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A B S T R A C T   

Over the past decade, dendrochronologists have increasingly adopted the signal-free detrending (SFD) method to 
remove age-size trends in tree-ring measurement series, amplify the common stand-wide signal in composite 
chronologies, and recover medium- to low-frequency patterns that may be inadvertently removed by other 
detrending approaches. However, since its introduction in 2008, no systematic evaluation of the effects of SFD on 
tree-ring chronologies has been performed. Here we conduct the first review of SFD in dendrochronology and 
assess its effects when applied to large tree-ring networks. We analyzed the PAGES North America 2 K database 
of nearly 300 temperature-sensitive chronologies and the Missouri River database of over 350 chronologies 
curated for the purpose of reconstructing Missouri River streamflow. Both databases contain multiple versions of 
each chronology generated by different detrending methods, including those produced with (and without) the 
signal-free procedure applied. We evaluated (i) whether SFD increases chronology coherence at the site level by 
boosting the between-tree agreement, (ii) whether SFD increases coherence on a regional basis by making 
neighboring chronologies more similar to each other, and (iii) whether signal-free chronologies retained more 
medium- to low-frequency variability than their traditional counterparts. We find that, while SFD increased the 
strength of common signals in many instances, the effect was not universal and some sites even show a decrease 
in signal coherence. At regional scales, SFD increases chronology coherence in temperature-sensitive records but 
had no detectable effect on moisture-sensitive records. Our results demonstrate the importance of evaluating the 
effects of SFD prior to deploying this method for chronology development and paleoclimate reconstruction.   

1. Introduction 

Detrending is an essential data processing step in the development of 
tree-ring chronologies. This practice is intended to remove the geo-
metric age- and size-related growth trend and emphasize the common 
climate-related variance within a site or region (Fritts, 1976). Func-
tionally, detrending involves transforming raw tree-ring measurements 
into dimensionless ring-width indices, typically by dividing or sub-
tracting measurements against an idealized estimate of growth trends 
obtained from a data-adaptive spline, linear regression, or negative 
exponential curve function (Cook and Kairiukstis, 1990). Although these 
methods remove the pattern of rapid growth often present at the 
beginning of tree-ring series, they are imperfect tools because annual 
ring width represents a complex aggregate of environmental, ecological, 
and age-related factors (Fritts, 1976; Cook, 1987). This complexity 

leaves open the question of how much of the low-frequency (deca-
dal-to-centennial-scale) variability that is removed by detrending in any 
given ring-width series is related to climate or other biological or 
environmental factors. Low-frequency climate signals can be removed 
during detrending and many standardization techniques emphasize 
high-frequency (i.e., interannual to decadal) variability (Briffa et al., 
1996; Esper et al., 2002; Cook et al., 1995). In addition, in cases where 
chronologies consist of many short individual ring-width series, 
low-frequency climate related signals are not retained due to the prob-
lem known as the “segment-length” curse (Cook et al., 1995). In this 
situation, the growth trend removal from traditional detrending tech-
niques employed on the many short individual series combined with the 
process of averaging these records into a site chronology removes 
variability at multi-decadal or greater timescales. Consequently, some 
unknown amount of climate-related variance is lost during detrending 
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and some non-climatic information is propagated into the resulting 
ring-width indices (Briffa et al., 1996). 

A variety of detrending methods have been developed for the pur-
pose of removing age-growth trends while maximizing the retention of 
climate signals at medium and low frequencies. For example, regional 
curve standardization (RCS) develops a stand-wide detrending curve by 
aligning samples by cambial age in order to approximate a regional 
growth trend (Helama et al., 2004; Esper et al., 2003; Helama et al., 
2017). Bias in final chronologies may result from RCS if all of the trees 
represented within a chronology do not reflect a single growth curve 
through time (Briffa and Melvin, 2011; Anchukaitis et al., 2013). The 
result of biases introduced during detrending is that traditional methods 
such as RCS, negative exponential curve, or spline fitting may result in 
“trend distortion”, a term used to describe a mismatch between tree-ring 
indices and climate data (Helama et al., 2004; Melvin, 2004; Melvin and 
Briffa, 2014a, 2014b, Melvin and Briffa, 2008). Trend distortion can also 
result from dividing raw measurements by a near-zero growth curve, 
resulting in artificially inflated estimates of climate, particularly at the 
modern end of chronologies (Cook and Peters, 1997; D’Arrigo et al., 
2008). The discarding or artificial amplification of common 
low-frequency growth variability related to climate, and/or the intro-
duction of bias due to detrending limits our ability to correctly calibrate 
tree-ring chronologies against instrumental climate records and recon-
struct centennial- and greater-scale climate variability (Briffa and Mel-
vin, 2011; Helama et al., 2017). 

