniface (57° 44ʹ N, 76° 10ʹ W), 
which is about 145 km south-east of the Inuit village of 
Inukjuak and 30 km from the Hudson Bay coast, and in the 
Lac Bush area (57° 47ʹ N, 75° 45ʹW), about 15 km east of 
Rivière Boniface (Figure 1). This region corresponds to the 
arctic treeline located at the northern limit of the forest 
tundra zone (Payette 1983). The dominant tree species, 
black spruce, has been present in the region for at least 
6450 years (Bhiry et al. 2007). Rare tamarack individuals 
(Larix laricina (Du Roi) K. Koch) are also present in the 
region. At their northern limit in northern Quebec, black 
spruce stands represent refugial forest enclaves in a shrub 
tundra-dominated landscape. Black spruce-moss stands 
are the most important forest type in protected valleys 
and shallow depressions, whereas lichen woodlands are 
distributed on slopes and exposed hilltops along with 
lichen-heath-dwarf birch (Betula glandulosa Michx.) com-
munities. The fragmented RBA landscape resulted from 
fire-induced deforestation under deteriorating climatic 
conditions over the past millennia (Payette and Gagnon 
1985; Payette and Morneau 1993; Asselin and Payette 
2005a). The remaining black spruce stands have escaped 
fire and have persisted since initial post-glacial establish-
ment (Payette and Morneau 1993; Vézeau and Payette 
2016), shortly after the retreat of the Tyrrell Sea (Dyke 
2004). The long persistence of these forests is attributed 
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to the phenotypic plasticity of black spruce and its capa-
city to multiply vegetatively by layering, particularly dur-
ing periods of climatic deterioration (Arseneault and 
Payette 1997b; Asselin and Payette 2005b).

Sample preparation and ring width measurement

All tree-ring studies in the RBA used the same methods 
for collecting and preparing samples. All relevant infor-
mation pertaining to the growth form of black spruce 
individuals (e.g., erect trees vs stunted) were noted. 
Wood discs were collected as close as possible to the 
stem base or collar. Samples were dried and finely 
sanded until the wood cells were visible under 
a binocular microscope. Annual growth rings were 

measured with a Velmex micrometer (0.002 mm) or 
a Henson micrometer (0.01 mm) at a magnification of 
40x. Only one radius per stem sample was measured 
because of frequent eccentric growth.

Stem dating

Samples were visually dated under a binocular micro-
scope by identifying light ring patterns. Light rings 
are made of latewood tracheids delineated by very 
thin cell walls (Filion et al. 1986; Wang et al. 2000). 
They are often formed in years with unusually low 
summer temperatures (Liang et al. 1997; Wang et al. 
2002), sometimes due to the cooling effect of major 
volcanic eruptions. At least 43 of the 65 light rings 

Figure 1. Location of the study area in the Rivière Boniface and Lac Bush regions, subarctic Québec.
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observed between 1500 CE and 1980 CE were indeed 
formed during the year of a major volcanic eruption 
or the following year (Filion et al. 1986). Light ring 
occurrence in black spruce increases with latitude in 
northern Quebec, with the highest frequencies 
recorded at the treeline (Delwaide et al. 1991). 
Accordingly, light rings have been shown to allow 
for robust crossdating of black spruce trees over the 
last 1500 years in the RBA (Payette et al. 1985 Payette 
et al. 1989; Payette and Delwaide 2004). Some speci-
fic and easily recognisable light ring patterns are 
highly reliable for crossdating (Arseneault and 
Payette 1998). Crossdating accuracy of all measured 
stems was also assessed using the program COFECHA 
(Holmes 1983).

Light rings are found in trees and stunted individuals, 
and their formation process is similar in dry sites (wood-
lands) and in wetlands (Arseneault and Payette 1998). 
While wood pieces buried in peat or in lake sediments 
have a darker color than living trees (Wilson et al. 2019) 
due to oxidation of dissolved ferrous iron (Wang et al. 

2020), light rings can nevertheless be easily detected in 
buried trees and shrubs.

