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Abstract 

The isotopic compositions of cellulose in tree rings provide a record of seasonal and annual 

climatic conditions such as precipitation and temperature. We analyzed stable isotopes of 

carbon (δ13Ccellulose) and oxygen (δ18Ocellulose) in early-wood and late-wood of five conifer sub-

fossil wood samples from the Missinaibi Formation, which likely grew during the peak of 

Marine Isotope Substage (MIS) 5a (~82 kya) at Adam Creek, Ontario. There was no systematic 

difference between early-wood and late-wood for either δ13Ccellulose or δ18Ocellulose, suggesting 

similar climatic conditions throughout the growing season. A shift to lower δ13Ccellulose with 

growth age in most samples indicated rising water availability. The estimated value of 

δ18Oprecipitation was similar or slightly higher than modern δ18Oprecipitation. Hence, the area may 

have experienced similar to slightly warmer and/or less humid conditions than today, which is 

in agreement with the few other studies of MIS 5a climate in this region. 

Keywords 

Stable carbon isotopes, Stable oxygen isotopes, Tree rings, Cellulose, Early-wood, Late-wood, 

Seasonality, James Bay Lowland, Paleoclimate, MIS 5, Missinaibi Formation
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Summary for Lay Audience 

Records of past interglacial (warm) and glacial (cold) stages during the last ice age are rare. 

Samples comprising these records are also commonly difficult to date. This study improves 

our knowledge of Ice Age climatic conditions in northern Canada through analysis of sub-

fossil wood from the Quaternary Missinaibi Formation sediments of the James Bay Lowland, 

Canada. All samples were too old (> 50,000 kya) to date using radiocarbon methods. 

Nonetheless, most other data suggest that these trees grew between the retreat and advancement 

of the Laurentide Ice Sheet during a warm interval (interglacial) that peaked at ~82 kya, 

although some consider them to have been younger (71-57 kya). Tree rings are sensitive 

bioindicators of local environmental change and hence ideal for reconstructing past growing-

season climate. Every year, trees form early-wood in the spring to early summer and late-wood 

from mid-summer to autumn. The cellulose in this wood systematically records growing-

season carbon and oxygen-isotope compositions, which respond to changes in temperature and 

water availability. At the specific site studied here (Adam Creek, Ontario), these data suggest 

that growing-season conditions during the MIS 5a interglacial were similar to slightly warmer 

and/or less humid conditions than is the case today. However, the trees from Adam Creek at 

MIS 5a were still growing within the range of favourable conditions with temperature and 

water availability. 
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Chapter 1  

1 Introduction 

Scientists, politicians and the general public are concerned with the current trend of climate 

change. Today, the warming has already exceeded pre-industrial temperatures by 1.5 C in 

many parts of the world (Global Climate Change NASA). Consequently, many ecosystems 

have been affected by global warming by processes such as biome shifts, fires, extreme 

weather, droughts, and sea level rise from melting of polar ice sheets. Warmer global 

temperatures, for example, can disrupt the habitat ranges of many North American species 

by moving them towards the north and to higher elevations (Groffman et al. 2014). The 

degree of impact from global warming varies depending on geographic location. Rapid 

increases in temperature have occurred around the world, but are particularly more evident 

in northern locations (Global Climate Change NASA).  

In Canada, the landscape has cycled through several episodes of glaciation and warming. 

Over the last 100,000 years, North America, and Ontario, Canada in particular, have 

experienced two episodes of continental glaciation where ice covered more than half of the 

continent (Lisiecki and Raymo 2005). Ontario is currently in an interglacial (Marine 

Isotope Stage (MIS) 1; Table 1.1: kya = thousand years ago). This study aims to investigate 

the seasonal variations in climate in northern Ontario during one of the previous 

interglacials (MIS 5a) prior to the second-last glacial (MIS 4) and understand the response 

of vegetation – tree cellulose in particular – to a natural warming episode. Such information 

can then be compared with modern proxies such as the isotopic composition of tree-ring 

cellulose formed during the current interglacial (MIS 1) to better understand the climate 

information carried by such isotopic signals. 
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Table 1.1 Marine Isotope Stages (Lisiecki and Raymo 2005). 

Marine 

Isotope Stages  

Start interval (kya) End interval (kya) Interglacial/glacial 

MIS 1 14 0 Interglacial 

MIS 2 29 14 Glacial 

MIS 3 57 29 Interglacial 

MIS 4 71 57 Glacial 

MIS 5 130 71 Interglacial 

MIS 5a 82 (peak of interglacial sub-stage) 

MIS 5b 87 (peak of glacial sub-stage) 

MIS 5c 96 (peak of interglacial sub-stage) 

MIS 5d 109 (peak of glacial sub-stage) 

MIS 5e 123 (peak of interglacial sub-stage) 

MIS 6 191 130 Glacial 

MIS 7 243 191 Interglacial 

MIS 8 300 243 Glacial 

 

Current human activities are releasing a large quantity of carbon dioxide (CO2) to the 

atmosphere. This increase in greenhouse gases, which also includes methane (CH4), and 

nitrous oxide (N2O), is driving global warming (Stauffer et al. 2002). Atmospheric CO2 

concentration has increased from 277 parts per million (ppm) in 1750, the start of the 

industrial era to the highest ever recorded of 413 ppm in July 2019 at Mauna Loa 

observatory.  Current levels of atmospheric CO2 are higher than they have ever been over 

the last 650 thousand years (Siegenthaler et al. 2005, Joos and Spahni 2008, Scripps 2019).  

Large amounts of CO2 are absorbed by forest growth. Carbon from the atmosphere and 

oxygen from water are stored and fixed in macromolecules in trees each year through 

photosynthetic biochemical processes (McCarroll and Loader 2004). The biomass of wood, 

including cellulose, preserves this carbon and oxygen and studies of cellulose carbon and 

oxygen isotope ratios allow us to reconstruct both local and regional climate from, both 

present and past. The isotopic variations observed in tree-rings are caused by changes to 

the environment each year and provide important climatic information (McCarroll and 

Loader 2004, Bégin et al. 2015). For example, one might ask, “How does the present 

temperatures in the boreal forest of James Bay Lowland, Ontario compare with 
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temperatures in the same region during MIS 5a?”. Unlike modern climate, which is almost 

certainly affected by anthropogenic activities, changes in paleoclimate during earlier 

glacial-interglacial oscillations within the Quaternary Period occurred naturally. Glacial – 

interglacial cycles during the Quaternary largely resulted from variations in the amount of 

incoming solar radiation from the sun (National Centers for Environmental Information 

NOAA). Milankovitch cycles describe variations in the Earth’s orbit, wobble and tilt that 

affect the amount of solar radiation that heats the Earth’s surface. For example, when the 

Earth has a smaller axial tilt, there is a smaller difference in seasonal temperatures and ice-

sheets tend to grow (Hays et al. 1976).  

Many previous studies have investigated paleoclimatic conditions using the stable isotopes 

of tree rings, with stable carbon- and oxygen isotopes receiving the most attention (Johnson 

and Ingram 2004, Keppler et al. 2007, Bégin et al. 2015, Hook et al. 2015, Bose et al. 2016, 

Griggs et al. 2017). In this study, the stable carbon- and oxygen-isotope compositions of 

tree ring cellulose from wood samples of likely MIS 5a age (~82 kya), which were 

recovered from the James Bay Lowland,  are used provide a record of past seasonal and 

annual variations in precipitation and temperature. These data allow for comparison 

between the MIS 5a and MIS 1 (current) interglacial intervals.  

 

1.1 Background 

Five major “ice ages” occurred over North America during the Quaternary Period, which 

began at ~2.58 Ma and extends until the present day. The Laurentide Ice Sheet (LIS) 

covered a large part of North America during a series of advances and retreats across the 

continent during the Quaternary Period (Dyke and Prest 1987).  The climate changed with 

sequences of cold and warm or glacials and interglacials, lasting thousands of years, also 

known as marine isotope stages (MIS) (Hays et al. 1976).  The last ~130 kya have been 

divided into 5 MIS based on climate shifts (Lisiecki and Raymo 2005; Table 1.1).  The 

start dates of these isotope stages are: MIS1 (ca. 14 kya), MIS 2 (ca. 29 kya), MIS 3 (ca. 

57 kya), MIS 4 (ca. 71 kya), MIS 5 (ca. 130 kya) (Table 1.1); odd numbered MIS are 

interglacial and even numbers are glacial episodes. The extent of glaciation is less known 
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for glacial stages prior to Last Glacial Maximum (LGM), which occurred during MIS 2, 

because records are rare, poorly preserved and difficult to date (Stokes et al. 2015). There 

is also a paucity of data for interglacials prior to the present time. Previous studies suggest 

that during MIS 5, most parts of eastern and central North America were ice-free and 

warmer than or similar to the present interglacial (Allard et al. 2012, Miller and Andrews 

2019, Suh et al. 2020). MIS 5 is subdivided into 5 stages of interglacial and glacial sub-

stages (MIS 5a – e), 5a, c, and e being warm and b and d cold stages and peaks of substages 

rather than boundaries are listed in Table 1.1 (Lisiecki and Raymo 2005). This study adds 

to those data through an examination of MIS 5, likely MIS 5a in particular, in the James 

Bay Lowland using the stable carbon- and oxygen isotope ratios of tree-ring cellulose from 

sub-fossil wood as a proxy climate record.  

 

1.2 Sample Location 

1.2.1 Site information  

In Ontario, to the south and west of James and Hudson Bays, the James Bay Lowland is 

the northernmost forested region, with an area of  > 325 000 km2 (Skinner 1973, Nguyen 

and Hicock 2014, Dalton et al. 2016) (Figure 1.1). It consists mostly of Holocene peatlands 

that overlie Pleistocene glacial deposits and Palaeozoic and Mesozoic limestone. A variety 

of habitats, such as marshland (5 %), swamps (13 %), permafrost wetlands (22 %), 

minerotrophic fens (24 %), and ombrotrophic bogs (36 %) comprise the James Bay 

Lowland landscape (Riley 2003), and contain sparse, stunted, slow-growing forest 

dominated by spruce and tamarack.  

The ‘subfossil wood’ (defined as partially fossilized and mineralized with silica 

replacement) samples analyzed in this research were collected from the Missinaibi 

Formation at Adam Creek, Moose River Basin, Ontario. Currently, a boreal forest 

comprised of coniferous trees is situated at the Adam Creek site. 
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Figure 1.1 Adam Creek Site Map (North America), which is located in the James Bay 

Lowland, Ontario (Modified from Ministry of Natural Resource, 2020). 

 

1.2.2 Stratigraphy of Missinaibi Formation 

The Quaternary Missinaibi Formation sediments overlie three older tills (I, II, III) and 

underlie the Adam till and later units along Adam Creek, Moose River Basin, Ontario 

(Table 1.2). These sediments were deposited between the retreat and advance of the 

Laurentide Ice Sheet (LIS) during an interglacial, but their exact age has been debated to 

be either MIS 3 or MIS 5 – and MIS5a in particular (Skinner 1973, Dalton et al. 2016, 

Miller and Andrews 2019). Four members have been defined within the Missinaibi 

Formation, each of which is attributed to a different depositional environment; from oldest 

to youngest, the environments are: marine, fluvial, forest-peat and lacustrine (Skinner 

1973). 
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Table 1.2 Stratigraphy of Adam Creek, James Bay Lowland, Ontario (Modified from 

Skinner (1973) and Nguyen and Hicock (2014). 

AGE FORMATION 
SKINNER 

(1973) 
INFERRED EVENTS 

AGE C12 

YEARS 

B.P. 

Holocene Post-glacial   

Proglacial lake is 

eventually replaced by 

Tyrell fed Marine and 

lacustrine silt. 7,800 

Sand beds also 

common. Glacial 

retreat 

Late 

Wisconsin 
Upper till Kippling Till 

Deposition by 

readvancing SW 

flowing ice. Sandy-silt 

till, massive, moderate 

amount of clasts 

  

Middle-Late  

Inter-till 
Friday Creek 

Sediments 

Proglacial lake 

sediments deposited 

during brief ice retreat. 

Sand and silt unit up 

to 1- metres. No 

organics. Often absent 

altogether. 

  
Wisconsin 

Early 

Wisconsin 
Lower Till Adam Till Glacial advance   

Sangamonian 
Missinaibi 

Formation 

Lacustrine 

member  
Colder interval 

>54,000 

Forest-peat 

member 
Warmer interval 

Fluvial 

member 
Colder interval 

Marine 

member 
Warmer interval 

Pre-

Missinaibi 

tills 

Glaciation 

Till Ⅲ Glacial advance   

Intertill- 

sediments (Ⅱ-

Ⅲ) 

Glacial retreat 
  

Till Ⅱ Glacial advance   

Intertill- 

sediments (Ⅰ-

Ⅱ) 

Glacial retreat 
  

Till Ⅰ Glacial advance   
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The subfossil wood samples used in this study were retrieved from the forest-peat member, 

which is up to 2 m thick and consists of logs, mosses, sedges, sticks and stumps (Skinner 

1973). The wood obtained from this layer has been identified as larch or spruce, but exact 

differentiation between the two species is difficult since the samples are compressed and 

partially lignified (Skinner 1973). Skinner (1973) noted that stumps were observed in 

growth position, in association with the other wood samples, indicating that the samples 

collected are unlikely to have been transported any great distance from their original 

location. Skinner (1973) suggested a wet environment of growth for the forest-peat unit, 

based on the presence of coeval moss and sedge. The implied wet conditions may have 

resulted in the small diameter of the subfossil wood samples. The lacustrine bed overlying 

the forest bed provides further evidence of the forest soil conditions being wet as there was 

flooding during the latter stages of forest-peat unit deposition.  

 

1.3 Isotope Dendrochronology 

Tree rings are sensitive bioindicators of local environmental change and the carbon and 

oxygen-isotope compositions of a wood component like cellulose vary in response to 

fluctuations of temperature and water availability (McCarroll and Loader 2004). Carbon- 

and oxygen-isotope ratios are typically reported in δ-notation, as defined in Equations 1.1 

(δ13C) and 1.2 (δ18O), respectively.  

δ13C = (
Rsample

Rstandard
) -1       Eq. 1.1 

δ18O = (
Rsample

Rstandard
) -1        Eq. 1.2 

Bégin et al. (2015) studied the Canadian northeastern boreal forest, and found that both 

δ13C and δ18O of cellulose of black spruce trees in high latitudes are sensitive to summer 

maximum temperatures, and concluded that during past 200 years, the coldest interval 

occurred in first half of the 19th century. Furthermore, the δ18O of cellulose from spruce 

tree-rings (Picea) from central Switzerland were more strongly correlated to the amount of 

precipitation, relative humidity, and temperature than tree-ring width when comparing 
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historical low- and high-frequency climate data (Anderson et al. 1998). For example, lower 

δ18Ocellulose is associated with moist environments and colder temperatures while higher 

δ18Ocellulose results from dry and warm growing conditions (Anderson et al. 2002, Voelker 

et al. 2015). Glacial advancement causes colder temperatures, which reduces both stomatal 

conductance and carbon fixation, leading to increasing δ13C of cellulose (Leavitt and Kalin 

1992). Visible tree rings can be used distinguish annual growth, and can be further divided 

into seasonal growth through recognition of early-wood and late-wood (Figure 1.2). 

Therefore, tree rings are ideal proxies to reconstruct past seasonal climate (Barbour et al. 

2002). 

 

 

Figure 1.2 Cross-sectioned tree rings of early-wood (light bands) and late-wood (dark 

bands) of Sample C (AC-77-C3) from Adam Creek, Ontario, Canada. 
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1.3.1 Wood growth 

Both the width and the isotope compositions of tree rings reflect annual and seasonal 

climate that occurred during tree-ring formation (McCarroll and Loader 2004). Trees grow 

in both height from bottom to top and width from inside to outside every year through 

mitosis (cellular division) in the meristem tissue (undifferentiated cells) of the trunk. As 

the secondary meristem, called the vascular cambium and which is located between the 

xylem and phloem, undergoes cell division, tree diameter increases. The cells produced in 

the inner part of cambium are added to the xylem and those that are formed in the outer 

part are added to the phloem (Stokes & Smiley, 1968).  

The xylem is a network of cells that allows a tree to move water and solutes from the soil 

through the roots to the leaves. The phloem transports glucose and amino acids produced 

during photosynthetic processes in the leaves around the plant for growth (Schweingruber 

2007). The youngest rings are on the outer part of the tree as they grow on top of the 

previous layers of xylem cells every year. As trees greet a change of season towards colder 

unfavorable conditions, they suspend xylem cell formations (Stokes and Smiley 1968). 

Each tree ring is composed of early and late-wood. Typically, early-wood is lighter in 

colour due to larger and thinner-walled cells (Figure 1.2). Late-wood is formed during the 

latter part of summer to early fall and typically is darker (Figure 1.2). Furthermore, the 

formation of late-wood provides an indication of the stalling of tree growth as temperature 

and amount of sunlight diminish as seasons change (Poole and Bergen 2006).  

 

1.3.2 Stable carbon- and oxygen-isotope compositions of cellulose 

Previous studies have found that the stable carbon- and oxygen-isotope compositions of 

different wood components such as cellulose, lignin and whole-wood vary (Gray and 

Thompson 1977, Loader et al. 2003). Although there is no significant difference in either 

δ18O or δ13C between alpha cellulose and unaltered holocellulose, there is a significant 

difference when isotopic data for cellulose are compared with untreated whole-wood 

(Riechelmann et al. 2016). The δ18O of cellulose versus whole-wood samples can differ by 

5.0 ± 1.2 ‰ (Riechelmann et al. 2016).  
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Alpha-cellulose [C6H10O5]n is defined as portion of holocellulose (α-cellulose and 

hemicellulose). Hemicellulose can cause an error in the isotopic signal by having 

exchangeable carbonyl oxygen (Wright 2008, Hook et al. 2015). In this study, the Brendel 

method (nitric acid and acetic acid) was used to remove both lignin and hemicellulose. 

Although there are other macromolecules such as lignin and hemicellulose that make up 

plant tissues and cell walls of tree rings, cellulose is more resistant to degradation and 

should better preserve isotope climate signals (Gray and Thompson 1977, Griffith et al. 