Signal-free detrending (SFD) was first introduced by Melvin (2004) 
as a solution to the problem of trend distortion at medium-frequency 
(decades to a century) timescales, resulting in a mismatch between 
climate records and tree-ring chronologies (Melvin, 2004; Melvin and 

Briffa, 2008). The term “signal-free” refers to the creation of detrending 
curves that do not contain the common signals shared across the trees in 
a chronology, and are thus ‘free’ from common variance and should 
preserve this signal in the resulting chronology. Unlike other 
data-adaptive detrending methods, SFD uses an iterative approach to 
create individual growth curves in which shared variance lost during the 
initial detrending process is reintroduced into the ring-width index se-
ries (Melvin, 2004; Melvin and Briffa, 2008). In its original formulation, 
SFD was primarily intended to improve the expression of 
medium-frequency (i.e., decades to one century) variance associated 
with climate forcing. Because age-growth trends overlap with 
decadal-scale variance in tree ring chronologies, climate-related signals 
at medium frequencies are also subject to removal during traditional 
detrending. The signal-free approach was designed to minimize distor-
tion at these frequencies, thus improving the quality of tree-ring chro-
nologies for use in paleoclimate reconstruction. 

In theory, the use of the signal-free approach to detrending should 
increase the expression of common signals that are present among trees 
within chronologies as well as between neighboring chronologies with 
similar environmental limitations on tree growth. Because it is designed 
to preserve medium-frequency variance, SFD should also increase the 
expression of multi-decadal to centennial trends attributable to climate 
forcing of temperature and/or hydroclimate (Briffa et al., 2001; Esper 
et al., 2002; Cook et al., 2007). Despite widespread use, the efficacy of 
this method has not been evaluated with respect to its effects on diverse 
types of chronologies (e.g. moisture versus temperature-sensitive), such 
as those included in large networks of tree ring datasets. In this study, we 
reviewed published studies that used SFD in order to gage how this 
method has been applied by the dendrochronology research community. 

Fig. 1. Map of locations for Past Global 
Changes (PAGES) North America 2 K and Mis-
souri River Basin site chronologies. Both net-
works of chronologies were developed for use 
in paleoclimate reconstruction. The PAGES 
database (n = 289) contains temperature- 
sensitive chronologies, most of which were 
collected at high elevation and far-northern 
sites. The Missouri River Basin (n = 374) data-
base contains primarily moisture-sensitive 
chronologies from the eastern Rockies and 
Great Plains.   
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We then performed a series of analyses to examine how the signal-free 
method influences the expression of common signals in large tree-ring 
networks. We tested whether SFD increased the expression of shared 
and medium-frequency variance at the site level and on a regional basis 
in over 600 temperature and moisture-sensitive chronologies from 
across North America (Fig. 1). Our aim was to examine how SFD changes 
the expression of common signals in tree-ring chronologies, rather than 
to test the fidelity of the resulting chronologies to climate records. Our 
analysis does not address the problem of trend distortion, which would 
require a comparison of the signals associated with different detrending 
choices with those present in time series of climate observations. 
Instead, this review and analysis are intended to highlight how this 
method has been used in tree-ring research and establish a framework 
that other dendrochronologists can apply when evaluating the effects of 
SFD on the development of new tree-ring chronologies. 

1.1. Hypotheses 

Based on our understanding of how the signal-free process influences 
tree-ring measurements and chronologies, we hypothesize that (i) SFD 
would increase strength of correlations among records at the site level, rep-
resenting an increase in the expression of site-wide common signals. On 
a regional basis, we predict that (ii) SFD would increase coherence by 
strengthening correlations between neighboring chronologies, representing 
an increase in the strength of regional climate signals. Last, we hy-
pothesize that (iii) signal-free chronologies would exhibit greater medium 
(decades to century) and low-frequency (century to millennium) variability 
compared to traditional versions. 