The initial development of the long light-ring chron-
ology of RBA was based on living trees (1554–1978 CE: 
Filion et al. 1986, p. 1231–1978 CE: Delwaide et al. 1991). 
Arseneault and Payette (1997a;1998) extended the 
chronology to 690 CE using buried wood recovered 
from wetland sites. Several floating chronologies 
(Arseneault 1996; Lavoie and Payette 1997) were also 
constructed and radiocarbon-dated, including one series 
covering the period 178 BCE-785 CE. Asselin (2005) fused 
the latter chronology to the calendar-dated one to pro-
duce a light ring chronology covering the 211 BCE-1992 
CE period (Supplemental material S1). The floating 
chronologies (Lavoie and Payette 1997; Arseneault and 
Payette 1997a) were 14C-dated and calibrated using ver-
sion 8.2 of the CALIB software (Stuiver et al. 2020).

From 227 BCE to 2005 CE, 524 distinct light ring years 
were observed. Of these, 140, 129 and 255 light rings 
were found in more than 50%, 25–50% and less than 
25% of the samples, respectively. These rings are 

Figure 2. Time periods covered by the growth ring chronologies developed in the Rivière Boniface region according to the type of 
environment (LWC: Lichen Woodland Chronology; WkC: Wetland krummholz Chronology; WtC: Wetland tree Chronology). (A) Payette 
et al. (1985); (B) Payette et al. (1989); (C) Vallée and Payette (2004); (D) Lavoie and Payette (1997); (E) Arseneault and Payette (1997a); 
(F) Pond 1 (P1), Pond 2 (P2), Lac Bon (LB), Lac à l’eau (LE): Payette and Delwaide (2004); (G) Cyr and Payette (2010); (H) Asselin and 
Payette (2006). Solid lines correspond to dated growth ring chronologies and dashed lines to floating chronologies. Juxtaposing the 
two lines (solid and dashed) shows that these chronologies were first published as floating, then dated for the present study.
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distributed throughout the chronologies, with a mean of 
23 light rings per century (Figure 4). The lowest number 
of light rings was recorded during the 7th, 17th and 18th 

centuries. Light rings allowed dating of almost all tree-
line black spruce stems containing more than 100 
growth rings between 227 BCE and today.

Black spruce growth forms

Black spruce growing at their northern range limit are 
extremely sensitive to climatic variations and develop 
different growth forms depending on summer growth 
conditions and winter harshness (Bégin 1991; Lavoie 

and Payette 1992; Payette et al. 1994; Pereg and 
Payette 1998). The morphological development of 
black spruce follows Rauh’s architectural model 
(Bégin and Filion 1999). Vegetative multiplication by 
layering largely explains black spruce survival during 
cold years when sexual reproduction is impaired. 
Massive foliar loss, particularly at the snow–air inter-
face, occurs because of mechanical damage and frost 
desiccation of leaves subjected to cold winter winds 
(Hadley and Smith 1983, 1986; Marchand 1987; 
Payette et al. 1996; Maher et al. 2020). Bud and leaf 
erosion above the snowpack during cold and dry 
winters often result in the transfer of apical domi-
nance to infranival, undamaged dormant buds 

Figure 3. Photographs from the Rivière Boniface area: (a, b) black spruce-lichen woodland with living erect trees developed during the 
20th century and dead sub-arborescent trees-krummholz (in the foreground) that lived during the Little Ice Age; (c) wetland spruce 
environment; (d) stunted spruce that lived during the Little Ice Age; (e) erect spruce trees that lived during the 16th century in contrast 
with living krummholz in a permafrost peatland; (f) stunted spruce clones with thufurs of Rhododendron subarcticum. Photo credit: 
S. Payette.
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(Bégin and Filion 1999), causing the regression from 
erect (tree) to shrubby (krummholz) growth forms 
(Figure 3a,b,d,f). Eroded black spruce trees can sur-
vive for centuries as stunted individuals with 
a reduced leaf mass (Pereg and Payette 1998). 
Krummholz can also develop sub-arborescent growth 
forms (multi-stemmed or single-stemmed) when win-
ter conditions become milder. Sub-arborescent 
krummholz are characterized by short (<2 m), 
damaged stems. In contrast, erect trees have taller 
(>2 m), undamaged supranival stems. Erect trees 
develop when sites are less exposed to snow-drift 
conditions, even at the northernmost range limit of 
black spruce (Figure 3a,b,e). Tree and shrub growth 
forms were differentiated based on the presence/ 
absence of a supranival stem.

Climatic trends derived from changing black spruce 
growth forms have often been described in RBA (Payette 
et al. 1989, 1994; Lavoie and Payette 1992; Payette and 
Delwaide 1994), and they are summarized in Table 1.

