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ABSTRACT
The relationship between earlywood width (EW) and latewood width (LW) is investigated using
197 tree-ring collections representing several tree species from across the North American continent.
Chronologies of LW have limited paleoclimate value when they have low variance or very high
correlation with EW from the same site. The correlation of LW and EW can be removed by taking
the residuals from linear regression to provide a chronology of discrete latewood growth free from the
carryover effects of prior EW (the so-called adjusted latewood chronology, LWa). The correlation
between EW and LW, along with LWa variance, varies dramatically across North America. The
lowest correlations between EW and LW chronologies can be found in Pseudotsuga menziesii in
the summer monsoon region of northwestern Mexico. Low correlations between EW and LW
chronologies are also noted for Pinus echinata and Quercus stellata in the south-central United States.
Q. stellata also displays the highest LWa variance among any species in the dataset. For three conifer
species, correlations between EW and LW appear to increase with the biological age of the tree. An
age-related decline in LWa variance was also detected for Douglas-fir, bald cypress and ponderosa
pine older than 200 years. These results imply that heavy sampling to produce “age-stratified”
chronologies based on trees # 200 years in age throughout the record may produce the best quality
LW chronologies with the highest variance and most discrete growth signal independent from EW.
Keywords: Dendrochronology, earlywood, latewood, North America, seasonal growth.

INTRODUCTION
Tree-ring records are among the most important proxy archives of past climate (Bradley 1985)
and are widely used as a dating tool in the fields
of ecology (Schweingruber 1996), archaeology
(Baillie 1982), and geomorphology (Stoffel and
Bollschweiler 2008). Total ring width (TRW) is
the most common of the many different growth
variables that can be measured and thousands of
TRW chronologies have been developed over the
past 100 years (Grissino-Mayer and Fritts 1997;
St. George 2014). The relationship between climate
variability and TRW has facilitated regional to
hemispheric scale reconstructions of temperature
and soil moisture balance (Cook et al. 1999; Esper
*Corresponding author: mtorbens@uark.edu
Copyright © 2016 by The Tree-Ring Society

et al. 2002), which have provided valuable perspectives of past social and environmental change (Villalba et al. 1994; Watson and Luckman 2004;
Stahle et al. 2007; Buckley et al. 2010).
The network of earlywood width (EW) and
latewood width (LW) chronologies covering large
parts of North America has been developed over
several decades but has seen a rapid increase in numbers in recent years. These growth variables may
contain discrete subannual climate information and
have been used for seasonal climate reconstructions
(e.g. Stahle et al. 1998; Meko and Baisan 2001;
Villanueva Díaz et al. 2007). In general, EW records
display high correlations with climate for months
prior to or during the early part of the growing season (Villanueva Díaz et al. 2007; Stahle et al. 2009;
Meko et al. 2013; Dannenberg and Wise 2016)
53
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Figure 1. Photomicrographs of earlywood and latewood growth in (a) Pseudotsuga menziesii (MAN51A, Mancos River, CO), (b)
Pinus ponderosa (SIE68B, Sierra Grande, NM), (c) Quercus stellata (WIL05A, Wilson Cabin Corinth, TX), and (d) Taxodium
distichum (BSK06, Bearskin Lake, AR). Note the relatively wide latewood bands in year 1816 for (a) and (b), in years 1858–1860 in
(c), and year 1873 in (d), independent from the earlywood variability. One dot represents the year of a decade; two dots represent the
year 1850, according to conventional dendrochronological practices.

whereas LW chronologies tend to show higher correlations with climate during the later stages of the
growing season (Meko and Baisan 2001; Stahle et
al. 2009; Griffin et al. 2013). However, the correlation between EW and LW is often high and this
very strong coupling may prevent registration of
any discrete climate signal in LW independent of
the climate effect on EW (Meko and Baisan 2001;
Griffin et al. 2011). The strength of the correlation
between EW and LW may vary because of (1) spatial and temporal variability in climate and timing
of wood production through growth of cambial
meristem, (2) species-specific differences, and (3)
age-related effects. In this paper, we examine the
empirical inter-relationship of subannual ring-width
chronologies across North America in order to better understand seasonal tree growth variation across
time and space, and to identify the ideal age classes
of trees for development of LW chronologies with
the highest variance and most discrete environmental signals independent of the strong natural correlation between EW and LW.
The density of wood formed in most temperate conifer species varies over the growing season