1.2. A brief overview of signal-free detrending 

Signal-free detrending is an iterative, data-adaptive detrending 
method that can be implemented in conjunction with any of the 
detrending curves (i.e., negative exponential, cubic smoothing splines, 
RCS, et cetera) common in tree-ring standardization (Melvin, 2004; 
Melvin and Briffa, 2008). In a single iteration, individual series are 
detrended using initial detrending curves representing the expected 
growth without the influence of climate to create a “tree index” asso-
ciated with that individual set of measurements. The resulting set of tree 
indices are averaged together to create a “chronology index” with an 
associated error term that represents the difference between the 
stand-wide chronology index and the expected growth in that year: 

Chronology index =
Tree index

Error 

From this, the chronology index, or what would be considered 
“common signal” can be added to or removed by multiplication or di-
vision from each series of ring-width measurements in which case: 

SF measurement =
Ring width

Chronology index 

The mean of the new “signal-free measurement” is then rescaled to 
the mean of the original set of ring-width measurements, which can then 
be treated as a raw measurement series. This process is repeated itera-
tively until the residual chronology indices converge, typically in fewer 
than six iterations (Melvin, 2004; Melvin and Briffa, 2008). After the 
indices converge, the residual series are described as “signal-free” 
because the maximum amount of common signal should have been 
preserved in the derived tree-ring indices. In theory, the use of the 
chronology index should have the effect of boosting the commonality of 
the resulting indices by reintroducing any variance lost during the 
detrending process. By amplifying common chronology signals, SFD 
should also have the effect of reducing trend distortion by preserving the 
real medium- and low-frequency signals present in the tree-ring dataset 
(Melvin and Briffa, 2008). 

2. Methods 

2.1. Literature review of SFD use in dendrochronology 

The RCSigFree and CRUST programs, which are used to perform 
signal-free detrending, are available for use by the dendrochronology 
research community in the software repository at the Lamont-Doherty 
Earth Observatory Tree-Ring Laboratory (Melvin and Briffa, 2014a (1, 
2), Cook et al., 2020 https://www.ldeo.columbia.edu/tree-ring-l 
aboratory/resources/software). To understand how SFD has been used 
by dendrochronologists we reviewed over 300 citations to Melvin and 
Briffa (2008) obtained from Google Scholar. If the authors applied this 
approach in their paper, we recorded the site, species, tree-ring 
parameter (i.e., tree-ring width, maximum latewood density, etc.), and 
the climate target (i.e., temperature, rainfall, streamflow, etc.), and 
curve fitting method. Finally, we noted the rationale stated by the au-
thors for their choice of SFD. Our final literature review included 125 
unique studies (See Supplemental Materials for our complete list of 
articles). 

2.2. Testing the effects of SFD on large networks of tree-ring chronologies 

We tested the effects of SFD on common chronology signals in two 
large networks of tree-ring datasets from across North America, devel-
oped for use in paleoclimate reconstruction (Fig. 1, Table S1). We 
analyzed over six hundred temperature and moisture sensitive chro-
nologies to determine the effects of SFD on correlation strength among 
series within chronologies (i.e., rbar), and between neighboring chro-
nologies on a regional basis. The first network is a set of 298 tree-ring 
measurement sets from North America curated by the Past Global 
Changes (PAGES) 2k initiative (PAGES, 2013, 2017). The objective of 
the PAGES2k effort is to build a community-sourced database of 
temperature-sensitive proxies, so this compilation only includes 
tree-ring records (ring width and maximum latewood density, MXD) 
that are positively and significantly correlated with local temperature 
observations. Most records within the PAGES North American 2k 
network (NAM2k) are derived from high-latitude or high-elevation 
forests in the western Cordillera, Alaska, or northern Canada where 
summer temperature is the primary climate factor that limits tree 
growth (St. George, 2014). 

The second tree-ring network was developed to support paleohy-
drological reconstructions for the Missouri River basin (MRB, Martin 
et al., 2019). This set includes 374 chronologies from the central United 
States and southern Canada (Fig. 1, Table S1). This network includes 
chronologies that are reflect variability in streamflow, and therefore it 
has a variety of different climate sensitivities represented within it 
including summer temperature, summer precipitation, and winter 
snowpack (Cook et al., 2007; Woodhouse and Lukas, 2006; Wise, 2010; 
Pederson et al., 2011; Martin et al., 2019). For every record within the 
NAM2k and Missouri networks, there are multiple versions of the cor-
responding chronology, each produced by applying a different 
detrending method to the same raw tree-ring measurements. 