Series standardization

Black spruce trees produce gradually narrower 
growth rings as they age and become taller. This 
biological trend has to be removed to detect growth 
variations due to climate changes. To do so, we used 
the Regional Curve Standardization (RCS) method 
(Briffa et al. 1992; Esper et al. 2003). All dated erect 
trees from wetlands were used to develop 
a chronology (WtC chronology) of mean tree-ring 
width according to cambial age (Figure 5a). We 
applied a 32-year cubic spline to obtain the 

biological trend of decreasing ring width as 
a function of cambial age. We then divided each 
single series by this growth model to obtain 
a standardized chronology. In contrast, ring widths 
of stunted individuals do not show any significant 
change in radial growth with cambial age under 
225 years of age (Figure 5b).

Response function analysis

We quantified the relationship between tree growth 
and climate using response function analysis, 
a variant of multiple regression analysis which uses 
monthly climate predictor variables, orthogonalized 
as principal components, to identify the main cli-
mate drivers of growth (Zang and Biondi 2013). For 
this analysis, we used mean monthly temperature 
and total monthly precipitation (1940–2000 period) 
from the nearest meteorological station, located in 
Inukjuak, 145 km northwest of RBA. A weather sta-
tion has been active at RBA since 1988 (CEN 2020). 
Despite the distance between the Inukjuak and RBA 
stations, a highly significant correlation (r = 0.996) 
was found between the annual temperature mea-
sured at the two stations over the 1988–2000 period. 
Although no precipitation data are available for RBA, 
a correlation between precipitation data at the 
Inukjuak station and RBA ring widths was calculated. 
Caution must be exercised given the fact that the 
Inukjuak station is under maritime conditions while 
RBA is under drier, continental conditions. We per-
formed the response function analysis with the 
‘bootRes’ package (Zang and Biondi 2013) in R (R 

Figure 4. Frequency of light ring years per century in the Rivière Boniface area. The number of samples is indicated at the top of each 
bar. Different shades of blue indicate the percentage of samples for a given century on which a given number of light ring years were 
observed.
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Core Team 2019). We used 1000 bootstrap replicates 
to calculate significance at the 95% level.

Results

Wetlands

Establishment and lifespan of wetland trees and 
shrubs (krummholz)
We successfully crossdated 616 black spruce stems in 
wetlands using the light ring chronology and validating 
with the COFECHA program (mean correlation of all 
samples with the master chronology: 0.342). In total, 
152 stems (25%) were classified as trees and 464 stems 
(75%) were shrubs (Figure 6a). All wetland individuals 
were preserved in peat and lake sediments over the last 
two millennia. Because some decayed stems were 
sampled above the root collar, the date of establishment 
could have been earlier than observed. Also, most mea-
sured stems had no bark, which indicates that the last 
growth ring was not necessarily present.

Black spruce individuals that established between 100 
BCE and 100 CE were mostly krummholz (over 80% of the 
sampled stems; Figure 6b). Krummholz also dominated 
between the 12th and 20th centuries. In contrast, most of 
the stems having lived prior to 100 CE or between 200 and 
1000 CE displayed an erect growth form. It is noteworthy 
that a relatively high proportion (20–40%) of erect trees 
developed during the 16th and 17th centuries (Figure 3e).

Longevity of wetland trees and shrubs (krummholz)
The mean number of growth rings in trees (WtC) and 
shrubs (WkC) was 93 (± 35) and 123 (± 55), respectively, 
suggesting greater longevity of stunted stems com-
pared to erect stems. None of the erect stems contained 
more than 201 growth rings (Figure 7). The mean num-
ber of growth rings was consistently greater and statis-
tically different in krummholz than in trees (t-test: 7.125; 
p < 0.005). The number of rings varied little in trees and 
krummholz before 1100 CE, except between 227 and 
100 BCE, a poorly replicated time interval with a small 
number of sampled stems. A marked increase in the 
number of growth rings in krummholz stems occurred 
between 1100 and 1900 CE.