(Hoadley 1990). The earlywood (or springwood)
is formed during the initial growth and consists of
larger cells with thinner walls, but as the season
progresses resources are instead allocated towards
thicker walls at the expense of cell diameter and
thus the LW (or summerwood) is formed (Glock
1937; Zahner 1963; Larson 1969). The increase in
density over the growing season and abrupt
decrease in the next season usually allow for visual
identification of annual growth rings in many conifers and in numerous hardwoods (Aloni 1987). In
some species, the boundary between earlywood
and latewood is also abrupt (Figure 1), and the
width of these seasonal growth bands has attracted
scientific interest since the earliest days of dendrochronology (Douglass 1919).
EW and LW tend to be very highly correlated
in the few areas that it has been investigated (Meko
and Baisan 2001; Stahle et al. 2009; Griffin et al.
2011; Brice et al. 2013). However, there is some
independent variability in EW and LW, which
can reflect seasonal climate signals. Experiments
on longleaf pine (Pinus palustris Mill.) in the
1920s suggested that the amount of latewood
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Figure 2. The spatial distribution of tree-ring records derived from several genera and used in this study is illustrated.

produced could be enhanced through irrigation
towards the end of the growing season (Paul and
Marts 1931). Early analysis of tree-ring densitometry suggested that the formation of latewood might
be governed by climatic factors other than those
influencing the earlywood (Cleaveland 1986).
More recently, Meko and Baisan (2001) used simple regression to remove the influence of EW variability on the LW series, with the resulting time
series known as adjusted latewood width (LWa).
Adjusted LW chronologies have become a standard tree ring variable in dendroclimatology and
have been shown to contain separate information
than that recorded by EW (Griffin et al. 2011;
Griffin et al. 2013). LW and LWa in Douglas-fir
(Pseudotsuga menziensii (Mirb.) Franco) and ponderosa pine (Pinus ponderosa Douglas ex C. Lawson)
have been used as indicators of summer rainfall in
southwestern United States (Meko and Baisan
2001; Stahle et al. 2009; Faulstich et al. 2013;
Griffin et al. 2013; Woodhouse et al. 2013). Distinct spring and summer climate signals have also
been detected in Douglas-fir in the northern Rocky
Mountains (Watson and Luckman 2002; Crawford
et al. 2015). Although the recent advances have
shed light on some aspects of the relationship
between EW and LW, these studies have been
restricted to select species and regions, and do not

portray the full variance across the climate provinces of the North American continent.
We analyze the largest dataset to date of seasonal growth records from North America. In
total, 197 paired chronologies of EW and LW
were studied to estimate the persistence and partitioning of growth forcing during the current and
preceding year over time, space, and speciesboundaries. Our goal is to gain insight into how
these two growth increments are related and to
identify how the discrete seasonal growth signal
might be examined.