In our analysis, we selected two specific chronology versions that 
were present in both databases. The first version is derived from a 
traditional detrending method based on age-dependent spline fitting 
(Cook and Peters, 1997; Melvin, 2004). The second version had also 
initially been detrended with age-dependent spline fitting, and then had 
the iterative signal-free procedure applied in addition (Melvin, 2004; 
Melvin and Briffa, 2008). In the Missouri River dataset, the initial 
chronology was generated after detrending each measurement series 
with an age-dependent spline of unconstrained slope with initial stiff-
ness set to 20-years without variance stabilization. In the NAM2k 
network, the initial detrending used an age-dependent spline with an 
initial stiffness or 50-years and a slope constrained to be zero or negative 
with no variance stabilization. 
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2.3. Data processing and standardization 

Both networks containing the traditional and signal-free chronology 
versions were subjected to the same screening processes prior to anal-
ysis. First, we limited the length of each chronology to the time period 
from CE 1001-2000, such that no series extended earlier or later than 
this common period. This step shortened chronologies that started prior 
to the year 1001, but made no changes to records that began more 
recently than 1001. Second, we truncated each chronology at the 
furthest year in the past when the expressed population signal (EPS) 
dipped below 0.85. This step was applied to ensure a sufficient number 
of trees were available in each year to produce a reliable estimate of the 
chronology mean. For chronologies that had a sufficient sample density 
across the 1000–2000 CE period, no changes were made during this step. 
All analyses were performed in the R computing environment (R Core 
Team, 2019). 

2.4. Testing the effects of signal-free detrending on stand-level coherence 

To determine whether signal-free detrending increases coherence 
among trees at the site level we analyzed the change in r-bar from the 
traditional to the signal-free version of each network. R-bar is a tradi-
tional statistic in dendrochronology that represents the average corre-
lation among cores within a single tree for a given calendar year (Wigley 
et al., 1984). We also investigated whether SFD increased the number of 
years represented in each chronology prior to the 0.85 EPS cutoff. Given 
that SFD is designed to increase the expression of shared signals within a 
chronology, we predicted that the signal-free version of each chronology 
would have a higher r-bar than its traditional chronology counterpart. 
We also anticipated that SFD would increase the EPS of the resulting 
chronology, which in turn would cause the signal-free chronologies to 
extend back further in time compared to the traditional version. To 
assess statistical significance of change in r-bar, we applied paired 
Wilcoxon signed-rank tests on Fisher-transformed correlation co-
efficients (i.e. z-scores) to the two sets of chronology r-bar values 
resulting from the different detrending methods (Gotelli and Ellison, 
2013). 

2.5. Analysis of change in chronology coherence at regional scales 

Similar to our analysis of change in stand-level coherence, we tested 
whether SFD increases the similarity between neighboring chronologies. 
We defined neighboring chronologies as those located at sites within 
twenty-five kilometers of each other. For each pair, we examined the 
change in the Pearson correlation coefficient from the traditional to the 
signal-free version of the chronology. We performed this analysis on 
smoothed versions of each chronology that we processed using a series 
of cubic smoothing splines. We used ten, thirty, fifty, and one hundred- 
year splines with 50 % frequency responses, which means half of the 
variance at the specified wavelength (i.e., number of years) was retained 
in the final series. We analyzed the change in correlation between 
neighbors for the full overlapping portion of the series for the original 
and smoothed versions of each pair of chronologies. Because SFD is 
intended to amplify common climate signals, we predicted a significant 
increase in the correlation between neighboring chronologies would be 
evident. Because SFD should perform better in retaining lower- 
frequency variability, we further predicted this effect would be more 
pronounced in the smoothed version of the analysis. To assess statistical 
significance of changes in the strength of correlations between sites we 
performed Wilcoxon signed-rank tests on Fisher-transformed correlation 
coefficients (i.e. z-scores) for each neighboring pair (Gotelli and Ellison, 
2013). 