Wetland krummholz chronology (WkC)
The mean ring width chronology of wetland krummholz 
covers 2233 years and clearly shows large variations in 
radial growth over time (Figure 8a). The period from 227 
BCE to 100 CE is marked by slow growth, with the 
exception of a short episode around 120 BCE. Large 
growth rings occurred in 100–400 CE, 850–1110 CE and 
1920–2005 CE, whereas the longest period of slow Ta
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growth took place between 1110 and 1920 CE, except 
during the 16th century. The mean correlation (r) among 
all individuals within this chronology is 0.24 (p < 0.001). 
Highest EPS values are observed for the period 1200– 
2000 CE, particularly between 1400 and 1600 CE with 
a sample depth over 100 samples (Figure 8b,c).

Four floating chronologies of Lavoie and Payette 
(1997) cover the period between 1247 BCE and 539 BCE 
(calibrated years) with a mean ring width varying between 
0.32 and 0.60 mm (Table 2). Most individuals from these 
chronologies had supranival stems (Lavoie 1994). 
Comparison of the ring width between these floating 
chronologies and the dated woodland and wetland 
chronologies shows greater mean growth of black spruce 
before 539 BCE than during the last 2200 years (Figure 9).

Wetland tree chronology (WtC)
The RCS chronology of wetland trees covers the per-
iod 216 BCE-1619 CE. The 50 BCE-225 CE interval is 
not presented because less than five trees were 
sampled (Figure 10). Larger growth rings (above the 
mean) were formed in 225–400 CE, 1345–1425 CE 
and 1510–1570 CE.

Lichen woodlands

Lichen woodland chronology (LWC)
The lichen woodland chronology covers the years 1304 
to 2000 CE (Figure 11), and shows three periods of high 

radial growth at 1350–1403 CE, 1495–1575 CE, and 1880 
CE to present. The length of the chronology was limited 
by the maximum conservation time of dry wood on the 
soil surface, which is about 400–600 years in RBA 
(Payette et al. 1989). We pooled together 116 stems 
from three datasets constructed in lichen woodlands of 
RBA (Payette et al. 1985, p. 1398–1982 CE, 1989, p. 1304– 
1988 CE; Vallée and Payette 2004, p. 1476–2000 CE). The 
mean ring-width chronologies from the three datasets 
are highly correlated (r = 0.52; p < 0.001) while all indi-
vidual black spruce series are also significantly correlated 
(r = 0.293; p < 0.001). The mean number of growth rings 
per individual was 163, with a maximum of 504 (Payette 
et al. 1985).

Comparison between the lichen woodland and 
wetland chronologies

Wetland black spruce showed larger raw ring width 
than lichen woodland black spruce between 1304 
and 1850 CE, except during a short interval in the 
14th century (Figure 12a). Differences between the 
two environments were larger before 1630 CE 
(mean difference of 0.09 mm; Figure 12b1) compared 
to the 1630–1880 CE period (mean difference: 
0.06 mm; Figure 12b2). Both chronologies showed 
similar, narrow growth rings between 1840 and 
1880 CE (mean difference of 0.01 mm; Figure 12b3). 
A sharp increase in radial growth occurred around 

Figure 5. Mean ring width of black spruce individuals from the Rivière Boniface area according to cambial age, along with the 
corresponding 32-year cubic spline and number of measured stems. (a) Erect trees (WtC) and (b) krummholz individuals (WkC).
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1880 CE in lichen woodlands, and 60 years later in 
wetlands (Figure 12b4). The two chronologies display 
similar growth after 1940. We applied a 32-year cubic 

spline to the mean ring width chronologies to 
compare year-to-year variations. Despite long-term 
growth differences between the two environments, 

Figure 6. (a) Lifespan of sampled black spruce from the wetland environment of the Rivière Boniface area (WkC and WtC); (b) 
proportion of erect stems (in red) and krummholz (in black) based on the corresponding century of the first year of the lifespan. The 
number of samples per century is indicated above each bar.

Figure 7. Mean, minimum and maximum number of growth rings per century, for all spruce individuals sampled in wetlands of the 
Rivière Boniface area, either trees (WtC; blue) or krummholz (WkC; orange). Values are recorded according to the corresponding 
century of establishment. The number of samples established during each century is indicated above each bar. Dots indicate that only 
one stem established during the corresponding century.
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standardized values are significantly correlated 
(r = 0.462, p < 0.001; Figure 12c; Table 3).