MATERIAL AND METHODS
A total of 228 tree-ring collections with paired
chronologies of EW and LW from locations distributed across North America were available for
analysis (Figure 2; Supplementary Material Table).
The majority of chronologies were obtained from
the International Tree-Ring Data Bank (ITRDB,
Grissino-Mayer and Fritts 1997), however, a number of records are yet to be publically available.
Chronologies were constructed using a range of
standardization approaches by the various contrib‐
utors, but all analyses below are based on stan‐
dardized mean ring-width index chronologies
without autoregressive modeling to remove low-
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order growth persistence from the time series (e.g.
Meko 1981; Cook 1985). Most chronologies are
at least 300 years long but the longest records cover
the past two millennia. A common period spanning
1800–1979 was selected for analysis, based on a
compromise between the maximum number of
chronologies and length of time available for analysis. The 197 records that cover this 1800–1979
common period include 79 Pseudotsuga, 55 Picea,
28 Pinus, 23 Taxodium, and 12 chronologies of other genera (including six Quercus records). Each pair
of chronologies was correlated to estimate the
dependency of LW on EW within the same growing season. For each site, an adjusted latewood
(LWa) chronology was produced by regressing the
site level LW chronology on the site level EW chronology (per Meko and Baisan (2001)). In addition,
the EW chronologies were also correlated with
1-year lagged EW and LWa chronologies (EWt-1
and LWa(t-1)) to examine EW dependency on both
spring and summer tree growth in the prior year.
LW variance in particular appears to have a large
effect on intercorrelation between EW and LW
(Meko and Baisan 2001). Therefore, the variance
of each EW and LWa chronology was computed
for the common period and used in the analysis of
inter-seasonal growth dependence in North American
tree species.
For a subset of the data, the actual raw measurements of both EW and LW were available for
the individual trees and radii included in each chronology. These include 38 site collections of Douglasfir (3074 measured radii for both EW and LW), 20
site collections of bald cypress (Taxodium distichum
(L.) Rich.) and Montezuma bald cypress (Taxodium mucronatum Ten.) (1122 radii), and 15 site
collections of ponderosa pine (936 radii). The individual measurements in these subsets were processed using the tree-ring chronology development
program ARSTAN (Cook 1985; Cook and Krusic
2005) with a 100-year cubic spline (Cook and
Peters 1981) used to both remove the age-dependent effects on radial growth and to stabilize the
variance of the derived EW and LW series.
Between-series mean correlations (RBAR, Wigley
et al. 1984) for the period 1800–1979 were computed for each collection for which individual measurements were available. Correlations between

standardized EW and LW for individual radii, as
well as correlations over individual 50- and 100year segments, were computed for all series. The
residuals from regression of LW on EW for each
radius from the same tree produced individuallyadjusted latewood series when these measurements
were available. The variance of all standardized
EW, LW, and LWa series was also computed,
both for the full period and for non-overlapping
segments of 50 years.

RESULTS
Pearson correlations between EW and LW
chronologies for the period 1800–1979 range from
r 5 0.166 to 0.891. There is considerable variability
in correlation across space and between species
(Figure 3; Table 1). Most low correlations (r ,
0.5) between EW and LW chronologies are located
in Mexico, and low correlations are more common
in Pseudotsuga than in the other genera. The seven
lowest correlations between EW and LW chronologies from the same sites are of Douglas-fir in the
summer monsoon region of Mexico. Other relatively low correlations between EW and LW chronologies were computed for shortleaf pine in the
continental United States and post oak in central
Texas (Figure 3). These relatively low correlations
may imply potential for reconstruction of discrete
seasonal climate using those particular subannual
ring-width chronologies.
For most chronologies, correlations between
EW and prior year’s LWa are lower than the correlations between EW and prior year’s EW (Figure 4;
Table 2). Most high correlations between EWt and
EWt-1 are found in Picea chronologies from northern United States and Canada. Low lag-1 correlations were observed for EWt and EWt-1 in the
southeastern United States and Mexico, where
many of the correlations are negative (Figure 4a).
Because low-order growth persistence has not
been removed from these EW and LW chronologies, the low EWt and EWt-1 correlations of Doug‐
las-fir in particular over Mexico may reflect
regional climate differences between Mexico and
the Douglas-fir stands in western United States.
The mean variance in the EW chronologies is
higher than in the LWa chronologies for all conifer
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Figure 3. The correlation between EW and LW chronologies is computed and scaled, based on data drawn from the same trees at 197
tree-ring sites across North America. All correlations were computed for the common period 1800–1979.

species, but for the only hardwood species analyzed
(post oak, Quercus stellata Wangenh.) the variance
in LWa is significantly higher than for EW (Table 3;
Figure 5). Mean EW variance is below 0.05 in Picea
but above 0.10 in Pseudotsuga, Pinus, and Taxodium. Similarly, the mean variance in LWa for
Pseudotsuga, Pinus, and Taxodium is above 0.05,
but for Picea it is below 0.02. The variance of the
EW and LWa chronologies have a large, but opposite, effect on the intercorrelation between these
subannual ring-width chronologies. EW variance
is positively correlated with the intercorrelation

between EW and LW, but LWa variance is negatively related to this intercorrelation (Figure 6;
Figure 7). The strongest effect of LWa variance
on the correlation between EW and LW was computed for Taxodium (Figure 7).
The coherence of subannual ring-width variability at a site, as measured by RBAR and
believed to reflect the climate sensitivity of the
trees, does not show a significant linear relationship
with the degree of correlation between EW and LW
in the available Douglas-fir, bald cypress, or ponderosa pine collections investigated in this study