2.6. Determining whether SFD increases variance present at multi-decadal 
to centennial timescales 

We tested whether SFD increases variance present in chronologies at 
decadal and greater timescales through two separate approaches. First, 
we computed the power spectrum for each version of the chronologies 
represented in both networks, and then examined the difference be-
tween results obtained from the traditional and SFD versions. For this 
analysis, we applied spectral analysis on the chronology periodograms, 
which were smoothed using a Daniell filter with a span length of 2 
(Priestley, 1981; Shumway and Stoffer, 2017). 

In order to determine how SFD changed the percentage of variance 
retained at certain wavelengths, we calculated the variance of un-
smoothed, ten-year, thirty-year, fifty-year, and one-hundred year 
smoothed chronologies, and then examined the different in variance 
present between the traditional and signal-free versions. We predicted 
that SFD would increase the amount of variance retained at multi- 
decadal to centennial timescales. The final analysis we performed only 
on the PAGES network because of its uniform climate sensitivity to 
summer temperature. Here we averaged all of the traditional and SFD 
versions of the mean chronology series together and plotted the differ-
ence between the traditional and SFD versions at each year from 
1001−2000. This step was done to determine the total differences in 
long-term trends across the two networks. 

3. Results 

3.1. Literature review 

The results of our literature review indicate that SFD has become 
increasingly common in recent years. In our sample of 125 studies, 
nearly 90 of them had been published since 2016. We also found that 
SFD has been applied in wide variety of contexts. Tree-ring parameters 
were not limited to total ring width and wood density, but also included 
blue intensity (Deng et al., 2014; Fuentes et al., 2017), wood anatomical 
features such as microfibral angle and cell wall thickness (Drew et al., 
2013; Allen et al., 2017a, b), stable isotope concentrations (Helama 
et al., 2018), and wood mercury content (Clackett et al., 2018). Around 
half of the studies that we reviewed used SFD in some type of temper-
ature reconstruction. Approximately one quarter of all studies used SFD 
to reconstruct precipitation or soil moisture, or to link growth with 
modes of hydroclimate variability (Cook et al., 2018; Fuentes et al., 
2019). Notably, SFD has been integral to the development of all of the 
major continental-scale drought reconstructions of the Palmer Drought 
Severity Index (Cook et al., 2013; Palmer et al., 2015; Stahle et al., 
2016). The remaining quarter of studies applied SFD to a variety of 
paleoclimatological analyses such as streamflow reconstructions (Cook 
et al., 2013; Allen et al., 2017a,b, Maxwell et al., 2017) or in den-
droecological applications such as analysis of tree growth rates (Cahoon 
et al., 2018; Wang et al., 2018, 2019). 

Because the signal-free procedure can be applied in conjunction with 
any type of initial detrending curve, researchers have used SFD with 
several of the different detrending methods typically used in dendro-
chronology. Approximately half of the studies reported using some type 
of data-adaptive spline function as their initial detrending method, such 
as age-dependent or 2/3rds splines. Over a quarter of the studies used 
negative exponential or linear curves. Around twenty studies reported 
using RCS, and the remaining studies reported a variety of different 
approaches including the Friedman’s Super Smoother (Friedman, 1984; 
Allen et al., 2013, 2015) and Hugershoff curve (Cerrato et al., 2019). 

By far the most common reason stated for choosing SFD was to 
mitigate or reduce trend distortion, followed by a desire to increase the 
common signal or preserve medium- to low-frequency variability. Very 
few studies reported having tested multiple approaches before choosing 
SFD for their final chronology development (e.g. Pederson et al., 2012; 
Anchukaitis et al., 2013; Zhang and Chen, 2017), and thus far no study 
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reported conducting a systematic evaluation of the effects of SFD in 
comparison to other detrending methods, on final chronologies. 