2008). In fossil tree samples, the isotopic compositions of whole-wood can provide an 

inaccurate representation of ancient climatic conditions due to degradation of lignin and 

other components (Gray and Thompson 1977, Loader et al. 2003). Accordingly, McCarroll 

and Loader (2004) recommended studying cellulose of tree rings to reconstruct seasonal 

paleoclimate using δ13C and δ18O. The stable carbon- and oxygen- isotope compositions of 

tree ring cellulose should display seasonal climatic signals from the early-wood produced 

during the spring to early summer and the late-wood produced in mid-summer to autumn 

(Barbour et al. 2002, An et al. 2012, Fu et al. 2017). 

 

1.3.2.1 Oxygen isotopes 

The oxygen-isotope composition of tree-ring cellulose provides a record of soil water 

(δ18Osoil water) taken up by tree roots and leaf water (δ18Oleaf water) that has experienced 

evaporative 18O enrichment (McCarroll and Loader 2004), as is described in Equation 1.3.   

     Eq. 1.3 

The parameter ƒ0 is the relative proportion of δ18Ostem water incorporated into the cellulose. 

Because there is typically no fractionation when plant roots uptake water (see below), 

δ18Ostem water is equivalent to δ18Osoil water, and in temperate regions with abundant rainfall 

δ18Osoil water is equivalent to δ18Oprecipitation. The parameter ɛo is the fractionation between 

plant water and cellulose during its formation and is ~27 ‰ regardless of temperature 

(McCarroll and Loader 2004). 
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The primary controls that influence the δ18Ocellulose are: (1) the δ18O of source water, which 

varies with temperature, (2) 18O enrichment of leaf water during transpiration, which varies 

with relative humidity, and (3) biochemical oxygen-isotope fractionation during 

photosynthesis, which is fairly constant. The δ18O of precipitation is higher when 

temperatures increase and leaf-water δ18O is higher when relative humidity decreases 

(McCarroll and Loader 2004).  Hence, the δ18Ocellulose helps us to understand the climate 

and hydrological cycle of a region (Gray and Thompson 1977, Edwards and Fritz 1986a, 

Roden and Ehleringer 1999). 

Leaf water becomes enriched in 18O by transpiration due to evaporation at the stomata. 

More evaporation in a drier environment leads to higher δ18Oleaf water and ultimately an 

increase in δ18Ocellulose (Epstein et al. 1977). An increase in δ18Ostem water is caused by 

increase in δ18O of source water since there is generally agreed that there is no fractionation 

during take-up of water by tree roots (Ehleringer and Dawson 1992). Precipitation is 

usually the main water source to plants. The δ18O of precipitation decreases as a moisture 

mass moves northward and inland in the northern hemisphere because 18O is preferentially 

precipitated relative to 16O as the moisture mass moves along its northern / inland trajectory 

(Craig 1961, Dansgaard 1964, Galewsky et al. 2016). As a result, δ18Ocellulose of a tree grown 

in a higher latitude and/or colder region will be lower than a tree grown in a lower latitude 

and/or warmer region.  

Trees with deep roots may get replenished from both precipitation and ground water 

(Waterhouse et al. 2002). Therefore, δ18Ocellulose may reflect a mixture of recent 

precipitation and groundwater. Waterhouse et al. (2002), for example, found the ratio of 

ca. 40:60 of ground water and precipitation in δ18Ocellulose of an oak tree over an eight month 

interval. However, the wet surface environment forest-peat layer of the Missinaibi 

formation at Adam Creek suggests that the ground water was near or at the surface and its 

18O likely closely resembled that of precipitation. 
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1.3.2.2 Carbon isotopes 

Most trees, and especially those of the northern forests, use the C3 photosynthetic pathway 

where three carbon atoms are contained in the first photosynthetic byproduct. The δ13C of 

atmospheric carbon dioxide (δ13Catm) is incorporated into the δ13C of wood component. 

Currently, δ13Catm is ~ –8.2 ‰ (VPDB) (Keeling et al. 2010), but during pre-industrial era, 

the values was ~ –6.4 ‰ (VPDB) (McCarroll and Loader 2004). The δ13C of modern tree 

rings can be corrected to the pre-industrial standard value using equation 1.4 (Schubert and 

Jahren 2015): 

    Eq. 1.4 

As a result of isotopic fractionation during the transportation and transition of carbon in 

the process of cellulose production, δ13Ccellulose has much lower values (–27 to –21 ‰) than 

atmospheric CO2. For example, the δ13Ccellulose of modern tree-ring cellulose along a 

precipitation transect in Oregon, United States, varied from –26.3 to –22.1 ‰ (Roden et al. 

2005). Two main fractionations take place as the CO2 molecule is fixed into the wood 

component. The CO2 molecules with lighter isotope (12C) of carbon  diffuse more easily 

into the stomata than those with heavier isotope (13C) with a fractionation (ɑ) of 4.4 ‰ as 

air diffuses through the pores of the plant (Francey and Farquhar 1982). The second 

fractionation (b = 27 ‰) occurs with the discrimination against 13C during gaseous 

diffusion and photosynthesis called carboxylation. This process is driven by an enzyme 

called Rubisco. These two main controls on the δ13C of plant material can be expressed as:

                 Eq. 1.5 

where ɑ is the fractionation against 13CO2 that results from diffusion, b is the net 

discrimination from carboxylation as a result of Rubisco, and ci and ca are intercellular and 

ambient CO2 concentrations (Farquhar et al. 1982).  The ratio of ci/ca is related to a plant’s 

water use efficiency (iWUE) (Eq. 1.6) (McCarroll and Loader 2004). 

iWUE = 𝐴/𝑔 = 𝑐𝑎[1 − (𝑐𝑖 𝑐𝑎⁄ )](0.625)         Eq. 1.6 
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where A is the rate of CO2 assimilation and g is stomatal conductance. Low water use 

efficiency typically results if a plant experiences high stomal conductance in a high 

humidity environment (Leavitt 2002). Therefore, variations in δ13Ccellulose are affected by 

changes in environmental factors that control the rate of stomatal conductance and the rate 

of photosynthesis. Temperature, water availability and amount of solar radiation are the 

main environmental variables that cause changes in δ13Ccellulose. Under warmer and drier 

conditions, the opening of the stomata decreases in order to reduce water loss. This limits 

the preferential diffusion of 12C into the plant and as a result, δ13Ccellulose will increase. 

Temperature further affects δ13C signal in plants because the plant’s enzymes do not 

function properly when the temperature is too cold, CO2 uptake is reduced and δ13C 

decrease (Tieszen 1991). Since most plants grow in areas where the temperature is 

favourable to their growth, this is not always important. In high latitude areas, however, 

boreal forest tree-ring δ13C has been shown to vary with temperature (Tardif et al. 2008, 

Loader et al. 2013a, Bégin et al. 2015). 

In the modern boreal forests of northern Ontario and subarctic Manitoba, Canada, summer 

temperature (July to September) has been shown to be a stronger control on δ13Ccellulose than 

other environmental variables (Tardif et al. 2008, Holzkämper et al. 2012, Bégin et al. 

2015). For example, Porter et al. (2009) found that δ13Ccellulose of white spruce from 

northern Canada was most strongly associated with mean maximum temperatures in June 

and July, which influenced stomatal conductance. In contrast, Voelker et al. (2019) studied 

both δ13C and δ18O of cellulose in the early-wood portion of tree rings formed from spring 

to early summer in white spruce trees located near Lake Superior, Canada and found that 

isotopic signatures were related to the conditions of the previous winter such as winter 

minimum temperature, Lake Superior ice cover, and regional and continental-scale 

atmospheric winter pressure variability in response to lake effect climate. In short, the 

isotopic signals of tree-rings can be influenced by multiple environmental parameters. 

1.3.3 Examples of tree ring isotope studies of fossil wood in 
Ontario 

Relative to modern tree studies, there are significantly fewer studies of stable isotopes in 

fossil wood from the boreal forest in northern Canada, especially prior to LGM (Naulier et 
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al. 2014). That said, previous stable isotope studies of  modern and fossil wood within MIS 

1 in North American boreal forest collectively showed that conditions such as the summer 

temperature and relative humidity that affect δ13Ccellulose were similar among various boreal 

forests over a wide geographic area (Leavitt and Kalin 1992, Hunter et al. 2006, Naulier et 

al. 2014, Bégin et al. 2015).  Similarly, studies investigating seasonal and annual climate 

of δ18Ocellulose in modern trees in boreal forests are far more common compared to those of 

ancient trees. Those few studies of ancient boreal forest trees, however, demonstrate that 

the δ18Ocellulose decreases with increasing latitude and decreasing temperatures (Edwards 

and Fritz 1986a, Hunter et al. 2006, Sensula and Pazdur 2013). Furthermore, using sub-

fossil wood remains of black spruce trees from boreal lakes, Naulier et al. (2014) found 

that both δ13Ccellulose and δ18Ocellulose tree-ring series were reliable for climatic 

reconstruction. Variations in δ18Ocellulose over a time series provided an indication of 

changes in boreal forest climate, with cold and wet conditions reflected in low δ18Ocellulose 

( +19.2 to +22.6 ‰) of black spruce trees. Bégin et al. (2015) demonstrated that δ13Ccellulose 

from boreal forest modern spruce trees formed a stronger correlation with temperature than 

with precipitation amount in northeastern Canada. 

 

1.4 Objectives 

The purpose of this study is to assess interglacial (likely MIS 5a) climate and seasonality 

at Adam Creek, Ontario to determine if this area experienced similar growing-season 

temperature and precipitation as today. To achieve this goal, we have analyzed the stable 

carbon- and oxygen-isotope compositions of both early- and late-wood tree-ring cellulose 

from five subfossil trees collected from Missinaibi Formation at Adam Creek, Ontario. 

Furthermore, a comparison between the isotopic compositions of early-wood and late-

wood of each year has also been used to interpret variations in growing-season conditions 

among five different samples. Finally, comparisons of results for the study area and the 

isotopic compositions of modern and ancient tree-rings from different areas of North 

America were made in order to enhance understanding of the interglacial climate during 

this time of forest growth (likely MIS 5a).   
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Chapter 2  

2 Methods 

2.1 Sample Location and Samples 

The five ancient wood samples analyzed were collected from the Missinaibi Formation at 

Adam Creek, Ontario (50.23780428, -82.10114966) by Owen. L. White (1979) of the 

Ontario Geological Survey and stored by Paul Karrow (University of Waterloo), prior to 

being provided to Fred J. Longstaffe (The University of Western Ontario). Adam Creek is 

a tributary of the Moose River, which flows towards James Bay in Ontario (Figure 1.1). 

The Missinaibi Formation is a non-glacial deposit, formed as a result of the retreat of the 

Laurentide Ice Sheet, likely during the MIS 5a interglacial. The wood samples were found 

in a submerged forest-peat unit overlain by lacustrine beds and underlain by glacial, 

marine, and fluvial sediments (Skinner 1973). It has been debated whether Missinaibi beds 

are interstadial or interglacial (Skinner 1973, Dalton et al. 2016). Skinner (1973) suggested 

a wet environment during formation of the forest peat because of existence of moss and 

sedge. The forest-peat is described by Skinner (1973) as consisting mosses, sedges, sticks, 

logs and stumps. By comparison, the current vegetation in this area is a boreal forest with 

wetlands. Today, the Adam Creek region receives ~732 mm and ~238 mm of rainfall 

annually and in summer, respectively and summer mean temperature is 15.1 C (Climate 

Atlas of Canada 2019).  

The wood samples were photographed using a high definition Cannon DSLR camera 

(Figures 2.1 to 2.5). Three out of five samples had been radially compressed 

asymmetrically during burial (Figures 2.2, 2.4 and 2.5). Each wood sample was cut to into 

2.5 - 5 cm blocks (‘cookies’), using a band saw. The sample blocks were smoothed using 

400 grit sandpaper in preparation for tree-ring subsampling and thin sectioning. Individual 

tree rings were numbered with the assistance of a Nikon SMZ800 stereomicroscope. For 

each wood cross-section (cookie), the early and late-wood were numbered, and their 

thickness measured in µm using the built-in scalar of the stereomicroscope. The densities 

(kg/m3) of each samples were calculated by measuring the weight (in grams) and the 

amount of water displaced (volume; 1000L = 1m3). 
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Figure 2.1 Wood sample A (AC-77-A2). Tree-rings are symmetrical. (A) Bird’s-eye 

view of the wood; (B) Cross-section of the tree rings; (C) and (D) Photomicrographs 

of the tree rings. 

 

Figure 2.2 Wood sample C (AC-77-C3). Tree-rings are radially asymmetric. (A) 

Bird’s-eye view of the wood; (B) Cross-section of the tree rings; (C) and (D) 

Photomicrographs of the tree rings. 
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Figure 2.3 Wood sample D (AC-77-D1). Tree-rings are symmetrical. (Z) Bird’x-eye 

view of the wood; (B) Cross-section of the tree rings; (C) and (D) Photomicrographs 

of the tree rings. 

 

Figure 2.4 Wood sample E (AC-77-E3). Tree-rings are radially asymmetric. (A) 

Bird’s-eye view of the wood; (b) Cross-section of the tree rings: (C) and (D) 

Photomicrographs of the tree rings. 
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Figure 2.5 Wood sample F (AC-77-F1). Tree-rings are radial asymmetric. (A) Bird’s-

eye view of the wood; (B) Cross-section of the tree rings; (C) and (D) 

Photomicrographs of the tree rings. 

 

In addition, 30 µm-thick thin sections were obtained for each wood sample from Spectrum 

Petrographics. Inc. Vancouver, WA, USA. Thin sections were obtained for both the 

transverse and tangential tree ring orientations. These sections were used in an effort to 

identify the tree species, as guided by the dendrochronology wood library (Schweingruber 

2007) and a dichotomous key to wood anatomy described by Esau (1960).  

There are some basic differences in wood anatomy between softwood (conifers, 

Coniferopsida) and hardwood (deciduous, angiosperm) trees. In angiosperm trees, cells 

have larger diameter vessels in early-wood compared to late-wood. In coniferous trees, 

cells in early-wood have thin walls, a large diameter, and are light in colour, whereas cells 

in late-wood have thick walls. a small diameter, and are dark in colour (Schweingruber 

2007). Furthermore, the cell type known as tracheae are absent in conifers, which allow 

them to survive in cool temperate regions. Specific wood anatomical structures (e.g., axial 
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resin ducts, epithelial cells of resin ducts, ray tracheids) were attempted to identify in order 

to narrow the choice of appropriate species (Esau 1960).  

Subsampling of the tree-rings was performed on the least compressed portion of the wood 

cross-section. The sub-samples of late-wood and early-wood were removed by hand using 

a scalpel, with the aid of a standard binocular microscope to ensure proper separation of 

the two components. Each wood sample was then weighed and stored in a labeled sample 

tube for cellulose extraction. 

 

2.2 Cellulose Extraction 

The Brendel method (Brendel et al. 2000), as modified by Evans and Schrag (2004), was 

used to extract alpha-cellulose. Nitric acid (120 µL, 69 %) and acetic acid (12 µL, 80 %) 

was added to ~ 1 mg of powdered wood sample, which was then maintained at 120 °C in 

a sand bath for 30 minutes to remove both lignin and hemicellulose. Then, 90 % ethanol 

was added to the samples to further rinse and remove hemicellulose, lignin and ethanol-

extractives. This was followed by rinsing with distilled water to remove all traces of acid. 

Lastly, an ethanol wash followed by an acetone rinse were performed to further clean and 

then quickly dehydrate the samples. After all acid, ethanol, distilled water and acetone 

rinses were completed, the samples were centrifuged (12 min at 12,000 rpm), any 

supernatant was removed, and the samples were then dried and stored at room temperature.  

 

2.3 Isotopic Analyses of Cellulose 

2.3.1 Oxygen isotopes 

About 0.07 mg of each cellulose sample was placed in silver capsule and stored in a 

desiccator until analysis. The oxygen-isotope compositions of cellulose samples were 

determined using a Thermo Scientific TC-EA (High Temperature Conversion-Elemental 

Analyzer) coupled to a Thermo Scientific Delta PlusXL mass spectrometer in continuous 
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flow mode. The oxygen in cellulose samples was converted to CO by pyrolysis in a glassy 

carbon reactor of the TC-EA at 1350 C. Then the CO was separated from N2 in a gas 

chromatograph on a flow of He gas and introduced to the mass spectrometer through a 

Thermo Scientific ConFlo 3 interface. The oxygen-isotope composition of all samples is 

reported in the standard δ-notation (see Chapter 1, Eqn. 1.2, R = 18O/16O) relative to 

VSMOW in per mil (‰). 

Secondary standards used to make calibration curve to the VSMOW-SLAP scale were 

IAEA C-6 (formerly ANU sucrose) (accepted value = +36.4 ‰; Loader and Buhay 1999) 

and H2O VSMOW (defined as 0 ‰ exactly; United States Geological Survey 2020). The 

reproducibility of IAEA C-6 and H2O VSMOW during the course of this project were ± 

0.3 ‰ (n = 23) and ± 0.3 ‰ (n = 15), respectively. Benzoic acid (IAEA-601) and IAEA 

C3 (cellulose) were used to independently test the precision and accuracy of the calibration 

curve, for which the following values were obtained: +26.0 ± 0.8 ‰ (n = 15) and +31.2 ± 

0.4 ‰ (n = 12). These results can be compared with the accepted values for benzoic acid 

(IAEA-601) and IAEA C3, which are +23.1 ‰ and +31.3 to +32.7 ‰, respectively. The 

average reproducibility of replicated cellulose samples was ± 0.3 ‰ (n = 34 pairs).  

 

2.3.2 Stable carbon isotopes 

Cellulose samples were weighed to ~0.100 mg and placed in a tin capsule and stored in a 

desiccator until analysis. Their carbon-isotope compositions were determined using a 

Costech EA (Elemental Analyzer) coupled to a Thermo Scientific Delta V Plus mass 

spectrometer in continuous flow mode. The carbon-isotope compositions of all samples are 

expressed in standard δ-notation (see Chapter 1, Eqn. 1.1, R = 13C/12C) relative to VPDB 

in per mil (‰).  