Response functions
Monthly mean, maximum and minimum tempera-
tures and monthly total precipitation of the Inukjuak 
station were compared to the mean LWC and WkC 
chronologies standardized with a 32-year cubic spline 
(period 1940–2000 CE from standardized values as 
presented in Figure 12c; Figure 13). In both environ-
ments, response functions show a significant correla-
tion with mean July temperature of the current year, 
which has a positive influence on radial growth 
(response correlations of 0.41 and 0.35 for lichen 
woodlands and wetlands, respectively), whereas 
mean maximum and minimum July temperatures 
showed high but nonsignificant correlation coeffi-
cients with the chronology (0.32 and 0.29, respec-
tively, for lichen woodland and 0.28 and 0.24, 
respectively, for wetlands). No significant influence 
of precipitation on radial growth was found.

Discussion

The progressive reduction of solar radiation associated 
with orbital forcing over the northern hemisphere 
(Berger 1978), including northeastern North America, is 

among the main drivers of continental-wide cooling from 
the mid-Holocene to the present (Bradley 2014). The RBA 
floating and calendar-dated ring width chronologies span-
ning the last 3500 years highlight the direct response of 
black spruce to climate changes that occurred during this 
long period, at the turning point between the mid- and 
late Holocene (Walker et al. 2012). Due to their phenotypic 
plasticity, treeline black spruce in subarctic Quebec suc-
cessfully adapted to extreme conditions and were able to 
persist for millennia despite the long-term cooling trend.

Together, the ring-width chronology of krummholz 
individuals (WkC) and the growth-form chronology 
seem to contain more robust climatic information 
than the RCS chronology of black spruce trees at 
RBA. Although the RCS method is widely used to 
remove the age-related biological trend, it has limita-
tions that may have distorted the climatic signal in 
this chronology. For example, this method requires 
homogeneous edaphic conditions, very high replica-
tion, as well as stable mean cambial age and sam-
pling height over time (Esper et al. 2008; Linderholm 
et al. 2010; Autin et al. 2015). In our study, living trees 
were sampled at the root collar in order to get the 
first growth ring, while dead and decayed stems were 
frequently sampled at an unknown position above 
the root collar. In addition, sample depth in the 
chronologies varied over time and was low for some 

Figure 8. (a) Mean ring width of krummholz from wetland sites (WkC) of the Rivière Boniface area, along with a superimposed 32-year 
cubic spline; (b) number of stems used in the chronology; (c) EPS (Expressed Population Signal) calculated according to period.

408 A. DELWAIDE ET AL.



periods. For all these considerations, and since the 
Expressed Population Signal (EPS) is below the well- 
established threshold value of 0.85 (Wigley et al. 
1984) for almost all of the WtC chronology 
(Figure 10c), conditions for RCS standardization were 
not entirely met and this chronology may have 
diverged from climatic trends, especially during peri-
ods of low replication. Conversely, because ring width 
measurements from krummholz individuals do not 
contain an age-related growth trend, ring width var-
iations over time are more directly linked to climate 
conditions.

Differential growth of black spruce in lichen 
woodlands and wetlands

Black spruce growth differed between the wetlands 
and the well-drained soils of the lichen woodlands, 
mostly during the 1304–1630 CE and 1880–1940 CE 
periods (Figure 12b1 and 12b4). Before 1650 CE, 
spruce growth was greater in wetlands than in lichen 
woodlands. This period, particularly before the 17th 

century, was marked by low lake levels in RBA, most 
likely caused by reduced snow precipitation (Payette 
and Delwaide 2004). Because ring width in peatland 
black spruce is positively correlated to water table 
depth due to greater development of fine root bio-
mass (Lieffers and Rothwell 1987), larger rings were 
probably associated with drier soil conditions during 
this period. In contrast, dryness may have been con-
ducive to hydric stress and reduced growth in lichen 
woodlands during the same period. A close relation-
ship between drought and reduced growth has been 
documented for black spruce in northern Québec and 
Alaska (Girard et al. 2011; Wolken et al. 2016; Sullivan 
et al. 2017) and white spruce (Picea glauca (Moench) 
Voss) in Alaska (Barber et al. 2000) during the 20th 