3.2. SFD increases agreement at the stand level 

In nearly all (more than 90 %), chronologies that had been produced 
by SFD had higher r-bar values than did those created using traditional 
detrending methods (Fig. 2). However, for both the PAGES and Missouri 
networks, the overall improvement was very small: 0.01 in PAGES and 
0.02 in the case of MRB (r-bar typically varies between zero and one). 
For the MRB set, we observed a weak negative relationship between 
effect size and initial r-bar value, indicating the improvement was 
greater at lower initial values (Fig. 2, right). There was no apparent 
relationship between initial value and effect size in the PAGES database 
(Fig. 3, left). It should be noted that the increase in r-bar was not uni-
versal, and there were a few chronologies in each network that experi-
enced a decrease in r-bar due to the signal-free procedure (19 of 298 for 
PAGES, 7 of 371 or MRB). There was nothing obviously exceptional 
about these chronologies; all of which spanned at least 250 years with no 
particular geographic pattern or association with species. Additionally, 
the sample depth of chronologies that experienced a decrease in r-bar 
was consistent with the network-wide average, indicating that this 
negative change was not due to poor replication. The decrease was also 
very modest, with changes observed only at the hundredth or thou-
sandth decimal place. The application of the signal-free procedure did 
increase the useful length of final chronologies by pushing the 0.85 EPS 
cutoff date further into the past. For both networks, SFD extended the 
average chronology length by approximately a decade (11 years for 
PAGES to 486 years, 12 years for MRB to 509 years). Results from 
Wilcox signed-rank tests indicate that the change in rbar following the 
application of SFD was highly statistically significant (PAGES: n = 298, 
v = 39970, p < 0.001, MRB: n = 371, v = 68427, p < 0.001). 

3.3. SFD increases between-chronology coherence at a regional scale 

Scaling up from our analysis of stand-level coherence, we examined 
the effects of SFD on the strength of correlations between neighboring 
chronologies. We present the results of this analysis for the original 
(unsmoothed) versions of each network, and on versions that have been 
smoothed using low-pass filters set at thirty and one hundred years. Our 
results were mixed: In the case of PAGES, SFD increased the strength of 
the correlation between neighbors for the smoothed chronologies 
(Fig. 3, top panel). However, the opposite was true in the case of MRB. In 
that case, the unsmoothed traditional version of the network was the 
most strongly correlated at regional scales and smoothing and SFD 

decreased the strength of correlation between neighbors (Fig. 3, bottom 
panel). The results of the Wilcoxon signed-rank tests indicate that the 
change (increase in PAGES and decrease in MRB) in correlation between 
neighbors with the application SFD was statistically significant 
(p < 0.001) for the smoothed versions of both networks (Fig. 3, 
Table S2). 

3.4. Variance at medium and low-frequencies greater in SFD chronologies 

In order to address the question of whether SFD changes medium- 
and low-frequency variability in tree-ring chronologies, we examined 
whether SFD increased spectral power and variance present at decadal 
and greater timescales across both networks. We observed little to no 
change at interannual to multi-decadal timescales. However, SFD in-
crease the spectral density at fifty-year and greater wavelengths for both 
networks, with the greatest change at multi-centennial timescales (be-
tween 100–500 years; Fig. 4). This was particularly true for the PAGES 
network, where the largest difference was at the longest time periods 
(Fig. 4, top). For MRB, SFD boosted spectral power at fifty-year wave-
lengths and longer, with the greatest difference at 200−500 years 
(Fig. 4, bottom). We truncated the spectral plot at 500 years because we 
had very few chronologies that were long enough to resolve changes at 
greater than 500 years. 

We then smoothed the chronologies with cubic splines at four 
different wavelengths and calculated the difference in variance between 
the traditional and signal-free versions. We found that SFD increased the 
amount of variance at medium-frequencies in PAGES but not MRB 
chronologies (Fig. 5). In PAGES, we observed an increase in the percent 
variance of between 5% and 15 % on average, with the largest difference 
at centennial timescales (Fig. 5, top right). For the MRB network, we 
similarly observed a 5–10% increase (on average) in the percentage of 
variance retained at medium frequencies, with the greatest difference at 
multi-decadal timescales. (Fig. 5, bottom). 

Finally, we examined the year-by-year differences in ring-width 
indices across the PAGES network to examine the effects of SFD on the 
expression of long-term climate fluctuations (Fig. 6). We averaged 
across years for all chronologies present in the network, and then took 
the difference between the traditional and signal-free versions of each 
chronology. Chronology variance appeared to decrease with sample 
density, but overall the difference between the traditional and signal- 
free versions of the chronology was very slight (mean of the absolute 
value of the difference in RWI of 0.02). In general, SFD increased the 
recent growth trends across the PAGES network during the second half 
of the twentieth century (Fig. 6, top panel). This modern increase could 
be the result of the SFD procedure retaining a signal related to warming 

Fig. 2. Change in chronology r-bar values with signal-free procedure. Trend line represents the linear relationship between the r-bar of the traditional version and 
change with SFD. 
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temperatures, but could also represent the amplification of that same 
trend beyond what would be expected due to warming. 