Secondary standards used to make the calibration curve to VPDB were USGS 41a 

(accepted value = +36.55 ‰) and USGS 40 (accepted value = –26.39 ‰). The precision 

of USGS 41a and USGS 40 during the course of this project was ± 0.3 ‰ (n = 18) and ± 

0.1 ‰ (n = 17). Laboratory keratin (–24.1 ± 0.1 ‰, n = 24) and IAEA-CH-6 (sucrose) (–
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10.5 ± 0.1 ‰, n = 10) were also used to evaluate both the accuracy of the calibration curve 

as well as to provide additional information concerning accuracy. The accepted values for 

keratin and IAEA-CH-6 are –24.04 ‰, and –10.45 ‰ respectively (United States 

Geological Survey 2020). The average precision of replicated samples was ± 0.1 ‰ (n = 

30 pairs).  

The isotopic compositions of whole tree-ring samples were calculated from weighted 

values from early- and late-wood. For example, weighted values for whole tree-rings were 

calculated by adding early- and late-wood isotopic values proportion to the tree-ring width 

of early- and late-wood.  

 

2.4 Radiocarbon Dating 

Wood samples were sent to A.E. Lalonde AMS Laboratory at the University of Ottawa for 

radiocarbon dating. The sample preparation and accelerator mass spectrometry (AMS) 

methods used there are described in Crann et al. (2017).  Calibration of radiocarbon dates 

was performed using OxCal v. 4.3 (Ramsey 2009) and the IntCal13 calibration curve 

(Reimer et al. 2013). The radiocarbon detection limits at the Lalonde AMS laboratory 

corresponds to ~50 kya, after which only infinite ages are reported.  

 

2.5 Statistical Methods 

Tests for correlation between cellulose δ18O and δ13C were considered significant if p < 

0.05 by performing two-tailed t-test using Excel and SPSS (IBM 2016). Statistical 

comparisons for both stable carbon- and oxygen-isotope compositions were made between: 

(i) early and late-wood, (ii) early-wood from earlier years of growth versus later years of 

growth, and (iii) late-wood from earlier years of growth versus later years of growth. Linear 

correlations, r2 and Pearson R values were also generated for δ13C and δ18O in early-wood, 

late-wood, and whole tree-ring data using Excel and SPSS.  
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Chapter 3  

3 Results 

3.1 Physical Properties of Samples 

The physical properties of the five subfossil wood samples (weight and density) are listed 

in Table 3.1. All samples had a density greater than 1g/cm3, with samples AC-77-C3 and 

AC-77-F1 having the highest densities (3.76 g/cm3 and 5.41 g/cm3, respectively). The 

densities of this subfossil wood are higher than normal wood (0.2 – 1 g/cm3) (Gartner and 

Meinzer 2005), likely because of mineralization. Mustoe (2016), for example, found that 

the densities of wood mineralized by quartz or chalcedony were 2.3 – 2.1 g/cm3 in opalized 

wood.  

 

Table 3.1 Physical properties of samples. 

Samples Volume (cm3) ¹ 
Density 

(g/cm3) 

Diameter 

(cm)¹ 

Total # 

of rings² 

AC-77-A2 220 1.04 6.5 54 

AC-77-C3 127 3.76 3.5 30 

AC-77-D1 50 1.43 3.5 22 

AC-77-E3 90 1.31 3 39 

AC-77-F1 40 5.41 2 30 
1 Data obtained from 2.5 - 5 cm blocks (‘cookies’) of a sample 

² Total number of tree-rings obtained for analyses 

 

Typically, the cross-section of a trunk or branch is close to circular. The cross-sections of 

these subfossil wood samples, however, are sometimes asymmetrical (Figures 2.2, 2.4 and 

2.5), likely because of lateral compression during burial.  

All five tree samples at the Adam Creek site were identified as softwood (conifers, 

Coniferopsida) (Figure 3.1 - 3.5). Since some, not all of these samples were compressed 
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during burial, however, the wood structure was not always well preserved (Figures 3.2, 3.4 

and 3.5). 

Specific species could not be identified, however, because wood preservation was 

inadequate to observe specific wood anatomical structures such as epithelial cells of resin 

ducts and difficult to identify species. Skinner (1973) suggested that that the trees are 

spruce or larch. Farley-Gill (1980) found that black and white spruce are the dominant trees 

growing at James Bay Lowland today.  

 

 

Figure 3.1 Wood sample A (AC-77-A2). Wood not compressed. (A) Transverse thin-

section of tree rings, showing prominent growth rings with a sharp transition from 

large early-wood cells to late-wood cells; and (B) Radial thin-section of tree rings. EW 

= early-wood; LW= late-wood; RD = resin duct; RT = ray tracheid. 
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Figure 3.2 Wood sample C (AC-77-C3). Wood compressed. (A) Transverse thin-

section of tree-rings, showing prominent growth rings with a sharp transition from 

large earlywood cells to latewood cells; and (B) Tangential thin-section of tree-rings. 

EW = early-wood; LW = late-wood; RB = ring boundary; RD = resin duct; RT = ray 

tracheid. 

 

 

Figure 3.3 Wood sample D (AC-77-D1). Wood not compressed. (A) Transverse thin-

section of tree-rings, showing prominent growth rings with a sharp transition from 

large early-wood cells to late-wood cells; and (B) Tangential thin-section of tree rings. 

EW = early-wood; LW = latewood; RB = ring boundary; RD = resin duct.  
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Figure 3.4 Wood sample E (AC-77-E3). Wood compressed. (A) Transverse thin-

section tree-rings, not showing prominent growth rings with no sharp transition from 

large early-wood cells to late-wood cells; and (B) Tangential thin-section of tree-rings. 

RT = ray tracheid; RD = resin ducts. 

 

 

Figure 3.5 Wood sample F (AC-77-F1). Wood compressed. (A) Transverse thin-

section tree-rings, inadequate to show prominent growth rings with no sharp 

transition from large early-wood cells to late-wood cells; and (B) Radial thin-section 

of tree-rings. RD = resin duct; RT = ray tracheid. 
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3.2 Tree-ring Widths, Stable Isotope and Radiocarbon 
Results 

The tree ring widths (TRWs) and average δ18O and δ13C of early-wood and late-wood for 

all samples are reported in Appendix A. The radiocarbon dates for all samples are reported 

in Table 3.2.; all dates were infinite (14C yr BP > 46,500). 

Table 3.2 Radiocarbon dates for wood samples¹. 

AA Lab # Sample ID Material Radiocarbon age 

(14C-year) 

Calibrated age 

(cal year BP) 

UOC-7090 AC-77-A-2 wood >46500 n/a² 

UOC-7092 AC-77-C-3 wood >46500 n/a² 

UOC-7093 AC-77-D-1 wood >46500 n/a² 

UOC-7094 AC-77-E-3 wood >46500 n/a² 

UOC-7095 AC-77-F-1 wood >46500 n/a² 

¹Dates obtained at the University of Ottawa A.E. Lalonde AMS Laboratory in 

Ottawa, ON, Canada. 

²Infinite age     

 

3.2.1 Sample AC-77-A2 

A total of 96 sub-samples of early (48) and late (48) wood were collected from this sample 

(Appendix A). The tree-ring widths (TRW) of early-wood and late-wood ranged from 120-

684 μm and 20-185 μm, respectively. The TRW of the full tree-ring ranged from 191-771 

μm.  

Cellulose was extracted from a subset of 26 early-wood and 25 late-wood tree-ring sub-

samples. The other sub-samples were too small (<0.5 mg) for cellulose extraction. The 

δ18O and δ13C of early-wood cellulose ranged from +22.8 to +27.6 ‰ (average = +25.6 ‰) 

and –23.0 to –21.2 ‰ (average = –22.4 ‰), respectively (Table 3.3). The δ18O and δ13C of 

late-wood cellulose ranged from +23.7 to +27.8 ‰ (average = +25.8 ‰) and –23.2 to –

21.9 ‰ (average = –22.6 ‰) (Table 3.3). The calculated, weighted values of δ18O and δ13C 

for whole-ring cellulose ranged from +23.0 to +27.4 ‰ (average = +25.6 ‰) and –23.0 to 

–21.4 ‰ (average = –22.4 ‰) (Table 3.3). 
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The results of all statistical comparisons are summarized in Table 3.5, with significance 

defined as p ≤ 0.05. The δ18O and δ13C of early-wood cellulose were not significantly 

different from late-wood cellulose (p = 0.45 and p = 0.16, respectively). Next, we compared 

‘young’ (represented by ring # ≤20) versus ‘old’ (represented by ring # >20) in order to 

detect any significant difference in isotopic compositions between growth age of the tree-

ring. The δ18O of cellulose from rings formed earlier in life (‘young’; ring # ≤ 20) of early 

and late-wood were not significantly different from cellulose from older rings (ring # > 20) 

of early and late-wood (p = 0.06, p = 0.06, respectively). The δ13C of young late-wood 

cellulose was not significantly different (p = 0.08) from older late-wood cellulose.  The 

δ13C of young early-wood cellulose, however, was significantly higher (p = 0.0004) than 

older early-wood cellulose. 

Annual, 3-year and 5-year running averages of the isotopic results for each of early, late, 

and whole tree-ring cellulose sub-samples are illustrated in Figures 3.1 (δ18O) and 3.2 

(δ13C). The δ18O of the cellulose increased at first as the tree grew, but for tree-rings formed 

later in life 18O began to decrease (Figure 3.6). The 5-year running average of δ18O for all 

tree-rings increased from young rings (#12), peaked at ring #25 and then decreased 

thereafter. By comparison, the δ13C of all tree-ring cellulose (early, late, calculated whole 

ring) trended to lower values from earliest to latest growth (Figure 3.7). Of all comparisons, 

the 5-year running averages of δ13C in early-wood cellulose showed the most linear 

response and produced the strongest coefficient of determination (r2 = 0.94). There were 

no significant correlations between δ18O and δ13C for early-wood, late-wood or calculated 

whole-ring cellulose (Figure 3.8). 



30 

 

Table 3.3 Minimum, maximum and mean values of subfossil wood stable carbon- and oxygen-isotope compositions. 

Sample ID δ18O (‰) 

minimum 

δ18O (‰) 

maximum 

average 

(‰) 
Δ¹⁸Omaximum-

minimum (‰) 

δ13C (‰) 

minimum 

δ13C (‰) 

maximum 

average 

(‰) 

Δ¹³Cmaximum-

minimum (‰) 

AC-77-A2 EW1 +22.8 +27.6 +25.6 4.8 –23.0 –21.2 –22.4 1.8 

AC-77-A2 LW +23.7 +27.8 +25.8 4.1 –23.2 –21.9 –22.6 1.3 

AC-77-A2 WR +23.0 +27.4 +25.6 4.4 –23.0 –21.4 –22.4 1.6 

          

AC-77-C3 EW +23.3 +26.7 +25.0 3.4 –22.9 –21.1 –22.0 1.9 

AC-77-C3 LW +21.4 +26.7 +24.9 5.3 –23.3 –21.4 –22.3 1.9 

AC-77-C3 WR +23.4 +26.6 +24.9 3.1 –23.1 –21.4 –22.1 1.7 

          

AC-77-D1 EW +23.9 +26.6 +25.0 2.7 –22.6 -21.7 –22.2 0.9 

AC-77-D1 LW +23.2 +27.1 +24.7 3.8 –22.9 –21.3 –22.1 1.6 

AC-77-D1 WR +23.8 +26.8 +25.0 2.9 –22.6 –21.7 –22.1 0.9 

          

AC-77-E3 EW +24.6 +29.5 +26.3 4.9 –23.8 –20.6 –22.5 3.2 

AC-77-E3 LW +24.4 +29.2 +26.1 4.8 –23.5 –19.9 –22.2 3.6 

AC-77-E3 WR +25.0 +29.3 +26.4 4.4 –23.6 –20.9 –22.4 2.7 

          

AC-77-F1 EW +22.4 +27.0 +25.1 4.6 –25.1 –22.9 –24.0 2.2 

AC-77-F1 LW +23.1 +26.2 +24.9 3.0 –25.2 –23.2 –24.1 2.0 

AC-77-F1 WR +24.4 +26.8 +25.2 2.4 –25.0 –23.0 –23.9 2.0 

1 EW = early-wood; LW = late-wood; WR = whole-ring  
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Table 3.4 Summary of p-values (t-test) for tree-ring cellulose stable carbon- and oxygen-isotope compositions. Values of p ≤ 0.05 

are shown in bold font. 

Sample: AC-77-A2   AC-77-C3   AC-77-D1   AC-77-E3   AC-77-F1 

Analyses p 

values 

for 

δ18O 

p values 

for δ13C 

  p 

values 

for 

δ18O 

p 

values 

for 

δ13C 

  p 

values 

for 

δ18O 

p 

values 

for 

δ13C 

  p 

values 

for 

δ18O 

p values 

for δ13C 

  p 

values 

for 

δ18O 

p values 

for δ13C 

1EW vs LW 0.45 0.16  0.54 0.18  0.29 0.67  0.61 0.47  0.39 0.84 

EW(young) vs 

EW(old) 
0.06 0.001  0.006 0.001  0.92 0.06  0.04 < 0.001  0.12 0.002 

LW(young) vs 

LW(old) 
0.06 0.08   0.55 0.02   0.97 0.09   0.02 < 0.001   0.07 < 0.001 

1 EW = early-wood; LW = late-wood           
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Figure 3.6 δ18O versus tree-ring number for sample AC-77-A2 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.7 δ13C versus tree-ring number for sample AC-77-A2 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.8 Correlation between δ18O (‰) (VSMOW) and δ13C (‰) (VPDB) for: (A) early-wood cellulose, (B) late-wood cellulose, 

and (C) calculated whole-wood cellulose for sample AC-77-A2. 
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3.2.2 Sample AC-77-C3 

A total of 58 sub-samples of early (29) and late (29) wood were collected from this sample 

(Appendix A). The TRW of early-wood and late-wood ranged from 15-295 μm and 30-138 

μm, respectively (Appendix A). The TRW of the full tree-ring ranged from 74-395 μm 

(Appendix A). 

Because of sample amount limitations, cellulose was only extracted from a subset of 17 

early-wood and 20 late-wood tree-ring sub-samples. The δ18O and δ13C of early-wood 

cellulose ranged from +23.3 to +26.7 ‰ (average = +25.0 ‰) and –22.9 to –21.1 ‰ 

(average = –22.0 ‰), respectively (Table 3.3). The δ18O and δ13C of late-wood cellulose 

ranged from +21.4 to +26.7 ‰ (average = +24.9 ‰) and –23.3 to –21.4 ‰ (average = –

22.3 ‰), respectively (Table 3.3). The calculated, weighted δ18O and δ13C for whole-ring 

cellulose ranged from +23.4 to +26.6 ‰ (average = +24.9 ‰) and –23.1 to –21.4 ‰ 

(average = –22.1 ‰), respectively (Table 3.3). 

The δ18O and δ13C of early-wood cellulose were not significantly different from late-wood 

cellulose (p = 0.54 and p = 0.18, respectively; Table 3.4). The δ18O of young, late-wood 

cellulose (ring # ≤ 10) was not significantly different from that of cellulose in rings formed 

at a later time (ring # > 10 (p = 0.55; Table 3.4). The δ18O of young rings from early-wood 

cellulose, however, were significantly lower than for rings formed at a later time (p = 

0.006) (Table 3.4). The δ13C of young rings (ring # ≤ 10) from early-wood cellulose and 

from late-wood cellulose were significantly higher than for rings formed at a later time 

(ring # > 12) (p = 0.001 and p = 0.02, respectively; Table 3.4). 

Early-wood cellulose δ18O increased (Figure 3.9) and both early-wood and late-wood δ13C 

(Figure 3.10) decreased with continued growth of the tree. The 5-year running averages of 

both δ18O and δ13C for early-wood cellulose produced higher correlations with year of 

growth (r2 = 0.78 and r2 = 0.89, respectively) than annual or 3-year running averages. Late-

wood cellulose δ18O showed little correlation with year of tree-ring formation (Figure 

3.11).  Late-wood cellulose δ13C decreased sharply beginning at about tree-ring #15.  
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Overall, there were no statistically significant correlations between δ18O and δ13C for early-

wood, late-wood or calculated whole-ring cellulose (Figure 3.11). 
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Figure 3.9 δ18O versus tree-ring number for sample AC-77-C3 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages. 
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Figure 3.10 δ13C versus tree ring-number for sample AC-77-C3 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.11 Correlation between δ18O (‰) (VSMOW) and δ13C (‰) (VPDB) for: (A) early-wood cellulose, (B) late-wood 

cellulose, and (C) calculated whole-wood cellulose for sample AC-77-C3. 
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3.2.3 Sample AC-77-D1 

A total of 42 sub-samples of early (21) and late-wood (21) were collected from this sample 

(Appendix A). The TRW of early-wood and late-wood ranged from 45-343 μm and 5-189 

μm, respectively (Appendix A). The TRW of the full tree ring ranged from 128 -377 μm 

(Appendix A). 

Because of sample amount limitations, cellulose was only extracted from a subset of 16 

early-wood and 18 late-wood tree-ring sub-samples. The δ18O and δ13C of early-wood 

cellulose ranged from +23.9 to +26.6 ‰ (average = +25.0 ‰) and –22.6 to –21.7 ‰ 

(average = –22.2 ‰), respectively (Table 3.3). The δ18O and δ13C of late-wood cellulose 

ranged from +23.2 to +27.1 ‰ (average = +24.7 ‰) and –22.9 to –21.3 ‰ (average = –

22.1 ‰), respectively (Table 3.3). The calculated, weighted δ18O and δ13C for whole tree-

ring cellulose ranged from +23.8 to +26.8 ‰ (average = +25.0 ‰) and –22.6 to –21.7 ‰ 

(average –22.1 ‰), respectively (Table 3.3).  

The δ18O and δ13C of early-wood cellulose were not significantly different from late-wood 

cellulose (p = 0.29 and p = 0.67, respectively; Table 3.4). The δ18O of young, early-wood 

and late-wood cellulose (ring # ≤ 10) were also not significantly different from that of 

cellulose in rings formed at a later time (ring # > 10) (p = 0.92 and p = 0.97, respectively; 

Table 3.4), as was also the case for δ13C (p = 0.06 and p = 0.09 respectively; Table 3.4).  