Table 1. Summary statistics of Pearson correlations between EW and LW chronologies for the common period 1800–1979.
Significant correlations (p , 0.01) are indicated by an asterisk.
n

Mean r

Min r

Max r

Median r

Pseudotsuga

79

0.629*

0.166

0.891*

0.642*

Picea
engelmannii
glauca
mariana

55
20
20
12

0.631*
0.633*
0.667*
0.556*

0.349*
0.366*
0.370*
0.349*

0.868*
0.821*
0.868*
0.770*

0.646*
0.662*
0.680*
0.563*

echinata
ponderosa

28
9
16

0.658*
0.547*
0.724*

0.360*
0.360*
0.430*

0.856*
0.715*
0.856*

0.668*
0.523*
0.736*

Taxodium

23

0.773*

0.574*

0.873*

0.791*

Other
Quercus stellata

12
6

0.635*
0.537*

0.417*
0.417*

0.870*
0.620*

0.601*
0.543*

Genus

Species

Pinus
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Figure 4. Maps illustrating correlations between current earlywood (EWt) and prior year earlywood (EWt-1, a); and EWt and prior
year adjusted latewood (LWa(t-1), b), chronologies computed for the common period 1800–1979. The negative correlations (downpointing triangles) between EWt and EWt-1 are primarily restricted to bald cypress in the southeastern United States and to Douglasﬁr in Mexico. Negative correlations between EWt and LWa(t-1) are not common, but are computed for bald cypress, Douglas-ﬁr, and
spruce.

(p . 0.1 for all three species). Correlations between
EW and LW for the individual radii by age class in
Douglas-fir, bald cypress, and ponderosa pine are
lower in the first 50 to 100 years of growth (Figure 8).
In subsequent 50-year windows there are little
or no significant changes in correlations and it
appears that age does not play a role in the relationship between EW and LW for trees of ages
greater than 100 years. Variance in LWa from

individual trees and radii tends to decline after
200 years in age for the three species investigated
(Figure 8). Variance in the LWa for Douglasfir and ponderosa pine appears to peak in the
150–200-year age range, and declines thereafter,
but there is a steady decline in LWa variance in
bald cypress (Figure 8). These age-based correlations between EW and LW, and the age-related
changes in variance suggest that age-stratified
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Table 2. Summary statistics of Pearson correlations between (1) current earlywood width (EW) and prior year earlywood (pEW), and
(2) EW and prior year adjusted latewood (pLWa), chronologies computed for the common period 1800–1979. Significant correlations
(p , 0.01) are indicated by an asterisk.
EW vs. pEW

EW vs. pLWa

n

Mean r

Min r

Max r

Mean r

Min r

Max r

Pseudotsuga

79

0.229*

−0.126

0.522*

0.221*

−0.084

0.406*

Picea
engelmannii
glauca
mariana

55
20
20
12

0.422*
0.328*
0.487*
0.458*

0.048
0.049
0.048
0.163

0.844*
0.669*
0.844*
0.668*

0.173
0.217*
0.131
0.168

−0.127
−0.031
−0.127
−0.003

0.484*
0.405*
0.484*
0.285*

echinata
ponderosa

28
9
16

0.334*
0.503*
0.275*

0.043
0.432*
0.043

0.643*
0.643*
0.480*

0.179
0.154
0.186

−0.017
0.023
−0.017

0.343*
0.305*
0.343*

Taxodium

23

0.105

−0.133

0.408*

0.070

−0.098

0.250*

Other

12
6

0.020

−0.191

0.220*

0.102

0.058

0.219*

Genus

Species

Pinus

Quercus stellata

techniques, where younger trees are preferentially
sampled throughout the time spanned by the
available trees, might lead to enhanced summerseason environmental signals in adjusted latewood
chronologies.