4. Discussion 

4.1. Effects of SFD on coherence across spatial scales 

Signal-free detrending has been widely adopted by dendrochronol-
ogists as a data-processing technique intended to improve common 
signal quality, increase the retention of medium-frequency variability, 
and avoid non-climatic end effects in tree-ring chronologies. Here we 
tested whether SFD (i) increases common signal from the stand-level to 
the regional scale, and (ii) preserves medium-to-low frequency vari-
ability. We found that, while on average across the networks SFD 
increased the expression of medium-frequency variability, it did not 
universally improve chronology coherence, particularly on a regional 
scale. Our results underscore the importance of comparing different 
detrending choices as a step in the process of developing tree-ring 
chronologies for use in climate reconstructions, and the value of 
explicitly reporting the results of those tests in publications. While as-
sumptions made about the impacts of SFD on individual chronologies 
are generally supported by our results, on a regional basis it did not 
universally improve chronology coherence. We caution that applying 
SFD across large tree ring networks may even cause regional common 
signals to weaken. 

At the stand-level, we found that SFD marginally improved chro-
nology r-bar values in the large majority of cases for both temperature 
and moisture sensitive records. It also slightly increased the usable 
length of the chronologies by an average of a decade in both networks. 
However, because the SFD process amplifies any stand-wide growth 
pattern an increase in r-bar cannot necessarily be attributed to climate. 

Fig. 3. Pearson correlations between neighboring (sites less than 25 km apart) chronologies for the original and smoothed versions of each chronology pair. Dis-
tributions are shown here fitted with probability density functions. Vertical lines represent the median of the distribution. Sample size was 298 in PAGES and 371 in 
MRB, results of the Wilconxon signed-rank tests for change in in correlation were highly significant (p < 0.001) for all smoothed chronology comparisons. 

Fig. 4. Impact of signal-free detrending on the spectral structure of chronolo-
gies in the PAGES and Missouri tree-ring networks. We differenced the power 
spectrum for each chronology pair (generated using signal-free and traditional 
detrending methods) and computed the median change (thick black line) and 
5th and 95th percentiles (gray shading) across both networks. Positive values 
indicate that the signal-free version of the chronology had more variance at a 
given period than its traditional counterpart, while negative values show the 
opposite change. 
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Climate signals in tree rings are spatially extensive but stand-wide dis-
turbances by wind (Veblen et al., 1989), insect defoliation (Leland et al., 
2016; Clark et al., 2017), or other factors such as demographic recruit-
ment pulses that influence a significant number of trees will also emerge 
as common signals. Our analysis of neighboring chronologies in which 
SFD only improved coherence in some records (PAGES) but not others 
(MRB) would suggest that, although site-level coherence is improving, 
those effects may not always reflect a climate signal, which would be 
expected to be similar within a twenty-five kilometer radius. 

We predicted that SFD would increase coherence at the regional scale 
by increasing the correlation strength of neighboring chronologies. 
Although factors such as altitude, landscape position, and exposure 
might result in differences in temperature and hydroclimate at a micro- 
scale for some pairs, across both networks we predicted at least a slight 
increase in correlation resulting from SFD within twenty-five kilometers. 
In the original (unsmoothed) versions of both networks, we found no 
change in regional correlation strength. However, we did see a change in 
both networks after we applied low-pass filters at ten and thirty-year 
wavelengths. In the case of PAGES, we found an increase in correla-
tion strength with SFD, indicating that SFD increased the similarity of 
neighboring chronologies. However, the opposite was true in the case of 
MRB, where we observed a decrease in correlation strength with SFD at 
lower frequencies. This finding may also indicate that the SFD process 
can sometimes introduce a unique medium- to low-frequency noise 
component into the final chronologies (e.g., Pearl et al., 2017), making 
them less similar at regional scales. It is also possible that, rather than 
amplifying regional climate signals, SFD has increased the expression of 

stand-wide disturbance events or unique microsite conditions resulting 
in a degradation of common signals at regional scales. This finding has 
implications for tree-ring network development – in some cases SFD may 
decrease the strength of regional patterns by introducing 
medium-frequency noise or boosting divergent environmental signals. 