None of the annual, 3-year or 5-year running averages for cellulose δ18O produced a linear 

coefficient of determination of note (Figure 3.12). Instead, a sinusoidal pattern is evident 

in all plots of δ18O versus ring number. It is best expressed in the 5-year running average 

for early-wood, late-wood and full-ring, with a minimum beginning at ring #8 being 

followed by a maximum at ring #13 and then followed by a minimum at ring #19 (Figure 

3.12). An overall weak trend towards lower δ13C of tree-ring cellulose with increasing tree 

age is apparent in all diagrams shown on Figure 3.13, with the 5-year running average of 

δ13C for full-ring cellulose producing the highest linear coefficient of determination o (r2 = 

0.59). That said, this trend clearly resolves into a sinusoidal (rather than linear) pattern in 

the 3-year, and to a lesser extent, 5-year running averages (Figure 3.13). Overall, however, 
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there were no significant correlations between δ18O and δ13C for early-wood, late-wood or 

calculated whole tree-ring cellulose (Figure 3.14). 
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Figure 3.12 δ18O versus tree-ring number for sample AC-77-D1 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.13 δ13C versus tree-ring number for sample AC-77-D1 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.14 Correlation between δ18O (‰) (VSMOW) and δ13C (‰) (VPDB) for: (A) early-wood cellulose, (B) late-wood 

cellulose, and (C) calculated whole-wood cellulose for sample AC-77-D1. 
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3.2.4 Sample AC-77-E3 

A total of 71 sub-samples of early (35) and late-wood (36) were collected from this sample 

(Appendix A). The TRW of early and late-wood ranged from 41-937 μm and 11-206 μm, 

respectively (Appendix A). The TRW of the full tree-ring ranged from 92-1022 μm 

(Appendix A). 

Because of sample amount limitations, cellulose was only extracted from a subset of 12 

early-wood and 17 late-wood tree-ring sub-samples. The δ18O and δ13C of early-wood 

cellulose ranged from +24.6 to +29.5 ‰ (average = +26.3 ‰) and –23.8 to –20.6 ‰ 

(average = –22.5 ‰), respectively (Table 3.3). The δ18O and δ13C of late-wood cellulose 

ranged from +24.4 to +29.2 ‰ (average = +26.1 ‰) and –23.5 ‰ to –19.9 ‰ (average = 

–22.2 ‰), respectively (Table 3.3). The calculated, weighted δ18O and δ13C for whole tree-

ring cellulose ranged from +25.0 to +29.3 ‰ (average = +26.4 ‰) and –23.6 to –20.9 ‰ 

(average = –22.4 ‰), respectively (Table 3.3).  

The δ18O and δ13C of early-wood cellulose were not significantly different from late-wood 

cellulose (p = 0.61 and p = 0.47, respectively; Table 3.4). Both early-wood and late-wood 

cellulose δ18O of younger rings (ring # ≤ 12) were significantly higher than cellulose in 

rings formed at a later time (ring # > 12) (p = 0.04 and p =0.02, respectively; Table 3.4). 

The result was similar for cellulose δ13C (p = 0.0004 and p = 0.00002, respectively; Table 

3.4). 

The annual, 3-year and 5-year running averages for early-wood, late-wood and calculated 

whole tree-ring cellulose δ18O all trend towards lower values with increasing age of the 

tree, with the 5-year running average producing the highest linear coefficient of 

determination (r2 = 0.71-0.83; Figure 3.15). The pattern is the same for cellulose δ13C (r2 = 

0.79-0.90 for 5-year running average; Figure 3.16). The δ18O and δ13C of both early-wood 

and late-wood cellulose showed a weak positive linear correlation (r2 = 0.43 and r2 = 0.53, 

respectively), with a stronger, positive correlation produced for the calculated whole tree-

ring data (r2 = 0.81) (Figure 3.17). 



46 

 

 

Figure 3.15 δ18O versus tree-ring number for sample AC-77-E3 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.16 δ13C versus tree-ring number for sample AC-77-E3 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.17 Correlation between δ18O (‰) (VSMOW) and δ13C (‰) (VPDB) for: (A) early-wood cellulose, (B) late-wood 

cellulose, and (C) calculated whole-wood cellulose for sample AC-77-E3. 
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3.2.5 Sample AC-77-F1 

A total of 45 sub-samples of early (22) and late (23) wood were collected from this sample 

(Appendix A). The TRW of early-wood and late-wood ranged from 110-545 μm and 42-

310 μm, respectively (Appendix A). The TRW of the full tree-ring ranged from 170-733 

μm (Appendix A). 

Because of sample amount limitations, cellulose was only extracted from a consecutive 

subset of 8 early-wood and 7 late-wood sub-samples. The δ18O and δ13C of early-wood 

cellulose ranged from +22.4 to +27.0 ‰ (average = +25.1 ‰) and –25.1 to –22.9 ‰ 

(average = –24.0 ‰), respectively (Table 3.3). The δ18O and δ13C of late-wood cellulose 

ranged from +23.1 to +26.2 ‰ (average = +24.9 ‰) and –25.2 ‰ to –23.2 ‰ (average = 

–24.1 ‰), respectively (Table 3.3). The calculated, weighted δ18O and δ13C for whole-ring 

cellulose ranged from +24.4 to +26.8 ‰ (average = +25.2 ‰) and –23.9 to –23.0 ‰ 

(average = –23.9 ‰), respectively (Table 3.3). 

The δ18O and δ13C of early-wood cellulose were not significantly different from the late-

wood cellulose ((p = 0.39 and p = 0.84, respectively; Table 3.4). Both early-wood and late-

wood cellulose δ18O of younger rings (ring # ≤ 14) were not significantly different than 

later rings (ring # > 14) (p = 0.12 and p = 0.07, respectively; Table 3.4). The δ13C of both 

young early-wood and young late-wood cellulose (ring # ≤ 14), however, were 

significantly lower than later-formed cellulose (ring # > 12) (p = 0.002 and p = 0.00001, 

respectively; Table 3.4).  

The annual, 3-year and 5-year running averages for early-wood, late-wood and calculated 

whole-ring cellulose δ18O and δ13C all trend towards higher values with increasing age of 

the tree (Figures 3.18 and 3.19); the limited data, however, make the 3- and 5-year running 

averages increasingly unreliable. While the δ18O and δ13C of both early-wood and late-

wood cellulose showed a weak positive linear coefficient of determination (r2 = 0.38 and 

r2 = 0.43, respectively), the small sample size and the clustering of data points makes this 

putative relationship unreliable. A somewhat stronger, positive linear coefficient of 
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determination is evident for the calculated whole tree-ring data (r2 = 0.62), but still does 

not provide a good fit to the limited number of data points (Figure 3.20). 
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Figure 3.18 δ18O versus tree-ring number for sample AC-77-F1 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.19 δ13C versus tree-ring number for sample AC-77-F1 for early-, late-, and whole-ring cellulose, as calculated annually, 

and for 3-year and 5-year running averages.  
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Figure 3.20 Correlation between δ18O (‰) (VSMOW) and δ13C (‰) (VPDB) for: (A) early-wood cellulose, (B) late-wood 

cellulose, and (C) calculated whole-wood cellulose for sample AC-77-F1. 
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Chapter 4  

4 Discussion 

The purpose of this study is to assess Quaternary interglacial or interstadial climate in an 

area that appears to have had similar vegetation as northern Ontario does today. To achieve 

this, we analyzed the stable carbon- and oxygen-isotope compositions of both early- and 

late-wood tree-ring cellulose from five sub-fossil tree samples collected from the 

Missinaibi Formation at Adam Creek, Ontario.  

The samples produced infinite radiocarbon dates, which means that they are older than 

46,500 radiocarbon years (14C BP). As such, these samples could have grown during early 

Marine Isotope Stage (MIS) 3 (~57,000-29,000 14C BP) or MIS 5 (~130,000-71,000 14C 

BP) (Allard et al. 2012, Dalton et al. 2016, 2017, Miller and Andrews 2019), or perhaps 

even earlier. According to Miller and Andrews (2019), however, the Missinaibi Formation 

most likely developed during MIS 5a (peak of this interglacial substage occurred at ~82 

kya; Lisiecki and Raymo 2005) because the James Bay Lowland, and hence the Adam 

Creek area, was not ice-free during MIS 3. Allard et al. (2012) also obtained U-Th dates 

for fossil wood from Missinaibi Formation in the Hudson Bay Lowland that are consistent 

with a MIS 5 rather than MIS 3 time-frame.  

Whether the five tree samples examined in this thesis grew contemporaneously is not 

known. Skinner (1973), however, previously reported being able to collect wood only from 

the forest peat layer of the Missinaibi Formation at the Adam Creek site. Some trees 

observed were still in their growth position (Skinner 1973), indicating that this was a forest 

ecosystem and that the subfossil wood had not been transported from its original location. 

The samples available for analysis in the present study, however, were not in growth 

position, as demonstrated by radial, asymmetric compression of some trunks. A lack of 

detailed field notes for these samples, which were collected in 1977, makes it impossible 

to confirm that they were located together with in situ (growth position) sub-fossil wood 

or had been locally transported by water to their current position. The peat layer containing 

the sub-fossil wood is situated above fluvial sediments and below a lacustrine sediment. It 
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is also not possible to know whether the trees represented by these five samples grew at 

exactly the same time, but it is apparent that they grew in the same forest ecosystem 

because they were found together in the same formation. 

Variations in the cellulose stable carbon- (δ13Ccellulose) and oxygen- (δ18Ocellulose) isotope 

compositions of the tree rings were commonly observed between early- and late-wood of 

the same tree ring, across the transect from the first to last formed tree-rings in the same 

sample, and among each of the five subfossil wood samples. These differences are 

attributed to variations in temperature, water availability, water source and micro-

environment, as is discussed below. 

 

4.1 Juvenile Effect 

The δ13Ccellulose formed during early life of a tree may be 1-2 ‰ lower than later in life 

(Freyer 1979, Anderson et al. 1998, Gagen et al. 2008). This feature is believed to occur 

because younger, shorter trees in a forested environment can experience what is known as 

the “canopy effect”. The CO2 in the understory of a forest can have lower δ13C because of 

the contribution from respired CO2, which is enriched in 12C; trees growing beneath the 

canopy can also have lower δ13C because of reduced irradiance (Francey and Farquhar 

1982, France 1996, Anderson et al. 1998). In addition, as a tree gains height, hydraulic 

conductivity in the trunk is reduced (McCarroll and Loader 2004, Gagen et al. 2007). This 

change causes reduction in stomatal conductivity, which leads to increases the δ13C of 

cellulose in rings formed in more mature trees (Anderson et al. 1998). 

Some researchers have reported a juvenile effect in the δ13Ccellulose of tree-rings formed 

during the first 50 years of growth in coniferous trees (Freyer 1979, Anderson et al. 1998, 

Gagen et al. 2008, Daux et al. 2011, Duffy et al. 2017). Hence, care should be taken when 

making hydroclimatic interpretations of δ13Ccellulose based on increases from juvenile to 

mature tree-rings. There is no known juvenile effect on the δ18O of tree-ring cellulose, 

however  (Anderson et al. 1998, Treydte et al. 2006, Liu et al. 2008, Xu et al. 2016, Duffy 

et al. 2017, Cai et al. 2018).  
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In this investigation, carbon isotope analysis was performed beginning at tree-ring # 2 to 

11, depending on the sample. For samples AC-77-A2, AC-77-C3, AC-77-D1 and AC-77-

E3, the calculated δ13C of whole-ring cellulose decreased by 0.6 to 1.7 ‰ from the inner 

to the outer tree-rings (Table 4.1, Figure 4.1). The juvenile effect, however, might be 

masked in the calculated whole-ring δ13Ccellulose because early-wood δ13Ccellulose can reflect 

carbon from starches stored in the previous fall (Hill et al. 1995, Vaganov et al. 2009). 

Examination of late-wood δ13Ccellulose, however, also shows a pattern of decreasing values 

by 0.2 to 1.1 ‰ from inner to the outer tree-rings (Table 4.2). Hence, a juvenile effect is 

not apparent in these four samples. These samples varied in age from 23 to 54 years based 

on tree-ring accounts. Hence it is possible that a juvenile effect may not be apparent 

because these trees were still quite young. Alternatively, the samples may have been 

branches from taller trees. 

 

 

Figure 4.1 Calculated δ13Ccellulose of whole tree-rings on an annual basis. 
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Table 4.1 Calculated carbon-isotope composition and tree-ring # for whole tree-ring cellulose. 

Sample Number 

of sub-

samples 

First 

tree-ring 

# 

analyzed 

First tree-

ring δ13C 

(‰, 

VPDB) 

Last 

tree-ring 

# 

analyzed 

Last tree-

ring δ13C 

(‰, 

VPDB) 

Minimum 

δ13C (‰, 

VPDB) 

Maximum 

δ13C (‰, 

VPDB) 

13Cmax-min 

(‰) 

Average 

δ13C (‰, 

VPDB) 

AC-77-A2 25 8 –22.0 33 –22.6 –23.0 –21.4 1.6 –22.4 

AC-77-C3 16 2 –21.7 21 –22.7 –23.1 –21.4 1.7 –22.3 

AC-77-D1 16 2 –21.7 19 –22.4 –22.6 –21.7 0.9 –22.1 

AC-77-E3 12 5 –21.3 20 –23.0 –23.6 –20.9 2.7 –22.4 

AC-77-F1 7 11 –25.0 17 –23.2 –25.0 –23.0 0.9 –24.1 

 

Table 4.2 Carbon-isotope composition and tree-ring # of late-wood cellulose. 

Sample Number 

of sub-

samples 

First 

tree-ring 

# 

analyzed 

First tree-

ring δ13C 

(‰, 

VPDB) 

Last 

tree-ring 

# 

sampled 

Last tree-

ring δ13C 

(‰, 

VPDB) 

Minimum 

δ13C (‰, 

VPDB) 

Maximum 

δ13C (‰, 

VPDB) 

13Cmax-min 

(‰) 

Average 

δ13C (‰, 

VPDB) 

AC-77-A2 25 8 –22.4 33 –22.6 –23.2 –21.9 1.3 –22.6 

AC-77-C3 19 1 –22.4 21 –23.0 –23.3 –21.4 1.9 –22.3 

AC-77-D1 18 2 –21.3 19 –22.0 –22.9 –21.3 1.6 –22.1 

AC-77-E3 17 4 –21.8 20 –22.9 –23.5 –19.9 3.6 –22.2 

AC-77-F1 7 9 –23.3 17 –23.2 –25.2 –23.2 0.1 –24.1 
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The δ13Ccellulose of whole tree-rings from sample AC-77-F1 increased by 1.8 ‰ from ring 

# 11 to #17 (Table 4.1, Figure 4.1). The small diameter (2 cm) of this sample and its limited 

number of rings (45) suggest that it was either a young tree or a branch. The increase in 

δ13Ccellulose could result from a juvenile effect, but the data are too few to be certain. An 

increase in δ13Ccellulose may also result from the stress of excess water caused by flooding 

of the area, (Anderson et al. 2005, Buhay et al. 2008), which is a likely risk for this peat 

forest growing above fluvial sediments and overlain by lacustrine sediments. But because 

we cannot rule out a juvenile effect, the δ13Ccellulose of AC-77-F1 are not considered further 

as proxies of hydroclimatic conditions. 

 

4.2 Climate  

Each year, both early- and late-wood are produced in a tree-ring. Early-wood and late-

wood represent beginning of spring and early summer, and mid-summer to autumn growth, 

respectively. Tree-rings obtain values of δ13Ccellulose and δ18Ocellulose that are related to 

humidity, temperature, and precipitation amount and isotopic composition at the time of 

cellulose formation. Some studies have also shown that early-wood produced in the spring 

may use starch stored from the previous year to produce new cell walls (Roden et al. 2000, 

Kagawa et al. 2006, Dodd et al. 2008). Kagawa et al. (2006), for example, showed that 

~43% of the early-wood δ13Ccellulose of Larix gemlinii (larch) saplings was derived from the 

tree’s previous year carbohydrate reserves. As a result, early-wood can have δ13Ccellulose 

that does not correspond with spring and early summer growth conditions (Hill et al. 1995, 

Vaganov et al. 2009, Fu et al. 2017). The potential impact on δ18Ocellulose is more muted. 

While starch molecules also contain oxygen, there is 30-40% isotopic exchange of starch 

oxygen with plant water during later cellulose formation, which means that early-wood 

δ18Ocellulose continues to be largely representative of spring and early summer climate and 

water sources (Anderson et al. 1998, Roden and Ehleringer 1999, Roden et al. 2000). At 

high latitude sites, such as in this study, it is also common to observe large seasonal 

variation in the δ18O of source water. This variation arises from the wide ranges in seasonal 

temperature and precipitation δ18O, and the propensity of plants to obtain water at different 
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soil depths or from ground water at different times in the growing season (Anderson et al. 

2002, Barbour et al. 2002). Generally, these results have prompted most researchers to 

examine only the δ13Ccellulose and δ18Ocellulose of late-wood, which entirely reflect conditions 

during the year of growth (Kozlowski 1992). Hence, our discussion of the interannual 

variations in δ13C or δ18O of cellulose at Adam Creek will be restricted to late-wood or 

whole tree-ring isotope data. Comparisons of early-wood and late-wood will be used to 

assess differences in spring-early summer versus mid-summer-autumn climate affecting 

δ13C and δ18O.   

 

4.2.1 δ13Ccellulose and isotope dendrochronology  

The δ13Ccellulose of tree-rings are known to correlate with growth conditions. Increases in 

δ13Ccellulose indicate either decreased rates of carbon fixation or decreased rate of stomatal 

conductance (Francey and Farquhar 1982). More specifically, δ13Ccellulose will increase 

when the tree experiences stress from limited water availability, excessive water input or 

higher temperatures (Tieszen 1991, McCarroll and Loader 2004, Anderson et al. 2005, 

Buhay et al. 2008, Porter et al. 2009). Bégin et al. (2015) showed that tree-ring cellulose 

δ13C in the boreal forest from northeastern Canada was more strongly related to changes in 

summer temperature than water availability (precipitation and relative humidity). Tardif et 

al. (2008) observed that δ13Ccellulose of tree-rings was related to ambient temperature 

controlled by ice cover over Hudson Bay in subarctic Manitoba, Canada. They suggested 

that the δ13Ccellulose increased during longer ice-free seasons (early break-up, late freeze-

up). Although trees at different locations might experience different amounts of water 

stress, Loader et al. (2013) showed that in northern boreal forests stomatal conductance 

was more controlled by solar radiation/ temperature than water stress. 