century. Smaller growth differences were found 
between lichen woodland and wetland black spruces 
after 1630 CE (Figure 12b2). Higher precipitation may 
have contributed to reduce water stress in lichen 
woodland black spruce. The smallest growth differ-
ence between the two chronologies (Figure 12b3) 
occurred between 1840 and 1880 CE. Additional fac-
tors may have contributed to growth differences 
between the two environments. Wetlands are less 
exposed to wind and accumulate more snow in win-
ter compared to hillsides and hilltops. Krummholz 
growth rings in wetlands are generally larger than 
those in well-drained sites, most likely because of 
greater foliar mass below the snow cover and water 
availability.
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The period 1880–1940 CE was marked by better 
growth in lichen woodlands than in wetlands (average 
ring-width difference of 0.16 mm). This large difference 
may be attributed to the increased snow cover recorded 
in the region since the end of the 19th century. Several 
studies carried out in northern Quebec have concluded 
that precipitation in the 20th century was greater than 
during the Little Ice Age, particularly in winter (Bégin 
and Payette 1988; Payette and Delwaide 2004). The basal 
level of tree stem erosion from windblown snow 
increased considerably between the end of the 19th 

century and the beginning of the 20th century (Bégin 
1991; Lavoie and Payette 1994). Mechanical damage to 
black spruce around snow patches in the Lac Guillaume– 
Delisle area (Morin and Payette 1986) and increased 

frequency of ice scars on trees on the shore of Lac à 
l’Eau-Claire (Bégin and Payette 1988) are additional evi-
dence of a trend towards snowier conditions from the 
late 19th century to early 20th century in subarctic 
Quebec. Increased thickness of the snow cover most 
likely allowed for the development of taller trees (from 
0.8 to 1.6 m; Lavoie and Payette 1994) and reduced 
water stress in lichen woodlands.

Relationships to climate

The climatic signatures of the Roman Climatic Optimum, 
Dark Ages Cold Period, Medieval Warm Period, Little Ice 
Age and the current warming trend are well expressed in 
the two long chronologies (Figure 14). Whereas ring- 
width chronologies describe tree growth at an annual 

Figure 9. Mean ring width of spruce trees and krummholz that have lived during each century in wetlands (WkC and WtC: blue) and 
lichen woodlands (LWC: yellow) of the Rivière Boniface area. The corresponding number of samples is indicated at the top of each bar. 
Because floating chronologies (red) were 14C dated, mean width and number of samples refer to the entire length of each chronology.

Figure 10. (a) Mean standardized chronology of erect stems from wetland sites of the Rivière Boniface area (WtC), covering the 216 
BCE-1619 CE period (except between 50 BCE and 225 CE for which less than five spruce individuals were available); (b) number of 
individuals included in the chronology; (c) EPS (Expressed Population Signal) calculated according to period.
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resolution, growth forms provide insights on the mor-
phological adaptation of black spruce at a longer time 
scale, because of the delay between climate changes 
and the ecological response of the species.

Period prior to 150 CE
Despite the low number of samples analyzed, the 
largest growth rings ever recorded in RBA were 
those of wetland black spruce having grown 2500 
to 3500 years ago (Figure 9). The majority of the 
sampled black spruce had erect growth forms 
(Lavoie 1994). Because these trees were mostly 
sampled in frozen peat (Lavoie and Payette 1997), 
they were buried before permafrost development, 
indicating subsequent climate cooling. At the global 
scale, this period was probably characterized by the 
most favorable climatic conditions for tree growth 
since the end of the mid-Holocene (Masson- 
Delmotte et al. 2018). In contrast, tree growth has 
been greatly reduced between 227 BCE and 100 CE, 
despite the smaller dataset covering this period. 
Cold conditions during this period were also 
deduced elsewhere based on ice core data in 
Greenland (Dahl-Jensen et al. 1998) and larch (Larix 
gmelinii Pilger) tree rings in Siberia (Naurzbaev and 
Vaganov 2000).

Roman Climatic Optimum
Despite the relatively low number of measured samples, 
black spruce krummholz which lived between 100 and 400 
CE (n = 19) produced large growth rings suggesting favor-
able climatic conditions in RBA, except for a short episode 
between 250 and 280 CE (Figure 14c). High ring width 
values are also observed in the indexed series of erect 
trees (period 225 to 400 CE: Figure 10). The Roman 
Climatic Optimum coincided in Europe with the expansion 
of the Roman Empire (Wang et al. 2012), and was charac-
terized by warm and dry summers in the British Isles and 
central Europe (Lamb 1995) along with relatively high sea 
surface temperatures north of Iceland (Eiriksson et al. 2006). 
In RBA, growth-ring width during this period showed the 
highest values across the entire chronology, including the 
Medieval Warm Period and present. A multi-proxy tem-
perature reconstruction also suggested that the Roman 
Period (1–300 CE) was as warm as the twentieth century 
(Ljungqvist 2010). Reconstructed summer temperatures 
from tree-ring datasets of the northern hemisphere 
(Büntgen et al. 2020) are also in phase with this trend.