DISCUSSION
The analysis of 197 tree-ring collections indicates that the correlation between EW and LW is
generally high across all of North America for the
several species studied. The lowest correlations
between EW and LW were computed for Doug‐
las-fir in the monsoon region of Mexico. But at
the same time, some of the highest correlations

were computed for Douglas-fir in the Four Corners
region of the southwestern United States. This
steep gradient in the correlation between EW and
LW in Douglas-fir is clearly evident when the
results for just Douglas-fir are mapped (Figure
9a). The change in EW and LW correlations across
the United States and Mexico might arise in part
from (1) the north-south temperature gradient and
later onset of the growing season in the Four Corners area, and/or (2) the earlier onset of the summer
rains in northwestern Mexico after the pre-monsoon
dry period. Previous studies using subannual ringwidth data from Douglas-fir have linked LW production to the availability of soil moisture in summer
(Meko and Baisan 2001; Therrell et al. 2002;

Table 3. Summary statistics of EW and LWa variance during the common period 1800–1979.
Earlywood

Latewood (Adjusted)

n

Mean Var

Min Var

Max Var

Mean Var

Min Var

Max Var

Pseudotsuga

79

0.108

0.019

0.302

0.067

0.011

0.175

Picea
engelmannii
glauca
mariana

55
20
20
12

0.035
0.031
0.041
0.031

0.019
0.021
0.019
0.019

0.082
0.046
0.082
0.049

0.015
0.008
0.014
0.015

0.006
0.014
0.006
0.009

0.040
0.040
0.031
0.023

echinata
ponderosa

28
9
16

0.110
0.063
0.131

0.042
0.051
0.042

0.230
0.100
0.230

0.086
0.118
0.067

0.021
0.047
0.021

0.183
0.183
0.139

Taxodium

23

0.143

0.082

0.220

0.053

0.014

0.187

Other

12
6

0.0502
0.033

0.016
0.016

0.087
0.054

0.128
0.217

0.013
0.127

0.221
0.326

Genus

Species

Pinus

Quercus stellata
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Figure 5. The variance of the EW (a) and LWa (b) chronologies is scaled and mapped for 197 sites and several species across North
America. LWa variance exceeds EW variance only for a few series, mainly shortleaf pine and post oak in the southcentral United
States.

Stahle et al. 2009; Griffin et al. 2013). Because of
an earlier arrival of the monsoon precipitation in
Mexico (Douglas et al. 1993; Adams and Comrie
1997), the late-season moisture source is available
to the trees for a longer part of the growing season, and it is possible that this regional climate
mechanism effectively decouples LW from EW.
Despite the high correlation between EW and
LW in Douglas-fir from southern Arizona and
southern New Mexico, the LWa variance is still
relatively high in many of these collections (Figure

9b) and is likely to explain the success of summer
precipitation reconstructions for the region (e.g.
Griffin et al. 2013).
The influence of prior growth on current year
EW also differs between the Four Corners region
and northern Mexico (Figure 9c and d). In the
Four Corners region, the correlation between prior
summer adjusted latewood (LWa(t-1)) and earlywood
during the current year (EWt) is among the highest
of all collections analyzed (Figure 4b; Table 2).
In contrast, many chronology pairs in Mexico

Earlywood-Latewood Relationships across North America

61

Figure 6. Scatterplots between EW variance and the correlation coefﬁcients computed for EW and LW for each chronology pair by
genera.

show negative correlation between the two variables. The same pattern is observed for correla‐
tions between prior spring earlywood (EWt-1) and
EWt. The traditional explanation of low-order

autocorrelation in trees is that an accumulation of
food during the latter stages of the growing season
is stored during winter (Fritts 1976). Such food
storage appears to be significantly less important,