For the conifer samples from Adam’s Creek the main influences on δ13Ccellulose likely were: 

(1) water use efficiency and related water availability (Buhay et al. 2008), (2) temperature, 

and (3) solar radiation. Increases in solar radiation will enhance the rate of photosynthetic 

activity in trees, which results in an increase in δ13Ccellulose. Unfortunately, data to test the 

effects of changes of solar radiation/cloud cover are not available. Because the forest grew 
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in a generally wet environment (e.g. the forest peat layer is situated between fluvial 

sediments below and lacustrine sediments above), there is high possibility that flooding 

ultimately caused destruction of the forest. The possible effects of flooding on the isotopic 

compositions of the tree-ring cellulose will also be considered. 

For the five trees sampled, the δ13Ccellulose of late-wood cellulose ranges from –23.5 to –

19.9 ‰; averages for samples AC-77-A2, AC-77-C3, AC-77-D1 and AC-77-E3 range 

from –22.6 to –22.1 ‰ whereas the average for sample AC-77-F1 is lower (–24.1 ‰) 

(Table 4.2, Figure 4.2). Based on these averages, it appears that samples AC-77-A2, AC-

77-C3, AC-77-D1, and AC-77-E3 grew under similar conditions. As noted earlier, the 

lower δ13Ccellulose for sample AC-77-F1 may reflect a juvenile effect.  

 

 

Figure 4.2 Frequency of δ13Ccellulose obtained for late-wood. 
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For samples AC-77-A2, AC-77-C3, AC-77-D1, and AC-77-E3, the average δ13Ccellulose of 

late-wood was –22.3 ‰. Coincidently, the average δ13Ccellulose for calculated whole tree-

rings of these 4 samples is also –22.3 ‰, which is ~ 4 ‰ higher than observed for the 

average whole tree-ring δ13Ccellulose formed at the Two Creeks area in northern Wisconsin 

during the latest Pleistocene (~11,900-11,640 14C BP) (Leavitt and Kalin 1992), right at 

the start of MIS 1. The tree species at the Two Creeks site, recognized as an “interglacial 

forest bed”, are Picea glauca (white spruce) and/or Picea mariana (black spruce), both of 

which were identified in that site’s pollen. It has been shown for samples in the French 

Alps that variations in δ13Ccellulose resulting from different species are less than within the 

same species (Gagen et al. 2004). This suggests that variations δ13Ccellulose of tree-rings can 

be compared among different species because they are more controlled by growth 

conditions than species of conifer (Gagen et al. 2004, Li et al. 2015).  

The difference in δ13Ccellulose between these two sites and time intervals suggest that the 

trees at Adam Creek experienced more water stress and/or warmer temperatures during 

MIS 5a than the Two Creeks location during the Pleistocene-Holocene transition. The Two 

Creeks trees experienced a transition interval between a glacial and interglacial episodes, 

where they might have experienced cooler temperatures than typical of the full interglacial 

stage (Leavitt and Kalin 1992). Overall, these results suggest that the MIS 5 climate at the 

Adam Creek site was warmer and/or drier than early Holocene climate in Wisconsin. 

Alternately, the Adam Creek forest from Missinaibi Formation might have experienced 

excessive water supply from flooding or snow melt at the time of growth and this produced 

higher δ13Ccellulose than measured for the Two Creeks trees (Buhay et al. 2008). This 

scenario is unlikely, however, since Leavitt and Kalin (1992)  also reported that the trees 

growing at Two Creeks were growing in saturated sediments, which should result in 

elevated  δ13Ccellulose. Hence, the higher δ13Ccellulose at Adam Creek during MIS 5a most 

likely reflects warmer temperatures than during terminal Pleistocene in Wisconsin.  

In Figure 4.3, we compare the Adam Creek δ13Ccellulose to modern tree-ring δ13Ccellulose from 

a variety of modern boreal forest locations. The results for modern samples were corrected 

for the lowering of the δ13C of modern atmospheric CO2 resulting from fossil-fuel burning, 

otherwise known as the Suess effect (Suess 1955). The Adam Creek samples have similar 
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(alpha)  δ13Ccellulose to modern (alpha) cellulose from the Columbia Ice Field B.C. (δ13C = 

–21.7 ‰; Edwards et al. 2008) and holocellulose from a 7,600-year-old submerged forest 

found in Lake Huron (average δ13C = –23.4 ‰; Hunter et al. 2006). As noted in the 

Introduction, there should be no significant difference in the δ13Ccellulose and δ18Ocellulose 

between holocellulose and alpha cellulose (Riechelmann et al. 2016). The δ13Ccellulose of 

modern whole tree-rings from Churchill Manitoba, are about 1.7 ‰ lower than the Adam 

Creek samples. For modern boreal forests at five sites ranging across Finland, north-eastern 

USA, Quebec, Manitoba and British Colombia (McCarroll and Pawellek 2001, Hunter et 

al. 2006, Edwards et al. 2008, Tardif et al. 2008, Bégin et al. 2015), the average δ13Ccellulose 

lies between –24.0 and –21.7 ‰. The average δ13Ccellulose of late-wood (and whole tree-

rings) for Adam Creek samples AC-77-A2, -C3, -D1 and -E3 is –22.3 ± 0.2 ‰, placing it 

in the middle of this range.  

The above results suggests that the conditions that affect the δ13Ccellulose of tree-rings are 

similar among various boreal forests, which is not surprising as the geographic distribution 

of the Boreal forest ecosystem is a function of water availability and temperature (Tardif 

et al. 2008, Loader et al. 2013b, Bégin et al. 2015). At this point we cannot assess in more 

detail the effects of multiple climate factors on δ13Ccellulose for the Adam’s Creek samples. 

For example, lower temperatures may cause a lowering of δ13Ccellulose while flooding stress 

could increase δ13Ccellulose. If cooler temperatures occurred concurrently with flooding these 

two effects may counteract each other and produce δ13Ccellulose in the range that we observe 

for modern boreal forests. Likewise, the δ13Ccellulose of the Adam Creek samples might 

appear similar to modern boreal forests if this location had higher temperatures during MIS 

5a than today (causing δ13Ccellulose to increase), but the trees we sampled had relatively 

lower δ13Ccellulose because they are all <50 years old and experiencing a juvenile effect. The 

simplest explanation, however, is that the trees at Adam Creek during MIS 5a did not 

experience any unusual water stress, extreme temperatures or lack of sunshine that would 

have caused δ13Ccellulose to vary significantly from the range observed for modern boreal 

forest ecosystems. 
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Figure 4.3 Tree-ring δ13Ccellulose for boreal conifers from various locations. The red 

line indicates the average whole tree-ring and late-wood δ13Ccellulose of Adam Creek 

samples AC-77-A2, -C3, -D1 and -E3. M = modern (1McCarroll and Pawellek 2001, 

2Tardif et al. 2008, 3Bégin et al. 2015, 4Edwards et al. 2008, 5Guerrieri et al. 2017, 6this 

thesis, 7Hunter et al. 2006, 8Leavitt and Kalin 1992). Late-wood cellulose: references 

1 and 6; whole-ring cellulose: references 2-5 and 7-8. 

 

4.2.1.1 Interannual δ13Ccellulose variability 

The average late-wood δ13Ccellulose for the Adam Creek samples (excepting AC-77-F1) was 

tightly constrained around –22.3 ‰. Each tree, however, exhibited a 1.3 to 3.6 ‰ range 

between maximum and minimum late-wood δ13Ccellulose (13Cmax-min) (Table 4.2). All 

samples displayed some annual variation in late-wood δ13Ccellulose. This suggests that these 

trees experienced changes in water availability and growing season temperature throughout 

their lives (Brooks et al. 1998, McCarroll and Loader 2004, Bégin et al. 2015), which varied 

with a periodicity of 1-4 years (Figure 4.4). Such variations are typical of boreal forest, for 

example a 2 to 3 ‰ range in δ13Ccellulose has been observed within individual trees grown 



64 

 

in boreal forests in North Italy, Central Germany, North Sweden, and central Canadian 

boreal forest (Brooks et al. 1998, Vaganov et al. 2009).   

 

 

Figure 4.4 The δ13Ccellulose of early-wood (blue) and late-wood (orange) for AC-77-A2, 

AC-77-C3, AC-77-D1 and AC-77-E3. 

 

All samples showed an overall pattern of lower δ13Ccellulose with increasing age of the tree. 

This change is most pronounced for AC-77-E3, which exhibits a large decline in δ13Ccellulose 

from years 7 to 14 and very little fluctuation in δ13C from year to year after this interval 

(Figure 4.4). The overall downward trend in all four samples is suggestive of increasing 

water availability (Saurer et al. 1995, McCarroll and Loader 2004), perhaps reflecting 

hydrological transitions in the forest-peat ecosystem in which the samples grew. The forest-

peat accumulation overlies fluvial sediments, which is suggestive of proximity to a riparian 

zone, and underlies lacustrine sediments, which is indicative of a rise in water table that 
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led to periodic and then constant flooding of the forest. As noted earlier, decreasing 

δ13Ccellulose is commonly associated with reduced (or the absence of) moisture-deficit stress 

on a tree. As Anderson et al. (2005) and Buhay et al. (2008) have noted, however, moisture-

excess associated with periodic flooding can also lead to growth stress on a tree, which is 

reflected in an increase in δ13Ccellulose. Such moisture-excess stress was not apparent in the 

δ13Ccellulose of AC-77-A2, -C3, -D1 and -E3. That said, the large and steady decrease of 

cellulose δ13C during the last years of life of AC-77-E3 could indicate an ever-increasing 

water availability associated with a rising water table, but not yet to the point of moisture-

excess stress. The δ13Ccellulose pattern in AC-77-F1 (Figure 4.1), which has been set aside 

because of possible juvenile effects, nonetheless could also potentially indicate a shift to 

waterlogged conditions associated with flooding.  

 

4.2.2 δ18Ocellulose, source water and temperature 

Values of δ18Ocellulose vary with that of precipitation and the extent of 18O enrichment during 

evapotranspiration (McCarroll and Loader 2004). At any given location, these factors can 

be correlated with air temperature and relative humidity, respectively. The δ18O of 

precipitation is typically higher when temperatures increase and leaf-water δ18O is higher 

when relative humidity decreases (McCarroll and Loader 2004). A study of modern, black 

spruce trees situated along a lakeshore in a boreal forest from northeastern Canada, for 

example, showed that low δ18Ocellulose of whole tree-rings was related to cold and wet 

conditions (Naulier et al. 2014). 

Within individual tree samples, 18Omax-min for early-wood cellulose ranges from 2.7 to 4.9 

‰ (Table 4.3) and for late-wood, from 3.1 to 5.3 ‰ (Table 4.4). All tree samples displayed 

annual variation both in early-wood and late-wood δ18Ocellulose (Figure 4.5). Some samples 

displayed a strong trend towards higher δ18Ocellulose (e.g., AC-77-A2, AC-77-F1) with 

increasing age, others an overall decrease in δ18Ocellulose (AC-77-E3) with increasing age, 

and still others, shorter term variability, but no overall trend towards higher or lower 

δ18Ocellulose (AC-77-C3, AC-77-D1). This variability in 18Ocellulose among samples is larger 

than typically expected from local environmental effects within or at the edge of a forest. 
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Instead, it probably reflects different ages of the samples within the overall lifespan of this 

forest from the time of its establishment until its death, probably by drowning. In any 

particular sample, the δ18Ocellulose of early versus late-wood generally tracked each other 

(Figure 4.5), albeit typically with a lag reflecting seasonal differences in the oxygen-

isotope compositions of water during the growing season.   

 

 

Figure 4.5 The δ18Ocellulose of early-wood (blue) and late-wood (orange) for AC-77-A2, 

AC-77-C3, AC-77-D1, AC-77-E3 and AC-77-F1. 
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Table 4.3 Oxygen-isotope composition and tree ring # of early-wood cellulose. 

Sample Number 

of 

samples 

First 

tree-ring 

# 

analyzed 

First tree-

ring δ18O 

(‰, 

VSMOW) 

Last 

tree-ring 

# 

analyzed 

Last tree-

ring δ18O 

(‰, 

VSMOW) 

Minimum 

δ18O (‰, 

VSMOW) 

Maximum 

δ18O (‰, 

VSMOW) 

18Omax-min 

(‰) 

Average 

δ18O (‰, 

VSMOW) 

AC-77-A2 26 8 +25.1 33 +25.8 +22.8 +27.6 4.8 +25.6 

AC-77-C3 17 2 +23.8 21 +25.5 +23.3 +26.7 3.4 +24.9 

AC-77-D1 17 2 +24.7 19 +23.9 +23.9 +26.6 2.7 +25.1 

AC-77-E3 12 5 +28.8 20 +24.6 +24.6 +29.5 4.9 +26.3 

AC-77-F1 8 11 +25.7 18 +26.5 +22.4 +27.0 4.6 +25.1 

 

Table 4.4 Oxygen-isotope composition and tree-ring # of late-wood cellulose. 

Sample  Number 

of 

samples 

First 

tree-ring 

# 

analyzed 

First tree-

ring δ18O 

(‰, 

VSMOW) 

Last 

tree-ring 

# 

analyzed 

Last tree-

ring δ18O 

(‰, 

VSMOW) 

Minimum 

δ18O (‰, 

VSMOW) 

Maximum 

δ18O (‰, 

VSMOW) 

18Omax-min 

(‰) 

Average 

δ18O (‰, 

VSMOW) 

AC-77-A2 25 8 +25.2 33 +25.0 +23.7 +27.8 4.1 +25.8 

AC-77-C3 20 1 +21.4 21 +23.3 +21.4 +26.7 5.3 +24.9 

AC-77-D1 18 2 +24.7 19 +23.5 +23.2 +27.1 3.9 +24.7 

AC-77-E3 16 4 +27.1 20 +25.2 +24.4 +29.2 4.8 +26.1 

AC-77-F1 7 9 +25.3 17 +25.7 +23.1 +26.2 3.1 +24.9 
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For the five trees sampled, the δ18Ocellulose of late-wood ranged from +21.4 to +29.2 ‰ with 

an average value of +25.3 ‰ (Table 4.4). Sample AC-77-F1 was included because the 

juvenile effect should not significantly affect δ18Ocellulose. Based on the small difference in 

their average, late-wood δ18Ocellulose (±0.6 ‰), all samples likely grew under similar 

conditions (Figure 4.6). Among the samples, AC-77-C3 and AC-77-D1 might have grown 

under a slightly cooler conditions (lower δ18O precipitation) and/or higher relative 

humidity (lower δ18O leaf water), whereas AC-77-A2, AC-77-E3 and AC-77-F1 reflect 

slightly warmer and/or drier conditions. For AC-77-E3 in particular, the average, slightly 

higher late-wood δ18Ocellulose (+26.1 ‰, Table 4.4) is consistent with warmer conditions and 

higher stomatal conductance, but this average is skewed by particularly high late-wood 

δ18Ocellulose during the first four years sampled (Fig. 4.5). The δ18Ocellulose of its late-wood in 

later tree-rings (8 to 20; δ18Ocellulose = +25.5 ‰) is similar to the average δ18Ocellulose for the 

other four samples (Table 4.4), suggesting a similar water source at that time. Those later 

conditions might have included an increasingly saturated soil water column and/or an 

unconfined, very shallow water table associated with increased precipitation and perhaps 

also cooling associated with periodic or gradual inundation of the forest.  

 

 

Figure 4.6 Frequency of δ18Ocellulose obtained for late-wood for samples AC-77-A2, 

AC-77-C3, AC-77-D1, AC-77-E3 and AC-77-F1. 
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The average 18Ocellulose for all 5 samples calculated for whole tree-rings (+25.4 ‰) is very 

similar to the average obtained for late-wood only (Table 3.3).  Figure 4.7 compares the 

average δ18Ocellulose for the Adam Creek whole tree-ring samples to the δ18Ocellulose of 

conifers from other sites and time intervals (data from Edwards and Fritz 1986, Kerr-

Lawson et al. 1992, Hunter et al. 2006, Edwards et al. 2008, Bégin et al. 2015, Guerrieri et 

al. 2017). As shown in Figure 4.7, modern whole tree-ring δ18Ocellulose from conifer trees 

collected over a wide geographic area decreases with increasing latitude. The range of 

average δ18Ocellulose of whole tree-ring for the five Adam Creek tree samples (+24.9 to +26.4 

‰; Table 3.3) is similar to the range (+24.1 to +27.2 ‰) for whole tree-ring samples from 

Brampton, Ontario – located 770 km southeast of Adam Creek  – which range in age from 

11,450 14C BP to modern (Edwards and Fritz 1986). Edwards and Fritz (1986) noted that 

the δ18Ocellulose became progressively lower towards the present day, suggesting that the 

climate was becoming cooler and moister. 
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Figure 4.7 δ18Ocellulose from different locations. Red line displays Adam Creek oxygen-isotope compositions. M = modern. 

1Edwards and Fritz 1986, 2Edwards et al. 2008, 3Bégin et al. 2015, 4Guerrieri et al. 2017, 5thesis, 6Hunter et al. 2006, 7Kerr-

Lawson et al. 1992. All data are for whole-wood except 6 (late-wood). 
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For the modern samples illustrated in Figure 4.7, the δ18O of annual precipitation was 

calculated using the model of Bowen and Revenaugh (2003) based on the latitude, altitude 

and elevation of those sites.  The δ18O of annual precipitation is plotted versus δ18Ocellulose 

for samples of modern boreal forests in Figure 4.8 to obtain the relationship: 

δ18Oprecipitation = 1.03 δ18Ocellulose – 38.84     (Equation 4.1) 

Equation 4.1 was used with the average δ18O for whole-ring cellulose of the Adam Creek 

samples to calculate a δ18O of –12.7 ‰ for annual precipitation at this site during MIS 5a.  

The modern annual δ18Oprecipitation calculated with the Bowen and Revenaugh (2003) model 

is –13.8 ‰.  This result suggests that the Adam Creek samples grew under a precipitation 

regime that was ~1 ‰ higher than today. This suggests that during MIS 5a, the Adam Creek 

area was slightly warmer and/or less humid than at present where summer mean 

temperature is 15.1 °C (Climate Atlas of Canada, 2019) with modern relative humidity of 

63 % in month of July 2020 (Environment Canada 2014).   