4.2. Medium- and low-frequency variability and regional coherence 

Our analysis of medium- and low-frequency variability retention 
gives additional insight into the divergent behavior in regional coher-
ence between the two networks. In the case of both PAGES and MRB we 
saw an increase in medium-frequency variability and low-frequency 
spectral density in the signal-free chronologies at multi-decadal and 
greater timescales. The signal-free versions of the PAGES chronologies 
retained the greatest amount of medium-frequency variability compared 
with the traditional versions. This shift may explain the increase in 
correlation strength between neighbors, which was greatest in the low- 
pass filtered PAGES chronologies. Taken together, these changes suggest 
the signal-free procedure is increasing the strength of decadal to 
centennial-scale common signals and that this pattern is spatially 
coherent, which is to be expected. Conversely, in the case of the MRB 
chronologies, we observed that SFD was making neighboring sites 
becoming more dissimilar, despite an increase in medium-frequency 
variability. This is possibly because MRB chronologies are sensitive to 
a greater variety of climate signals (Martin et al., 2019). Because the 
MRB chronologies are selected to reflect the varying components of 
runoff, this network includes chronologies that are sensitive to a mix of 
cool-season snowpack, summer precipitation, and warm season tem-
perature. The multi-variate climate signals contained within the MRB 
database may also help explain the divergent behavior of neighboring 
chronologies when the SFD procedure was applied. While our findings 
imply that SFD does generally amplify the medium-frequency compo-
nent of tree-ring chronologies, that enhancement does not always 
translate into a concomitant increase in the strength of regional-scale 
common patterns. 

4.3. Limitations and future questions 

We tested the claim that SFD increases common signal and improves 
the retention of medium- to low-frequency variability in tree-ring 

Fig. 5. Relative change in the percent variance 
retained after smoothing with low-pass filters 
by applying a 10-yr, 30-yr, 50-yr, or 100-yr 
spline in signal-free chronologies compared to 
their traditional chronology counterparts. Per-
centages greater than zero (less than zero) 
indicate cases where the signal-free procedure 
generated a chronology with more (less) vari-
ance at the specified wavelengths than the 
traditional chronology. Vertical bars represent 
zero, or no change from traditional to SFD 
chronologies.   

Fig. 6. Difference in mean RWI across the PAGES tree ring network for the last 
millennia, and sample density at each year represented. “Signal-free above” 
(below) indicates that SFD resulted in an increase (decrease) in the mean RWI 
across the network for that year. Sample depth refers to the number of chro-
nologies contributing to the analysis at that year. 
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chronologies. In our review of the literature, these were two of the most 
commonly stated reasons for applying this method. However, the most 
cited reason for using SFD in chronology development was in order to 
reduce trend distortion – an issue that we did not address in this study. 
Trend distortion occurs when the climate growth relationship becomes 
either erroneously inflated or suppressed during detrending, resulting in 
a divergence between climate records and ring-width indices (Cook and 
Peters, 1997; Melvin and Briffa, 2008). The question of whether or not 
SFD reduces bias cannot be answered by examining the tree-ring chro-
nologies alone, as it is impossible to know precisely to what degree 
trends are climate-related (or related to other non-climatic environ-
mental factors), and which are the result of data processing. For 
example, we observed that SFD increased the magnitude of the pre-
sumptive warming trend in the PAGES network (Fig. 6, top panel). Many 
temperature reconstructions have struggled to capture the magnitude of 
the recent warming trend observed in instrumental records (D’Arrigo 
et al., 2006; Wilson et al., 2007; D’Arrigo et al., 2008). This phenome-
non, termed the `divergence problem’ in which tree rings appear to be 
losing sensitivity to recent climate warming, was posited by Melvin and 
Briffa (2008) to result in some cases from the distortion of decadal-scale 
trends when detrending using traditional approaches. A majority of 
authors in our literature review also cited reducing trend distortion as 
their motivation for using SFD. Thus, researchers may determine that 
the increase in recent growth trends that we observe here accurately 
reflects the response of trees to anthropogenic climate change. However, 
we caution that there is also evidence that a subtle growth trend can be 
inflated though the iterative SFD procedure (c.f. Pearl et al., 2017). 
Simulating a set of tree-ring series using climate inputs with known 
variance at particular frequencies could be one method to test the per-
formance of SFD as a means to reduce end effects (Bunn et al., 2004; 
Vaganov et al., 2011; Anchukaitis et al., 2013; D’Arrigo et al., 2012). 
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