Figure 7. Scatterplots between LWa variance and the correlation coefﬁcients computed for EW and LW for each chronology pair by
genera.
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Figure 8. The effect of “tree age” on the intercorrelation between
EW and LW (a,c,e) and on LWa chronology variance (b,d,f) is
illustrated for non-overlapping 50-year periods using box plots
of the median, 25th and 75th percentile, and the minimum and
maximum values. The sample size of individual age classes varies
from (3016 to 118) for Douglas-ﬁr, (1122 to 305) for bald cypress
and Montezuma bald cypress, and (936 to 73) for ponderosa
pine. Note the generally lower correlations typical for the ﬁrst
50 to 100 years of growth, and the general decline in LWa
variance after 200 years for all three species.

even non-existent, in several Douglas-fir stands
growing in northwestern Mexico. The difference
in resource allocation throughout the range of the
species may, again, be caused by differences in
local hydroclimate.
Shortleaf pine (Pinus echinata Mill.) displays
the lowest mean correlation between EW and LW
of any conifer species (Table 1). Shortleaf pine is
also the only conifer species for which the mean
LWa variance is higher than the mean EW variance

(this holds true for 7 of the 9 site chronology pairs;
Table 3). Shortleaf pine in Arkansas was the subject of one of the pioneer studies on seasonal
growth by Schulman (1942), who identified JulySeptember precipitation as a potential driver of
LW variability. Removing the LW dependency of
EW in shortleaf pine might enhance the correlation
between LWa and late summer precipitation or soil
moisture conditions.
The mean EW-LW correlations for post oak,
an angiosperm, is lower than in any of the gymno‐
sperms. As measured in the oak collections included
in this study, EW is the part of the annual growth
ring made up of large-diameter vessels. In these
particular datasets, interannual variation in vessel
size and number is miniscule compared with the
width of the latewood component of the ring
(Figure 1). Therefore, the variation in total ring width
is almost entirely dominated by LW. The variance
in post oak EW is significantly lower than in
LW or LWa (Table 3), which is in agreement with
the findings of other studies on the genus Quercus
(Nola 1996; Yang 1997; García-González and
Eckstein 2003). Earlier studies on EW and LW
variability in oaks have recorded high correlation
between (unadjusted) LWt-1 and EWt (r 5 0.25–
0.49 (Nola 1996); r 5 0.67 (García-González and
Eckstein 2003)), which has been explained by the
timing of wood formation in relation to photosynthetic activity in oaks. Starches stored from prior
summer and autumn may support earlywood xylem
production prior to or during leaf-out (Wareing
1951; Aloni 1995; LeBlanc and Terrell 2011). The
mean correlation between LWt-1 and EWt in the six
post oak collections is , 0.1, and just marginally
higher for LWa(t-1) and EW.
The difference between post oak and other
oak species may be caused by the relatively arid
growing environments of the former. The limited
correlation between EW and LW, in addition to
high LWa variance, indicates that additional climate information might be gained from the seasonal growth components of this species. In fact, this
analysis of post oak, although based on only six
collections, may suggest that there is dendroclimatic potential for subannual tree-ring variables
in other drought-stressed oak species elsewhere in
North America.
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Figure 9. Statistics of seasonal growth for 78 Douglas-ﬁr chronology pairs in the southwestern United States and Mexico: correlation
between EW and LW (a); LWa variance (b); correlation between EWt-1 and EWt (c); and correlation between LWa(t-1) and EWt (d).

The correlation between EW and LW is
extremely high in bald cypress. The rings, particularly in multi-century-aged individuals, are dominated by earlywood tracheids with only a handful
of tracheids (and low variability in the number) in
the latewood. Nevertheless, previous research has
shown that it is possible to produce discrete climate
reconstructions from bald cypress LWa records
(Stahle et al. 2012), despite the high correlation
between EW and LW. Only two Montezuma bald
cypress collections were analyzed, but these display
the lowest correlations (r 5 0.574 and 0.646)
between EW and LW within the genus. Total
ring width of Montezuma bald cypress has been
used for millennium-length reconstructions of