 

 

Figure 4.8 δ18Oprecipitation versus δ18Ocellulose for localities shown in Figure 4.7. 
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4.2.3 Covariation between δ18Ocellulose and δ13Ccellulose  

Testing for covariation between δ13Ccellulose and δ18Ocellulose provides an opportunity to learn 

more about the water resources available during tree growth. Under warm and dry 

conditions both δ13Ccellulose and δ18Ocellulose should increase (Seftigen et al. 2011, Bégin et 

al. 2015). For the late-wood sub-samples examined in this study, however, values of the 

coefficient of determination (r2) were low except for AC-77-E3 (Table 4.5, Figure 4.9). For 

this sample, there was a positive correlation between δ13Ccellulose and δ18Ocellulose (r
2 = 0.53). 

This value, however, is driven by data for the first 4 years of growth analyzed; when those 

data are omitted, this correlation disappears (Table 4.5, Figure 4.9).   

 

Table 4.5 Correlation between late-wood δ18Ocellulose and δ13Ccellulose. 

Sample slope of 

trendline 

Coefficient of Determination 

(r2) 

AC-77-A2 0.6 0.05 

AC-77-C3 0.08 < 0.01 

AC-77-D1 0.3 0.01 

AC-77-E3 1 0.53 

AC-77-E3 (first 4 years omitted) 0.3 0.10 

AC-77-F1 0.8 0.43 
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Figure 4.9 Correlations between late-wood δ18Ocellulose and δ13Ccellulose for samples AC-

77-A2, AC-77-C3, AC-77-D1, AC-77-E3 and AC-77-F1. Data and trend-line shown in 

orange for AC-77-E3 represent the first four tree-ring sub-samples analyzed. 

 

The paleoclimate at Adam Creek should have had similar subarctic characteristics as today 

such as warm-dry or cold-wet conditions during growing season. As such, both δ13Ccellulose 

and δ18Ocellulose should covary and have been sensitive to moisture limitations (Naulier et 

al. 2014, 2015, Bégin et al. 2015, Alvarez et al. 2018). Instead, the data suggest that 

δ13Ccellulose and δ18Ocellulose varied relatively independently from each other. Ferrio and 

Voltas (2005) previously noted such decoupling in pines from the Mediterranean region, 

which are adapted to temporary drought. There, δ13Ccellulose recorded water availability, i.e. 

vapour pressure deficit, as a function of stomatal conductance. During seasonal intervals 

of dryness / drought, however, the δ18Ocellulose no longer correlated well with precipitation 

δ18O, due to strong variability in leaf-water δ18O arising from 18O-enrichment during 

transpiration. In the Adam Creek sub-arctic wetland setting, where there is a low 

probability of water-deficit conditions, different types of stress may have been at play that 

also produced a decoupling of these isotopic parameters.  
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At Adam Creek, we have δ13Ccellulose typical for modern boreal forests and observe a 

decrease in δ13Ccellulose as the trees mature indicating an increase in stomatal conductance 

related to reduced water stress and/or decreasing temperatures. We also observe higher 

than expected δ18Ocellulose for this latitude indicating higher rates of transpiration during 

drier conditions and/or warmer temperatures and hence higher δ18O for precipitation 

feeding the trees. It is likely that because of the warmer temperatures indicated by the δ18O 

data, carbon assimilation was not limited by temperature. Hence, the lowering of δ13Ccellulose 

as the trees matured indicates an increase in water availability as roots grew deeper or the 

area gradually became inundated. Under these warm, humid conditions the δ18Ocellulose 

would vary more strongly in response to the δ18O of precipitation events.   

 

4.3 Early-wood versus Late-Wood Cellulose Isotope 
Composition and Seasonality 

Although early-wood cellulose contains some carbon and oxygen that is sourced from 

stored carbohydrates, Dickmann and Kozlowski (1970) and Kozlowski (1992) suggested 

that the use of stored carbohydrates on δ13Ccellulose and δ18Ocellulose was negligible in 

conifers. More recently,  Weigl et al. (2008) showed for oak that δ13Ccellulose and δ18Ocellulose 

of both early and late-wood can be used as climate proxies. Other researchers (Brooks et 

al. 1998, McCarroll and Loader 2004, An et al. 2012, Fu et al. 2017) have also shown that 

early-wood δ13Ccellulose and δ18Ocellulose can provide some information about spring and early 

summer growth conditions.  For example,  the δ18Ocellulose of early-wood from conifers from 

Yulong Snowy Mountains of southwestern China had significant positive correlation to 

May-July temperature and negative correlation to May-July cloud cover, relative humidity 

and precipitation (An et al. 2012, Fu et al. 2017). Brooks et al. (1998) observed for Pinus 

banksiana trees from central Canadian forest that high amounts of winter precipitation 

were correlated with higher δ13Ccellulose of early-wood that year because high amounts of 

snow caused low soil temperatures which negatively influenced growth. In that study 

δ13Ccellulose of late-wood was correlated with both winter and growing season precipitation. 

Disagreement on this point remains, however; Jäggi et al. (2002), for example, suggest for 

spruce that early-wood, compared to late-wood, is more strongly influenced by 
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biochemical isotopic fractionation during starch formation of the previous year than by 

climate conditions during cellulose formation.  

If stored carbohydrates had a strong influence on early-wood δ13Ccellulose and δ18Ocellulose for 

the Adam Creek samples, we might expect to see a positive correlation between the isotopic 

compositions of late-wood of one year and the early-wood of the subsequent year (Kress 

et al. 2009). In this study, 4 out of 5 samples (all except AC-77-D1) showed significant 

correlations (p<0.01 or p<0.05) between δ13C of early-wood and the previous year’s late-

wood (Table 4.6). Although this may be interpreted to mean that carbon in early-wood 

cellulose is partially sourced from the previous year, those samples also showed significant 

correlations between early-wood and late-wood of same year for δ13C (Table 4.6). Hence, 

early-wood δ13Ccellulose may therefore reflect growing season conditions.  

Correlations between δ18O of early-wood cellulose and the previous year’s late-wood 

cellulose were only observed for samples AC-77-A2 and AC-77-E3 (Table 4.6). There is 

no consistent evidence of an oxygen carry-over effect between early-wood and the previous 

year’s late-wood.  

As such, it appears that analysis of both early- and late-wood δ13Ccellulose and δ18Ocellulose in 

the Adam Creek samples provides an opportunity to identify seasonal trends in 

temperature, humidity and precipitation. All five samples showed variation in the 

δ13Ccellulose and δ18Ocellulose between early and late-wood grown in the same year but a two-

tailed t-test indicated that there was no significant difference in either δ18O or δ13C between 

early- and late-wood within each sample over the entire range of tree-rings sampled (Table 

4.7).  
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Table 4.6 Pearson correlation (r) between EW (early-wood) and the previous year’s 

LW (late-wood), and between EW and LW of same year for δ13Ccellulose or δ18Ocellulose. 

Samples  EW vs LW 

from the 

previous year 

EW vs LW from 

the same year 

δ18O   δ13C  δ18O   δ13C  

AC-77-A2 0.53** 0.56** 0.52** 0.68** 

AC-77-C3 0.41 0.61** 0.16 0.70** 

AC-77-D1 0.18 0.39 0.75** 0.42 

AC-77-E3 0.69* 0.68* 0.52 0.82** 

AC-77-F1  0.61 0.91* 0.73 0.91* 

* Correlation is significant at the 0.05 level (2-tailed) 

**Correlation is significant at the 0.01 level (2-tailed) 

 

Table 4.7 p-values for two-tailed t-test for δ13Ccellulose or δ18Ocellulose between early- and 

late-wood within each tree-ring for all samples. 

Samples p-values (p < 

0.05) 

δ13C  δ18O   

AC-77-A2 0.19 0.38 

AC-77-C3 0.22 0.37 

AC-77-D1 0.7 0.29 

AC-77-E3 0.39 0.58 

AC-77-F1 0.7 0.65 

 

We expect spring-early summer to be cooler than mid-late summer-autumn each year. A 

thirty-year record of temperature at Kapuskasing, Ontario, 100 km from Adam Creek (the 

closest weather station), shows that the average April-June temperatures (8 °C) are lower 

than July to October (12 °C) (Environment Canada 2014). Likewise, monthly precipitation 

amounts are highest for July, September and October. Lower temperatures should cause 

lower early-wood δ13Ccellulose compared to late-wood, but greater water availability in mid-

summer to autumn could cause late-wood δ13C to be lower than early-wood. Cooler 

temperatures during early-wood formation should cause early-wood δ18O to be lower than 
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late-wood, but increased precipitation later in the summer may also reduce 18O-enrichment 

of plant water resulting from transpiration and thus also lower late-wood δ18Ocellulose.  

Direct comparison of intra-ring δ13Ccellulose or δ18Ocellulose revealed a wide range of intra-

ring amplitudes for 13CLW-EW = –1.1 to +1.4 ‰ and 18OLW-EW = -2.6 to +3.1 ‰ from 

early spring-early summer to mid-late summer-autumn each year (Figures 4.10 and 4.11). 

For the Adam Creek samples, therefore, both early-wood and late-wood δ13Ccellulose and 

δ18Ocellulose are variably higher or lower without a specific pattern being apparent. 

 

 

Figure 4.10 Comparison of same year, early-wood and late-wood δ13Ccellulose for AC-

77-A2, AC-77-C3, AC-77-D1, AC-77-E3 and AC-77-F1. 
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Figure 4.11 Comparison of same year, early-wood and late-wood δ18Ocellulose for AC-

77-A2, AC-77-C3, AC-77-D1, AC-77-E3 and AC-77-F1. 

 

For some samples we gain some information about seasonal climate change. For example, 

the relatively small 13CLW-EW observed for AC-77-E3, especially in the latter half of that 

record (Figure 4.10), could indicate ever-increasing water availability associated with a 

rising water table during all parts of the growing season. A similar argument could be made 

for the first part of the record for AC-77-F1. Sample AC-77-C3 has higher δ13Ccellulose for 

early-wood relative to late-wood for most years, which could indicate greater sensitivity to 

increased water availability later in the growing season than temperature changes.   

For the trees in this study we do not observe consistent seasonal variations in δ13Ccellulose or 

δ18Ocellulose from year to year. This indicates growth was not limited by just one climate 

factor. In tree-ring # 6 for sample AC-77-E3, for example, early-wood δ13Ccellulose was 

slightly higher than that of late-wood, but early-wood δ18Ocellulose was much lower than that 

of latewood. In this year the tree might have utilized more water from snow melt during 

spring and early summer (δ13Ccellulose slightly higher and δ18Ocellulose much lower) and then 

experienced a temperature increase and associated evaporative leaf-water 18O-enrichment 
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during mid-summer to autumn (δ13Ccellulose slightly lower and δ18Ocellulose much higher) 

(Figure 4.11). Overall, all samples in this study exhibited small to large year-to-year 

variations of δ13Ccellulose and δ18Ocellulose in both early-wood and late-wood, but these were 

not large enough to signal extreme seasonality. The trees were generally growing under 

favourable conditions during MIS 5a.  

Other studies have reported a similar range of intra-ring variations in both δ13Ccellulose and 

δ18Ocellulose, resulting from changes in microenvironments during tree growth (Barbour et 

al. 2002, Mayr et al. 2003, Leavitt 2002, Kress et al. 2009, Fu et al. 2017). Fu et al. (2017) 

found that early-wood δ13Ccellulose was significantly higher than late-wood δ13Ccellulose in 

conifers, while late-wood δ18Ocellulose was higher than early-wood δ18Ocellulose. In that study, 

the early-wood δ13Ccellulose mainly recorded a temperature signal whereas the late-wood 

carried a precipitation signal, but both early-wood and late-wood δ18Ocellulose recorded a 

precipitation signal. An et al. (2012) observed higher early-wood δ18Ocellulose, which 

correlated with temperature and relative humidity than late-wood, which correlated with 

precipitation and relative humidity. Also, Mayr et al. (2003) found that the average δ13C of 

early-wood (–24.9 ‰) and late-wood (–24.8 ‰) in subfossil Holocene oaks from fluvial 

deposits only differed slightly, as the result of water availability. Barbour et al.'s (2002) 

study of δ18Ocellulose and δ13Ccellulose of conifers from New Zealand showed that the greatest 

variation in δ13Ccellulose was 4 to 6 ‰ over two seasons, where the driest site resulted greatest 

range in δ13C. Seasonal trends in δ18Ocellulose, however, were not as consistent and were 

likely driven by seasonal variation in the δ18O of source water. 

Compared to the results of Barbour et al. (2002), the seasonal trends of both 13CLW-EW (-

1.1 to +1.4 ‰) and 18OLW-EW (-2.6 to +3.1 ‰) at Adam Creek were not as large. This 

comparison suggests that the change in climatic conditions between spring-early summer 

(early-wood) and mid-summer to autumn (late-wood) were not substantially different 

within the growing season during MIS 5a at Adam Creek. 
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4.4 Tree-ring Width and Seasonality 

Tree-ring widths (TRW) vary in response to changes in growing conditions. Each annual 

tree-ring is composed of early- and late-wood. Trees that grow at low temperatures and/or 

under water stress exhibit decreased radial growth (Brooks et al. 1998). Girardin and Tarif 

(2005), for example, showed that the amount of radial growth in the trees of the boreal 

plains of Manitoba, Canada was positively correlated with precipitation amount and early 

summer temperatures, both of which affected early-wood growth. For the boreal forest in 

Churchill, Manitoba, Tardif et al. (2008) found that wider rings indicate years with warm 

early summers, whereas δ13Ccellulose reflected overall growing season temperature. There, 

δ13Ccellulose increased with long (warm) growing season, but there was no significant 

correlation between TRW and precipitation amount. 

We measured TRW for early- and late-wood of all samples analyzed in this study (Table 

3.2). For all samples, early-wood contributed more to the whole-wood TRW than late-

wood.  Figure 4.12 and Table 4.8 report TRW for sub-samples for which there are also 

isotopic data. As expected, TRW decreased in later tree-rings as the trees grew older, given 

that the radial growth of a tree decreases as the tree diameter increases (Figure 4.12). The 

TRWs of all samples were highly variable from year to year, indicating that growing 

conditions were also quite variable from year to year. 

 

Table 4.8 Average tree-ring widths (TRW) for isotopically analyzed sub-samples. 

Sample Mean TRW (SD) 

Early-wood (µm) 

Mean TRW (SD) 

Late-wood (µm) 

Mean TRW (SD) 

Whole-wood (µm) 

# of 

rings 

AC-77-A2 339.2 (123.7) 89.9 (34.4) 420.3 (147.6) 26 

AC-77-C3 204.5 (71.7) 76.4 (20.0) 282.3 (74.5) 17 

AC-77-D1 199.1 (68.6) 52.4 (55.4) 254.1 (60.9) 18 

AC-77-E3 191.3 (154.5) 92.4 (48.6) 277.2 (169.1) 17 

AC-77-F1 277.4 (111.6) 175.1 (93.8) 457.3 (170.8) 8 

SD = standard deviation    

 



81 

 

 

Figure 4.12 Tree-ring width (TRW) for whole tree-ring (whole-wood), early-wood 

and late-wood for AC-77-A2, AC-77-C3, AC-77-D1, AC-77-E3 and AC-77-F1. 

 

Values of TRW for the whole tree-ring (early-wood + late-wood) were compared to 

δ13Ccellulose and δ18Ocellulose for whole tree-rings, early-wood and late-wood (Table 4.9) and 

the relationship between TRW and δ13Ccellulose and δ18Ocellulose for whole tree-rings is shown 

in Figures 4.13 and 4.14. The expectation was that TRW should increase under favourable 

growth conditions, as typified by sufficient water and/or warm temperatures. Growth 

during intervals of sufficient water should produce lower late-wood δ13Ccellulose, while late-

wood δ18Ocellulose should increase as with rising growing season temperatures and 

favourable growth temperatures. Previously, however, Anderson et al. (1998) showed that 

there was no significant correlation between Swiss spruce TRW and whole-ring cellulose 

isotopic data over the last 100 years, except during the warmest episode in the 1940s, where 

TRW decreased as both δ13Ccellulose and δ18Ocellulose increased during an extreme warm climatic 

event.  
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Table 4.9 Pearson correlation between TRW and δ13Ccellulose or δ18Ocellulose. 

Samples δ13Ccellulose 

(WW) 

δ13Ccellulose 

(LW) 

δ13Ccellulose 

(EW) 

δ18Ocellulose 

(WW) 

δ18Ocellulose 

(LW) 

δ18Ocellulose 

(EW) 

AC-77-A2 0.43* 0.19 0.44* -0.16 -0.15 -0.14 

AC-77-C3 0.48 0.35 0.27 0.16 0.48 0 

AC-77-D1 0.47 0.25 0.15 0.24 0.22 0.17 

AC-77-E3 0.67* 0.79** 0.62* 0.77** 0.58* 0.72 

AC-77-F1 0.23 0.08 0.26 0.45 0.15 0.69 

WW = whole tree-ring; LW = late-wood; EW = early-wood   

* Correlation is significant at the 0.05 level (2-tailed)   

**Correlation is significant at the 0.01 level (2-tailed)   

 

 

Figure 4.13 Comparison of whole (WW) tree-ring width (TRW) versus tree-ring # 

(age) with whole-ring δ13Ccellulose versus tree-ring # for AC-77-A2, AC-77-C3, AC-77-

D1, AC-77-E3 and AC-77-F1. 



83 

 

 

Figure 4.14 Comparison of whole (WW) tree-ring width (TRW) versus tree-ring # 

(age) with whole-ring δ18Ocellulose versus tree-ring # for AC-77-A2, AC-77-C3, AC-77-

D1, AC-77-E3 and AC-77-F1.  

Except AC-77-E3, low positive or negative Pearson correlations (r) were obtained between 

TRW and both δ13Ccellulose and δ18Ocellulose for the Adam Creek samples (Table 4.9). This result 

is similar to what was reported by Anderson et al. (1998); Härdtle et al. (2013) also found 

no significant correlation between TRW and whole-ring δ13Ccellulose of a modern oak tree 

(Quercus petraea) growing in Luxembourg. The lack of correlation may indicate that TRW 

is not influenced by factors such as carbon assimilation (carbon storage in the trunk or 

allocation of carbon to seeds) that can influence δ13Ccellulose and mask any correlation when 

growing conditions are generally favourable.  