Dark Ages Cold Period
Relatively low black spruce growth occurred between 
400 and 830 CE, except between 530 and 560 CE and 
between 690 and 740 CE (Figure 14). This period is one 

Figure 11. (a) Lichen woodland chronology (LWC) from the Rivière Boniface area, along with a superimposed 32-year cubic spline; (b) 
annual number of stems used in the mean chronology; (c) EPS (Expressed Population Signal) calculated according to period.
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of the six cold periods that occurred during the 
Holocene (Wanner et al. 2011). This agrees with 
a literature review of 114 paleoclimate studies indicating 
cold climatic conditions in the northern hemisphere 
between 400 and 765 CE (Helama et al. 2017).

Medieval Warm Period
Previous studies (Lamb 1965; Wilson et al. 2016; Büntgen 
et al. 2020) have suggested that the climate of the 
Medieval Warm Period (ca. 900 to 1300 CE) was warmer 
than the preceding centuries. At the treeline in subarctic 

Figure 12. (a) Mean ring width chronologies in lichen woodland (LWC) and wetland environments (WkC) of the Rivière Boniface area over 
the 1304–2000 CE period; (b) annual ring width difference between the two chronologies according to four periods (b1: 1304–1630; b2: 
1630–1840; b3: 1840–1880; b4: 1880–1940); (c) mean standardized (32-year cubic spline) chronologies and annual number of samples.

Table 3. Statistics of the LWC and WkC chronologies. Chronologies were indexed using a 32-year cubic spline.
Raw chronologies Indexed chronologies

Autocorrelation

Mean sensitivity Pearson r p Gleichlaufigkeit TOrder 1 Order 2 N

Lichen woodlands 0.469 0.196 697 0.140
0.462 <0.001 0.71 13.73Wetlands 0.463 0.224 697 0.119
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Quebec, this period covered the years 850 to 1110 CE 
and was marked by large growth rings, particularly 
between 980 and 1100 CE. Furthermore, most black 
spruce individuals (65%) that established between 900 
and 1000 CE developed an erect growth form 
(Figure 14d), indicating that warm summers were com-
plemented by mild winters. Peak summer temperatures 
during the 990s and 1020s were also observed else-
where across the northern hemisphere (Büntgen et al. 
2020).

Little Ice Age
The Little Ice Age spanned the time interval between 
1450 CE and 1850 CE (Lamb 1977; Grove 2004; Harland 
et al. 2013; Anchukaitis et al. 2017). During this period, 

krummholz formed very narrow growth rings in RBA, 
particularly between 1816 CE and 1900 CE (Figure 14c). 
July–August temperatures reconstructed from black 
spruce in the boreal forest of northeastern North 
America identified the 1816–1857 CE period as the cold-
est 40-year period of the last 1100 years (Gennaretti et al. 
2014), likely in response to the Tambora volcanic erup-
tion in 1815 (Filion et al. 1986; Gennaretti et al. 2014). An 
abrupt decrease in ring width also occurred in black 
spruce (Filion et al. 1985; Payette et al. 1985; Jacoby 
et al. 1988) and white spruce trees along the Hudson 
Bay coast (Caccianiga et al. 2008) and Labrador high-
lands (Payette 2007).

Predominance of krummholz with narrow growth 
rings suggests that unfavorable growth conditions in 

Figure 13. (a) Response coefficients between mean monthly temperature and LWC indexed (32-year cubic spline) chronology (in 
orange) and the indexed (32-year cubic spline) WkC chronology (in blue); (b) response coefficients between total monthly precipita-
tion data and both chronologies. Stars represent significant correlations at the p < 0.05 confidence level (response coefficient: 0.41 and 
0.35, respectively).
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RBA already prevailed during the 12th century 
(Figure 14c). Porter (1981) pointed out that the Little 
Ice Age may have begun as early as 1300 CE in the 
North Atlantic region. Field evidence for an early begin-
ning of the Little Ice Age in North America was also 
provided by glacier advances in western Canada 
(Luckman 1995). Tree-ring dates of in-situ stumps indi-
cated that the Robson Glacier began over-riding lowland 
forests between ca. 1142 and 1150 CE and continued 
until at least 1350 CE. Our data suggest that climatic 
conditions at the subarctic treeline deteriorated abruptly 
at the beginning of the 12th century, in agreement with 
glacial advances in western Canada (Luckman 1995). 
This period also coincides with an increase of krumm-
holz lifespan (Figure 7). While the number of growth 
rings is similar for trees and krummholz before 1100 