June soil moisture conditions (Stahle et al. 2011)
and the relatively weak relationship between EW
and LW growth suggests that its rings may contain
discrete seasonal climate information. However,
LW variance in Montezuma bald cypress is often
low so that the potential for LW chronology development may be limited for this species.
The highest correlation of prior and currentyear EW is found in Picea collections (Table 1;
Figure 4a). Significant autocorrelation in Engelmann spruce (Picea engelmannii Parry ex Engelm.)
and white spruce (P. glauca (Moench) Voss) total
ring width has previously been reported (Parker
and Henoch 1971; Adams and Kolb 2005; Tardif
et al. 2008), which may muddle any climate signal
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in the chronologies if left untreated (D’Arrigo et al.
1992). Our results suggest that the autocorrelation
recorded in spruce TRW is mainly driven by EW,
perhaps more so in white spruce than in Engelmann spruce or black spruce (P. mariana (Mill.)
Britton).
A low correlation between EW and LW
growth, or a stronger decoupling of the two, is
thought to indicate potentially discrete climate signals in the respective growth variables. The strong
negative relationship between EW-LW correlations
and LWa variance (Figure 7) suggests that a greater
amount of LWa variance can be retained in trees
with decoupled growth. Increased year-to-year variability in tree growth is usually assumed to be
caused by a stronger climatic forcing (e.g. Fritts et
al. (1965)), and is therefore desirable from a dendroclimatological standpoint. Other factors could
influence correlations and the variance of the seasonal growth components. Choices made during
the processing of measurements could have an
effect on the relationship between EW and LW,
and regression to produce LWa chronologies can
impact the variance of the latter. Griffin et al.
(2011) recommend that adjustments should be
made at the radii level rather than after chronology
construction because of the large differences in
correlations within stands. Tree age has also
been suggested as having an effect on the usefulness of independent seasonal growth variables
(Meko and Baisan 2001; Stahle et al. 2009; Griffin
et al. 2011).
Our analyses of the age effect based on individual measurements from a subset of data indicate
an increase in correlation between EW and LW for
Douglas-fir, bald cypress and Montezuma bald
cypress, and ponderosa pine within the first 100
years of estimated tree age (Figure 8). Because
inner-ring dates in these measurements are likely
an underestimate of the true tree establishment
dates, the effect of estimated tree age on correlation
may be even stronger than suggested by our results
and may extend out to the first 150 years of absolute tree age. Similar age-dependent trends are
apparent in LWa variance, which tend to decrease
after ca. 200 years of growth for the three main
conifer species studied (Figure 8). Meko and Baisan (2001) noted that the interannual variability

in the latewood for five Douglas-fir records from
Arizona decreased after the first 250 years of
growth. This notion seems to hold true when
extending the analysis to 38 sites and over 3000
radii (Figure 8). Although using only tree-ring
series younger than 100 or 150 years old would
impose significant constraints on the number of
acceptable samples and most likely shorten the
period of climate reconstruction, such a sampling
strategy may enhance the seasonal climate signal
present in the adjusted latewood chronologies.
Age-stratified sampling and chronology construction have recently been used to improve the climate
signal of riparian trees for streamflow reconstructions, as younger trees appear more sensitive to
hydroclimate in some settings (Meko et al. 2015).

CONCLUSIONS
The simple correlations of same-site EW and
LW chronologies from across North America are
often very high (r . 0.7). Nonetheless, several
recent studies indicate that adjusted latewood,
where the dependency of EW has been removed,
can contain discrete climate information otherwise
unavailable from TRW. The decoupling between
EW and LW is strongest in Douglas-fir chronologies from the monsoon region of northern Mexico
but relatively low correlations of EW and LW can
also be observed in post oak and shortleaf pine
from southcentral United States, which may also
arise from seasonal climate patterns. Our analyses
also indicate that the lowest correlations of EW
and LW are typically found in the first 200 years
of growth for three major conifer species in North
America.
The measurement of EW and LW has not
been a routine practice within dendrochronology
in the past, however as already demonstrated by
Schulman (1942) and others, the simple optical
measurement can be made objectively and with
great reproducibility. This paper shows that there
can be major differences in the interannual variability in EW and LW, differences that are likely
caused by varying seasonal distribution of precipitation. The seasonal climate response of EW, LW,
and LWa chronologies described in this paper will
be investigated in a follow-on study, as well as the

Earlywood-Latewood Relationships across North America

potential benefits of using strict age-stratified chronologies to reconstruct discrete seasonal climate
from EW and LWa.
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