Significant positive and high Pearson correlations between TRW and all wood components 

of δ13Ccellulose were obtained for AC-77-E3 (Table 4.9) (r = 0.67, 0.79 and 0.62 for WW, 

LW and EW, respectively; p<0.01 for LW and p<0.05 for WW and EW; n = 12). A 

significant correlation between TRW and δ18Ocellulose for AC-77-E3 (r = 0.77 and 0.58 for 

WW and LW, respectively; p<0.01 for WW and p<0.05 for LW; n = 12), consistent with 

the positive correlation between δ13Ccellulose and δ18Ocellulose, was also obtained for this 

sample when all data were included (Table 4.9; see also Figure 4.9). In the case of 
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Anderson et al. (1998), extreme warmth beyond the tolerance of spruce likely limited 

growth. In contrast, the increased growth rate of AC-77-E3 associated with higher 

δ13Ccellulose and δ18Ocellulose likely reflected greater warmth and warm early summers (Tardif 

et al. 2008) while still remaining within the range of favourable growth conditions for 

spruce. 

 

4.5 Climatic and Environment Conditions at Adam Creek 
during MIS 5a  

Overall, the results for δ13Ccellulose and δ18Ocellulose obtained in this study suggest that the 

MIS 5a climate at Adam Creek was slightly warmer or similar to today. Allard et al. (2012) 

found that pollen taxa from the Missinaibi Formation in Hudson Bay Lowland were similar 

to modern pollen spectra, where Picea (spruce) was most abundant, which also suggests 

that climatic conditions during deposition of Missinaibi Formation was similar to present 

climate in the region (mean summer temperature of 15 °C; Climate Atlas of Canada (2019), 

with modern relative humidity of 63 % in month of July 2020 Environment Canada 

(2014)). Further to the south, Suh et al.'s (2020) study of δ13Calk and δ2Halk of plant waxes 

(n-alkanes) from Mississippi River Basin sediments also showed that MIS 5 was slightly 

warmer and characterized by lower global ice volumes than MIS 1. 

Both δ18Ocellulose and δ13Ccellulose displayed inter- and intra- annual variations resulting from 

annual and seasonal fluctuations in growing season conditions, but there was no indication 

of climate stress that limited growth. Comparisons of δ13Ccellulose and δ18Ocellulose with 

modern boreal forest sites in North America suggest that trees from Adam Creek during 

MIS 5a experienced no intervals of significant water stress or lack of sunshine, but instead 

thrived in a similar to slightly warmer environment than today. The wetland environment 

in which the Adam Creek forest grew during MIS 5a would have been similar to today, 

and thus any water deficit stress was unlikely. Occasional forest flooding events could have 

occurred as the sample trees were found in peat layer above fluvial and below lacustrine 

sediments, but the isotope data do not indicate the trees suffered from sustained excess-

water stress.   
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Chapter 5  

5 Conclusions 

In this study, tree-ring widths (TRW) and δ13Ccellulose and δ18Ocellulose of subfossil wood 

from Adam Creek, Ontario were measured to determine inter- and intra-annual 

paleoclimatic conditions during Marine Isotope Stage (MIS) 5, and interglacial substage 

5a in particular. Early-wood representing spring to early summer and late-wood 

representing mid-summer to autumn were separated and their cellulose extracted and 

analyzed for δ13Ccellulose and δ18Ocellulose, and the resulting environmental signals evaluated 

in terms of temperature and water availability.  

There were no significant differences between early-wood and late-wood for either 

δ13Ccellulose and δ18Ocellulose, which suggests that climatic conditions during spring-early 

summer and mid-summer-autumn climate were not significantly different. Variations in 

δ13Ccellulose and δ18Ocellulose from year to year were observed. A shift to lower δ13Ccellulose as 

the trees matured most likely indicated increasing water availability, but not extensive 

flooding. The variations in δ18Ocellulose indicate some year-to-year fluctuations in average 

weather conditions but are not diagnostic of extreme climatic events.  The estimated value 

of δ18Oprecipitation at Adam Creek during MIS 5a is ~1 ‰ higher at present, which is 

diagnostic of slightly warmer and/or less humid conditions then than at present. 

 Overall, there were no correlations between TRW and either δ13Ccellulos or δ18Ocellulose for 

most of the Adam Creek samples. This outcome suggests that the growth of these trees was 

not influenced by carbon storage, which can affect δ13Ccellulose even under favourable 

growing conditions. The one exception was sample AC-77-E3, which showed significant 

positive correlations between TRW and both of δ13Ccellulose and δ18Ocellulose. This pattern 

suggests that conditions during growth of this sample varied sufficiently to be recorded in 

the cellulose isotopic compositions. 
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5.1 Future Work 

The trends we observed in the δ13Ccellulose and δ18Ocellulose signals of five different wood 

samples in this study enabled us to make general statement about MIS 5a growing-season 

conditions. Given an opportunity to sample, a comparison between the stable carbon- and 

oxygen-isotope compositions of modern and ancient spruce samples from Adam Creek 

would be most useful in interpreting the tree-ring records. The ability to position a weather 

station at the locality and collect water samples for isotopic analysis would further improve 

our ability to calibrate the isotopic records for the subfossil wood samples.   

It would also be ideal to collect more wood samples from the Missinaibi Formation at 

Adam Creek, focusing on trunks that remain in situ. This would decrease some 

uncertainties concerning the provenance of the current sample materials. The ancient forest 

soils could also be examined for other proxies whose isotopic compositions could provide 

information about climatic conditions; such materials might include pedogenic carbonates, 

and terrestrial and lacustrine shells of molluscs. Analysis of δ2Hcellulose for the subfossil 

wood samples could also provide more information about precipitation and soil water 

isotopic compositions, which would further aid in understanding evapo-transporation and 

hence temperature and relative humidity during the MIS 5a growing season. 

More broadly, subfossil wood samples should be gathered from various other interglacials 

and interstadials (e.g., MIS 7, 5, 3 and 1) in order to learn more about the variations in 

growing-season conditions and the larger implications for climatic patterns  associated with 

Quaternary glacial-interglacial cycles.   
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Appendix 

Appendix A Stable carbon- and oxygen-isotope compositions and trees ring widths of all samples. 

2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

Adam Creek -77-A-2               

AC77A2.1 108 54 LATE 47 
428 

  
 

    
 

  

AC77A2.2 107 54 EARLY 381         

AC77A2.3 106 53 LATE 41 
311 

  
 

    
 

  

AC77A2.4 105 53 EARLY 270         

AC77A2.5 104 52 LATE 20 
422 

  
 

    
 

  

AC77A2.6 103 52 EARLY 402         

AC77A2.7 102 51 LATE 46 
396 

  
 

    
 

  

AC77A2.8 101 51 EARLY 350         

AC77A2.9 100 50 LATE 25 
508 

  
 

    
 

  

AC77A2.10 99 50 EARLY 483         

AC77A2.11 98 49 LATE 56 
544 

  
 

    
 

  

AC77A2.12 97 49 EARLY 488         

AC77A2.13 96 48 LATE 63 
345 

  
 

    
 

  

AC77A2.14 95 48 EARLY 282         

AC77A2.15 94 47 LATE 66 
413 

  
 

    
 

  

AC77A2.16 93 47 EARLY 347         

AC77A2.17 92 46 LATE 86 
630 

  
 

    
 

  

AC77A2.18 91 46 EARLY 544         

AC77A2.19 90 45 LATE 87 
771 

  
 

    
 

  

AC77A2.20 89 45 EARLY 684         

AC77A2.21 88 44 LATE 67 
623 

  
 

    
 

  

AC77A2.22 87 44 EARLY 556         
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77A2.23 86 43 LATE 76 
735 

  
 

    
 

  

AC77A2.24 85 43 EARLY 659         

AC77A2.25 84 42 LATE 71 
439 

  
 

    
 

  

AC77A2.26 83 42 EARLY 368         

AC77A2.27 82 41 LATE 92 
361 

  
 

    
 

  

AC77A2.28 81 41 EARLY 269         

AC77A2.29 80 40 LATE 52 
403 

  
 

    
 

  

AC77A2.30 79 40 EARLY 351         

AC77A2.31 78 39 LATE 64 
699 

  
 

    
 

  

AC77A2.32 77 39 EARLY 635         

AC77A2.33 76 38 LATE 117 
327 

  
 

    
 

  

AC77A2.34 75 38 EARLY 210         

AC77A2.35 74 37 LATE 139 
363 

  
 

    
 

  

AC77A2.36 73 37 EARLY 224         

AC77A2.37 72 36 LATE 117 
386 

  
 

    
 

  

AC77A2.38 71 36 EARLY 269         

AC77A2.39 70 35 LATE 51 
490 

  
 

    
 

  

AC77A2.40 69 35 EARLY 439         

AC77A2.41 68 34 LATE 109 
263 

  
 

    
 

  

AC77A2.42 67 34 EARLY 154         

AC77A2.43 66 33 LATE 50 
228 

+25.0 
-0.8 +25.6 +25.8 +25.2 

–22.6 
0.0 –22.6 –22.8 –22.8 

AC77A2.44 65 33 EARLY 178 +25.8 –22.6 

AC77A2.45 64 32 LATE 100 
548 

+25.6 
-0.1 +25.6 +25.4 +25.3 

–22.8 
0.2 –23.0 –22.9 –22.8 

AC77A2.46 63 32 EARLY 448 +25.7 –23.0 

AC77A2.47 62 31 LATE 71 
191 

+25.7 
-0.7 +26.1 +24.9 +25.5 

–22.6 
0.3 –22.8 –22.8 –22.7 

AC77A2.48 61 31 EARLY 120 +26.4 –22.9 

AC77A2.49 60 30 LATE 55 
215 

+25.1 
0.9 +24.5 +25.0 +25.5 

–22.5 
0.4 –22.8 –22.8 –22.8 

AC77A2.50 59 30 EARLY 160 +24.2 –22.9 

AC77A2.51 58 29 LATE 78 
464 

+23.8 
-0.7 +24.3 +25.7 +25.9 

–23.2 
-0.4 –22.9 –22.7 –22.8 

AC77A2.52 57 29 EARLY 386 +24.4 –22.9 
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77A2.53 56 28 LATE 72 
381 

+27.0 
1.0 +26.2 +26.2 +26.3 

–22.6 
0.1 –22.7 –22.7 –22.8 

AC77A2.54 55 28 EARLY 309 +26.0 –22.7 

AC77A2.55 54 27 LATE 90 
463 

+27.8 
1.5 +26.7 +26.3 +26.6 

–22.8 
-0.4 –22.5 –22.8 –22.7 

AC77A2.56 53 27 EARLY 373 +26.4 –22.4 

AC77A2.57 52 26 LATE 68 
261 

+27.1 
2.0 +25.7 +26.2 +26.4 

–22.7 
0.3 –22.9 –22.9 –22.6 

AC77A2.58 51 26 EARLY 193 +25.2 –23.0 

AC77A2.59 50 25 LATE 68 
347 

+27.4 
1.0 +26.6 +26.8 +26.6 

–23.1 
-0.2 –23.0 –22.6 –22.5 

AC77A2.60 49 25 EARLY 279 +26.4 –22.9 

AC77A2.61 48 24 LATE 88 
332 

+26.8 
0.5 +26.4 +26.6 +26.4 

–22.9 
-0.2 –22.8 –22.4 –22.3 

AC77A2.62 47 24 EARLY 244 +26.3 –22.7 

AC77A2.63 46 23 LATE 105 
667 

+26.7 
-0.9 +27.4 +26.6 +26.4 

–22.2 
-0.1 –22.1 –22.2 –22.3 

AC77A2.64 45 23 EARLY 562 +27.6 –22.1 

AC77A2.65 44 22 LATE 102 
304 

+26.6 
0.7 +26.1 +26.1 +26.1 

–22.4 
-0.3 –22.2 –22.3 –22.3 

AC77A2.66 43 22 EARLY 202 +25.8 –22.1 

AC77A2.67 42 21 LATE 85 
463 

+25.7 
-0.7 +26.3 +26.1 +25.9 

–22.0 
0.2 –22.2 –22.4 –22.2 

AC77A2.68 41 21 EARLY 378 +26.4 –22.2 

AC77A2.69 40 20 LATE 52 
303 

+25.3 
-0.9 +26.0 +26.0 +25.7 

–22.7 
-0.3 –22.4 –22.3 –22.1 

AC77A2.70 39 20 EARLY 251 +26.1 –22.4 

AC77A2.71 38 19 LATE 42 
196 

+26.7 
0.6 +26.2 +25.8 +25.4 

–22.5 
0.0 –22.6 –22.1 –22.1 

AC77A2.72 37 19 EARLY 154 +26.1 –22.6 

AC77A2.73 36 18 LATE 153 
489 

  
 

    
 

  

AC77A2.74 35 18 EARLY 336 +24.6    –22.7    

AC77A2.75 34 17 LATE 138 
363 

+25.8 
-0.2 +25.9 +25.5 +25.5 

–22.6 
1.0 –21.9 –21.9 –22.0 

AC77A2.76 33 17 EARLY 225 +26.0 –21.6 

AC77A2.77 32 16 LATE 59 
394 

+25.0 
-0.3 +25.3 +25.0 +25.2 

–21.9 
0.2 –21.8 –22.0 –22.1 

AC77A2.78 31 16 EARLY 335 +25.3 –21.7 

AC77A2.79 30 15 LATE 147 
592 

+25.8 
0.8 +25.2 +25.4 +24.8 

–22.0 
0.1 –21.9 –22.1 –22.2 

AC77A2.80 29 15 EARLY 445 +25.0 –21.9 

AC77A2.81 28 14 LATE 99 
448 

+25.1 
0.9 +24.4 +25.2 +24.8 

–22.6 
0.3 –22.4 –22.3 –22.1 

AC77A2.82 27 14 EARLY 349 +24.2 –22.4 
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77A2.83 26 13 LATE 87 
486 

+25.6 
-1.0 +26.4 +24.8 +24.9 

–22.1 
0.2 –21.9 –22.2 –22.0 

AC77A2.84 25 13 EARLY 399 +26.6 –21.9 

AC77A2.85 24 12 LATE 126 
648 

+26.0 
1.4 +24.9 +24.3 +24.7 

–23.1 
0.7 –22.5 –22.0 –22.0 

AC77A2.86 23 12 EARLY 522 +24.6 –22.4 

AC77A2.87 22 11 LATE 55 
527 

+24.9 
2.1 +23.0 +24.4 

 –22.6 
0.6 –22.0 –21.9 

 

AC77A2.88 21 11 EARLY 472 +22.8  –22.0  

AC77A2.89 20 10 LATE 102 
523 

+23.7 
-1.7 +25.1 +25.1 

 –22.1 
0.9 –21.4 –21.8 

 

AC77A2.90 19 10 EARLY 421 +25.4  –21.2  

AC77A2.91 18 9 LATE 185 
696 

+25.5 
0.5 +25.2 

  –22.3 
0.2 –22.2 

  

AC77A2.92 17 9 EARLY 511 +25.0   –22.1   

AC77A2.93 16 8 LATE 124 
467 

+25.2 
0.0 +25.1 

  –22.4 
0.6 –22.0 

  

AC77A2.94 15 8 EARLY 343 +25.1   –21.8   

AC77A2.95 14 7 LATE 106 
410 

  
 

    
 

  

AC77A2.96 13 7 EARLY 304                 

Adam Creek -77-C-3               

AC77C3.4 59 30 EARLY 75            

AC77C3.5 58 29 LATE 80 
175 

  
 

    
 

  

AC77C3.6 57 29 EARLY 95         

AC77C3.7 56 28 LATE 115 
175 

  
 

    
 

  

AC77C3.8 55 28 EARLY 60         

AC77C3.9 54 27 LATE 138 
203 

  
 

    
 

  

AC77C3.10 53 27 EARLY 65         

AC77C3.11 52 26 LATE 110 
155 

  
 

    
 

  

AC77C3.12 51 26 EARLY 45         

AC77C3.13 50 25 LATE 108 
128 

  
 

    
 

  

AC77C3.14 49 25 EARLY 20         

AC77C3.15 48 24 LATE 105 
178 

  
 

    
 

  

AC77C3.16 47 24 EARLY 73         

AC77C3.17 46 23 LATE 112 
197 

  
 

    
 

  

AC77C3.18 45 23 EARLY 85         
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77C3.19 44 22 LATE 99 
173 

  
 

    
 

  

AC77C3.20 43 22 EARLY 74         

AC77C3.21 42 21 LATE 64 
199 

+23.3 
-2.2 +24.8 +25.6 +25.5 

–23.0 
-0.4 –22.7 –22.6 –22.7 

AC77C3.22 41 21 EARLY 135 +25.5 –22.6 

AC77C3.23 40 20 LATE 67 
197 

+25.7 
0.4 +25.4 +25.8 +25.5 

–23.2 
-0.9 –22.7 –22.6 –22.7 

AC77C3.24 39 20 EARLY 130 +25.3 –22.4 

AC77C3.25 38 19 LATE 70 
349 

+26.0 
-0.7 +26.6 +25.8 +25.5 

–22.8 
-0.5 –22.4 –22.7 –22.5 

AC77C3.26 37 19 EARLY 279 +26.7 –22.4 

AC77C3.27 36 18 LATE 80 
346 

+25.5 
0.2 +25.3 +25.1 +25.3 

–23.0 
-0.4 –22.6 –22.8 –22.4 

AC77C3.28 35 18 EARLY 266 +25.3 –22.5 

AC77C3.29 34 17 LATE 85 
208 

+24.4 
-1.8 +25.5 +25.2 +25.2 

–23.3 
-0.3 –23.1 –22.4 –22.3 

AC77C3.30 33 17 EARLY 123 +26.2 –22.9 

AC77C3.31 32 16 LATE 90 
142 

+24.3 
-0.6 +24.5 +25.2 +24.8 

–23.1 
-1.1 –22.7 –22.2 –21.9 

AC77C3.32 31 16 EARLY 52 +24.9 –22.0 

AC77C3.33 30 15 LATE 100 
329 

+24.5 
-1.6 +25.6 +25.3 +24.9 

–21.7 
-0.3 –21.5 –21.9 –21.8 

AC77C3.34 29 15 EARLY 229 +26.1 –21.4 

AC77C3.35 28 14 LATE 87 
316 

+26.7 
1.8 +25.4 +24.6 +24.7 

–22.3 
-0.1 –22.3 –21.8 –21.8 

AC77C3.36 27 14 EARLY 229 +24.9 –22.2 

AC77C3.37 26 13 LATE 88 
350 

+25.6 
0.8 +25.0 +24.5 +24.6 

  
  