CE, the mean longevity of black spruce krummholz 
increased to reach 378 years between 1100 and 1900 
CE. In addition, during this period, more than 84% of the 
sampled black spruce individuals grew as krummholz 
(Figure 14d), with the exception of the 16th century 
(Payette et al. 1989; Arseneault and Payette 1992), 
a situation also observed in the Lac Bush area (Filion 
et al. 1985). The latter period was characterized by larger 
rings (Figure 14a) and a greater proportion of the tree 
growth form in both lichen woodland and wetland 
environments (Figures 3e and 14d).

Current warming trend
Since the end of the 19th century, global warming has 
triggered a noticeable increase of black spruce radial 
growth (Figure 14a,c). While only krummholz 

Figure 14. (a) Lichen woodland chronology (LWC), along with a superimposed 32-year cubic spline. Horizontal bar indicates number 
of stems included in the chronology (yellow: 1–5; orange: 6–10; light red: 11–20; dark red: >20); (b) well-documented climatic periods; 
(c) wetland krummholz chronology (WkC), superimposed with a 128-year cubic spline. Horizontal bar indicates number of stems (same 
classes as LWC); (d) proportion of erect stems (grey bars) and krummholz (black bars) by 100-y periods. Periods of increased growth 
are highlighted as yellow zones, and periods of reduced growth as blue zones.
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established during the 20th century (Figure 7), they 
experienced prominent growth increase, 
a generalized feature associated with recent climate 
warming across the northern hemisphere (Wilson 
et al. 2016). Indeed, the krummholz that established 
in the 18thth, 19th and 20th centuries shifted from 
stunted to sub-arborescent and even erect growth 
forms (Figure 3a,b), causing a slight treeline shift 
toward the Hudson Bay coast (Lescop-Sinclair and 
Payette 1995) as well as northward (Lavoie and 
Payette 1994). Simultaneously, tree height within the 
lichen woodlands increased by at least 1.6 m (see 
Figure 3a,b; Vallée and Payette 2004).

Conclusion

Our tree-ring chronologies, complemented by the 
analysis of black spruce growth forms, show the 
responsiveness of subarctic ecosystems to climate 
change over the last 3500 years. The WkC 2233-year 
chronology is climate-sensitive, as shown by yearly 
radial growth variations correlated with July tempera-
tures. Black spruce individuals of RBA adopt different 
growth forms in response to climatic conditions. 
Because growth rate is a function of the photosyn-
thetic capacity of trees, the raw growth-ring values of 
RBA chronologies are a direct ecological proxy of 
long-term climatic conditions. The RBA growth-ring 
data fill an important gap, both spatially and tempo-
rally, for a better knowledge of the mid- to late 
Holocene climate in boreal-subarctic areas. Growth 
forms and ring widths of black spruce at its northern 
range limit were linked to climatic conditions over 
the last two millennia. We found evidence in our 
data of the previously documented Roman Climatic 
Optimum, Dark Ages Cold Period, Medieval Warm 
Period, Little Ice Age as well as the current warming 
trend. Floating chronologies dating from 2500 to 
3500 years ago also suggest that climatic conditions 
during this period were favorable to black spruce 
growth in northern Québec, and likely even milder 
than anytime during the last two millennia. Overall, 
the RBA chronologies clearly show a trend of decreas-
ing growth from the Roman Climatic Optimum to the 
end of the Little Ice Age suggesting progressive cool-
ing, with growth resumption during the 20th century 
probably associated with continental-scale warming. 
Although the number of trees sampled is relatively 
small for the oldest parts of the chronologies, the 
warmest period of the last two millennia occurred 
at the beginning of the Common Era, as based on 
the wetland krummholz chronology. Sensitive subarc-
tic trees in northern Québec, as described in this 

study, are indeed one of the best proxies for the 
reconstruction of climatic conditions over the late 
Holocene.
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