 

AC77C3.38 25 13 EARLY 262 +24.8 –22.4   

AC77C3.39 24 12 LATE 30 
193 

+24.2 
0.9 +23.4 +24.3 +24.4 

–21.4 
0.6 –21.8 –21.7 –21.7 

AC77C3.40 23 12 EARLY 163 +23.3 –21.9 

AC77C3.41 22 11 LATE 85 
100 

+24.6  
 

  –22.1  
 

  

AC77C3.42 21 11 EARLY 15         

AC77C3.43 20 10 LATE 86 
171 

+24.3  
 

    
 

  

AC77C3.44 19 10 EARLY 85         

AC77C3.45 18 9 LATE 100 
260 

+24.5 
-1.1 +25.1 +24.9 +24.8 

–21.8 
-0.8 –21.4 –21.7 –21.7 

AC77C3.46 17 9 EARLY 160 +25.6 –21.1 

AC77C3.47 16 8 LATE 78 
226 

+25.2 
1.2 +24.5 +24.5 +24.6 

–22.1 
-0.2 –21.9 –21.8 –21.7 

AC77C3.48 15 8 EARLY 148 +24.0 –21.8 
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77C3.49 14 7 LATE 79 
289 

+24.9 
-0.1 +25.0 +24.9 +24.5 

–21.9 
-0.2 –21.8 –21.7 –21.7 

AC77C3.50 13 7 EARLY 210 +25.0 –21.7 

AC77C3.51 12 6 LATE 80 
310 

+24.1 
0.1 +24.0 +24.5 

 –22.1 
-0.5 –21.7 –21.7 

 

AC77C3.52 11 6 EARLY 230 +24.0  –21.6  

AC77C3.53 10 5 LATE 65 
340 

+26.3 
0.9 +25.6 +24.4 

 –21.9 
-0.3 –21.6 –21.7 

 

AC77C3.54 9 5 EARLY 275 +25.4  –21.5  

AC77C3.55 8 4 LATE 34 
74 

+26.2  
 

  –22.0  
 

  

AC77C3.56 7 4 EARLY 40         

AC77C3.57 6 3 LATE 100 
395 

+25.0 
1.6 +23.8 

  –22.2 
-0.7 –21.7  

 

AC77C3.58 5 3 EARLY 295 +23.3   –21.5  

AC77C3.59 4 2 LATE 60 
350 

+24.8 
1.0 +24.0 

  –21.6 
0.1 –21.7 

  

AC77C3.60 3 2 EARLY 290 +23.8   –21.7   

AC77C3.61 2 1 LATE 97  +21.4     –22.4     

Adam Creek -77-D-1                          

AC77D1.1 44 22 LATE  8 
187 

  
 

    
 

  

AC77D1.2 43 22 EARLY 179         

AC77D1.3 42 21 LATE 15 
221 

  
 

    
 

  

AC77D1.4 41 21 EARLY 206         

AC77D1.5 40 20 LATE 11 
155 

  
 

    
 

  

AC77D1.6 39 20 EARLY 144         

AC77D1.7 38 19 LATE 12 
262 

+23.5 
-0.4 +23.9 +24.8 +24.6 

–22.0 
0.4 –22.4 –22.2 –22.2 

AC77D1.8 37 19 EARLY 250 +23.9 –22.4 

AC77D1.9 36 18 LATE 10 
244 

+24.7 
-0.8 +25.4 +24.8 +25.0 

–21.7 
0.2 –21.9 –22.0 –22.2 

AC77D1.10 35 18 EARLY 234 +25.5 –21.9 

AC77D1.11 34 17 LATE 13 
275 

+23.6 
-1.5 +25.1 +24.5 +25.1 

–22.1 
0.1 –22.3 –22.2 –22.3 

AC77D1.12 33 17 EARLY 262 +25.1 –22.3 

AC77D1.13 32 16 LATE 5 
200 

+24.0 
0.0 +23.9 +24.9 +25.3 

–22.1 
-0.1 –21.9 –22.2 –22.3 

AC77D1.14 31 16 EARLY 195 +23.9 –21.9 

AC77D1.15 30 15 LATE 15 
128 

+24.3 
-0.4 +24.6 +25.5 +25.5 

–21.9 
0.6 –22.5 –22.4 –22.3 

AC77D1.16 29 15 EARLY 113 +24.6 –22.5 
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77D1.17 28 14 LATE 10 
288 

+24.9 
-1.4 +26.2 +25.9 +25.6 

–22.7 
-0.5 –22.3 –22.4 –22.2 

AC77D1.18 27 14 EARLY 278 +26.2 –22.3 

AC77D1.19 26 13 LATE 15 
243 

+26.0 
0.3 +25.6 +25.5 +25.7 

–22.2 
0.2 –22.4 –22.3 –22.1 

AC77D1.20 25 13 EARLY 228 +25.6 –22.4 

AC77D1.21 24 12 LATE 13 
263 

+25.7 
-0.2 +25.9 +25.4 +25.4 

–22.9 
-0.3 –22.6 –22.1 –22.1 

AC77D1.22 23 12 EARLY 250 +25.9 –22.6 

AC77D1.23 22 11 LATE 34 
377 

+25.7 
0.8 +25.0 +25.7 +25.0 

–22.3  
 

  

AC77D1.24 21 11 EARLY 343 +24.9     

AC77D1.25 20 10 LATE 26 
311 

+24.9 
-0.5 +25.4 +25.4 +25.2 

–21.8 
0.0 –21.8 –21.8 –22.0 

AC77D1.26 19 10 EARLY 285 +25.4 –21.8 

AC77D1.27 18 9 LATE 90 
253 

+27.1 
0.5 +26.8 +24.9 +24.9 

–21.3 
0.6 –21.7 –22.0 –22.0 

AC77D1.28 17 9 EARLY 163 +26.6 –21.9 

AC77D1.29 16 8 LATE 130 
303 

+23.8 
-0.5 +24.1 +24.6 +24.7 

–22.3 
-0.6 –21.9 –22.1 –22.1 

AC77D1.30 15 8 EARLY 173 +24.4 –21.7 

AC77D1.31 14 7 LATE 100 
237 

+23.2 
-1.3 +23.9 +24.5 +24.8 

–22.0 
0.4 –22.2 –22.2 –22.0 

AC77D1.32 13 7 EARLY 137 +24.5 –22.4 

AC77D1.33 12 6 LATE 189 
234 

+25.9 
0.5 +25.8 +25.1 

 –22.1 
0.4 –22.1 –22.1 

 

AC77D1.34 11 6 EARLY 45 +25.3  –22.4  

AC77D1.35 10 5 LATE 23 
146 

+23.8 
0.0 +23.8 +24.7 

 –22.6 
-0.4 –22.2 –21.9 

 

AC77D1.36 9 5 EARLY 123 +23.9  –22.2  

AC77D1.37 8 4 LATE 110 
306 

+24.8 
-1.2 +25.6 

  –22.0 
-0.2 –21.8 

  

AC77D1.38 7 4 EARLY 196 +26.0   –21.8   

AC77D1.39 6 3 LATE 28 
219 

+24.2  
 

  –21.8  
 

  

AC77D1.40 5 3 EARLY 191         

AC77D1.41 4 2 LATE 120 
373 

+24.7 
0.0 +24.7 

  –21.3 
0.7 –21.7 

  

AC77D1.42 3 2 EARLY 253 +24.7     –21.9     

Adam Creek -77-E-3                

AC77E3.1 78 39 LATE 109 
340 

  
 

    
 

  

AC77E3.2 77 39 EARLY 231         

AC77E3.3 76 38 LATE 100 215           
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77E3.4 75 38 EARLY 115         

AC77E3.5 74 37 LATE 88 
198 

  
 

    
 

  

AC77E3.6 73 37 EARLY 110         

AC77E3.7 72 36 LATE 102 
232 

  
 

    
 

  

AC77E3.8 71 36 EARLY 130         

AC77E3.9 70 35 LATE 60 
129 

  
 

    
 

  

AC77E3.10 69 35 EARLY 69         

AC77E3.11 68 34 LATE 74 
168 

  
 

    
 

  

AC77E3.12 67 34 EARLY 94         

AC77E3.13 66 33 LATE 86 
208 

  
 

    
 

  

AC77E3.14 65 33 EARLY 122         

AC77E3.15 64 32 LATE 45 
151 

  
 

    
 

  

AC77E3.16 63 32 EARLY 106         

AC77E3.17 62 31 LATE 58 
172 

  
 

    
 

  

AC77E3.18 61 31 EARLY 114         

AC77E3.19 60 30 LATE 44 
204 

  
 

    
 

  

AC77E3.20 59 30 EARLY 160         

AC77E3.21 58 29 LATE 58 
180 

  
 

    
 

  

AC77E3.22 57 29 EARLY 122         

AC77E3.23 56 28 LATE 69 
147 

  
 

    
 

  

AC77E3.24 55 28 EARLY 78         

AC77E3.25 54 27 LATE 77 
166 

  
 

    
 

  

AC77E3.26 53 27 EARLY 89         

AC77E3.27 52 26 LATE 58 
183 

  
 

    
 

  

AC77E3.28 51 26 EARLY 125         

AC77E3.29 50 25 LATE 79 
200 

  
 

    
 

  

AC77E3.30 49 25 EARLY 121         

AC77E3.31 48 24 LATE 85 
1022 

  
 

    
 

  

AC77E3.32 47 24 EARLY 937         

AC77E3.33 46 23 LATE 86 186           
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77E3.34 45 23 EARLY 100         

AC77E3.35 44 22 LATE 70 
150 

  
 

    
 

  

AC77E3.36 43 22 EARLY 80         

AC77E3.37 42 21 LATE 37 
92 

  
 

    
 

  

AC77E3.38 41 21 EARLY 55         

AC77E3.39 40 20 LATE 62 
103 

+25.2 
0.6 +25.0 +25.5 +25.6 

–22.9 
0.1 –23.0 –22.9 –22.9 

AC77E3.40 39 20 EARLY 41 +24.6 –23.0 

AC77E3.41 38 19 LATE 100 
244 

+24.5 
-1.3 +25.3 +25.7 +25.7 

–23.5 
-0.7 –23.1 –22.9 –23.1 

AC77E3.42 37 19 EARLY 144 +25.8 –22.8 

AC77E3.43 36 18 LATE 102 
208 

+26.4 
0.3 +26.2 +25.9 +25.6 

–22.6 
0.3 –22.7 –22.9 –23.1 

AC77E3.44 35 18 EARLY 106 +26.0 –22.8 

AC77E3.45 34 17 LATE 75 
254 

+24.4 
-1.8 +25.6 +25.6 +25.6 

–22.9 
0.2 –23.0 –23.2 –23.0 

AC77E3.46 33 17 EARLY 179 +26.1 –23.1 

AC77E3.47 32 16 LATE 106 
238 

+24.9 
-1.8 +25.9 +25.5 +25.7 

–22.9 
0.1 –23.0 –23.2 –22.8 

AC77E3.48 31 16 EARLY 132 +26.7 –23.0 

AC77E3.49 30 15 LATE 62 
234 

+26.4 
1.5 +25.3 +25.5 +26.4 

–22.9 
0.9 –23.6 –23.0 –22.4 

AC77E3.50 29 15 EARLY 172 +24.9 –23.8 

AC77E3.51 28 14 LATE 46 
171 

+25.3  
 

  –23.1  
 

  

AC77E3.52 27 14 EARLY 125         

AC77E3.53 26 13 LATE 45 
162 

+25.5 
0.4 +25.2 +25.8 +26.9 

–22.7 
0.7 –23.2 –22.5 –21.9 

AC77E3.54 25 13 EARLY 117 +25.1 –23.4 

AC77E3.55 24 12 LATE 49 
220 

+26.6 
0.7 +26.0 +27.2 +27.6 

–22.6 
-0.5 –22.2 –21.8 –21.5 

AC77E3.56 23 12 EARLY 171 +25.9 –22.1 

AC77E3.57 22 11 LATE 85 
174 

+25.8  
 

  –22.2  
 

  

AC77E3.58 21 11 EARLY 89         

AC77E3.59 20 10 LATE 107 
239 

+26.0 
-0.4 +26.2 +27.7 

 –21.9 
0.4 –22.2 –21.4 

 

AC77E3.60 19 10 EARLY 132 +26.4  –22.4  

AC77E3.61 18 9 LATE 130 
217 

+25.4  
 

  –21.5  
 

  

AC77E3.62 17 9 EARLY 87         

AC77E3.63 16 8 LATE 100 190 +25.7     –21.3     
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77E3.64 15 8 EARLY 90         

AC77E3.65 14 7 LATE 106 
761 

+28.1 
-1.5 +29.3 +28.6 

 –19.9 
1.4 –21.1 –21.1 

 

AC77E3.66 13 7 EARLY 655 +29.5  –21.3  

AC77E3.67 12 6 LATE 206 
422 

+29.2 
3.1 +27.6 

  –21.2 
-0.6 –20.9 

  

AC77E3.68 11 6 EARLY 216 +26.1   –20.6   

AC77E3.69 10 5 LATE 11 
241 

+28.1 
-0.7 +28.8 

  –20.9 
0.4 –21.3 

  

AC77E3.70 9 5 EARLY 230 +28.8   –21.3   

AC77E3.71 8 4 LATE 179   +27.1         –21.8         

Adam Creek -77-F-1               

AC77F1.1 60 30 LATE 91 
309 

  
 

    
 

  

AC77F1.2 59 30 EARLY 218         

AC77F1.3 58 29 LATE 153 
606 

  
 

    
 

  

AC77F1.4 57 29 EARLY 453         

AC77F1.5 56 28 LATE 124 
669 

  
 

    
 

  

AC77F1.6 55 28 EARLY 545         

AC77F1.7 54 27 LATE 174 
419 

  
 

    
 

  

AC77F1.8 53 27 EARLY 245         

AC77F1.9 52 26 LATE 91 
201 

  
 

    
 

  

AC77F1.10 51 26 EARLY 110         

AC77F1.11 50 25 LATE 216 
326 

  
 

    
 

  

AC77F1.12 49 25 EARLY 110         

AC77F1.13 48 24 LATE 55 
175 

  
 

    
 

  

AC77F1.14 47 24 EARLY 120         

AC77F1.15 46 23 LATE 136 
284 

  
 

    
 

  

AC77F1.16 45 23 EARLY 148         

AC77F1.17 44 22 LATE 146 
321 

  
 

    
 

  

AC77F1.18 43 22 EARLY 175         

AC77F1.19 42 21 LATE 111 
262 

  
 

    
 

  

AC77F1.20 41 21 EARLY 151         

AC77F1.21 40 20 LATE 104 224           
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2Sample ID Ring 

segment 

i.d. 1 

Ring 

# 

Late/ 

Early 

TRW1 

(μm) 

TRW 

whole 

ring 

(μm) 

δ18O 
VSMOW 

(‰) 

ΔLW-

EW 

(‰) 

annual 

weighted 

average 

δ18O 

VSMOW 

3-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

5-yr 

average 

δ18O 

VSMOW 

whole-

ring (‰) 

δ13C 

VPDB 

(‰) 

ΔEW-

LW 

(‰) 

annual 

weighted 

average 

δ13C 

VPDB 

(‰) 

3-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

5-yr 

average 

δ13C 

VPDB 

whole-

ring 

(‰) 

AC77F1.22 39 20 EARLY 120         

AC77F1.23 38 19 LATE 69 
179 

  
 

    
 

  

AC77F1.24 37 19 EARLY 110         

AC77F1.25 36 18 LATE 174 
314 

  
 

    
 

  

AC77F1.26 35 18 EARLY 140 +26.5    –23.5    

AC77F1.27 34 17 LATE 135 
391 

+25.7 
0.1 +25.6 +25.8 +25.3 

–23.2 
-0.1 –23.2 –23.2 –23.4 

AC77F1.28 33 17 EARLY 256 +25.5 –23.1 

AC77F1.29 32 16 LATE 170 
641 

+26.2 
-0.9 +26.8 +25.5 +25.1 

–23.4 
-0.5 –23.0 –23.4 –24.1 

AC77F1.30 31 16 EARLY 471 +27.0 –22.9 

AC77F1.31 30 15 LATE 227 
498 

+25.3 
0.7 +25.0 +24.7 

 –23.2 
0.3 –23.4 –24.1 

 

AC77F1.32 29 15 EARLY 271 +24.6  –23.5  

AC77F1.33 28 14 LATE 92 
376 

+24.8 
0.3 +24.6 +24.5 

 –23.4 
0.7 –23.9 –24.7 

 

AC77F1.34 27 14 EARLY 284 +24.6  –24.1  

AC77F1.35 26 13 LATE 146 
453 

  
 

    
 

  

AC77F1.36 25 13 EARLY 307 +22.4    –25.0    

AC77F1.37 24 12 LATE 42 
170 

+23.7 
-1.0 +24.4 

  –24.9 
0.2 –25.0 

  

AC77F1.38 23 12 EARLY 128 +24.7   –25.1   

AC77F1.39 22 11 LATE 310 
672 

+23.1 
-2.6 +24.5 

  –25.0 
0.0 –25.0 

  

AC77F1.40 21 11 EARLY 362 +25.7   –25.1   

AC77F1.41 20 10 LATE 168 
575 

  
 

    
 

  

AC77F1.42 19 10 EARLY 407         

AC77F1.43 18 9 LATE 250 
733 

+25.3  
 

  –25.2  
 

  

AC77F1.44 17 9 EARLY 483         

AC77F1.45 16 8 LATE 249            

                                

1 TRW = tree ring width 

2 Sample name code: e.g., AC-77-A2.1; AC-77-A = subfossil wood bundle; 2 = wood fragment number from AC-77-A2; .1 = ring number from center of wood fragment. 
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