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Changes in the temporal coherence between populations, which can influence their stability, resilience and persistence, remain
a critical uncertainty of climate change. Recent studies have documented increasing spatial synchrony between populations at
continental scales and linked it to anthropogenic climate change. However, the lack of long-term and global baseline perspec-
tives on spatial synchrony presents a challenge to understanding the importance of these trends. Here, we show a steady rise
in the spatial synchrony of annual tree growth from a global tree ring database over the past 50 years that is consistent across
continents, species and environmental conditions and is unprecedented for the past millennium. Increasing growth synchrony
coincided with warming trends and potentially rising synchrony in the temperature records. We discuss the potential driving
mechanisms and the limitations in the interpretation of this trend, and we propose that increasing mutual dependency on exter-
nal factors (also known as Moran's effect) linked to rising global temperatures is the most likely driver of more homogeneous

global growth dynamics.

t is well understood that climate change will impact forests glob-

ally by shifting species’ distributions and abundances', changing

forests’ species composition® and increasing forest disturbance’.
Less well understood is the effect that the changing climate may
have on the temporal coherence between populations, although
the topic is receiving more attention recently*”. This is a pressing
issue, because concurrent changes in abundance or performance
over time between distinct populations (that is, spatial synchrony)
is a fundamental population characteristic that influences the func-
tioning, dynamics, persistence and stability of metapopulations®-'°.
Indeed, changes in forest carbon dynamics are a fundamental con-
sequence of the response of terrestrial ecosystems to global change,
their stability to future changes and their ability to (at least partially)
reduce the concentration of atmospheric CO, and the negative con-
sequences derived from it.

Disentangling the factors influencing spatial synchrony requires
long-term data from multiple taxa and at a continental-to-global
scale*”!-1*, Such extensive datasets are still rare in ecological stud-
ies', particularly those with long-term data, despite the dispropor-
tionately strong contribution of these long-term studies to advancing
ecology and management policies'. Existing ecological long-term
datasets, such as time series of pollen from sediment cores (see,
for example, ref. '°), provide a valuable long-term view on chang-
ing forest types and shifting ecosystems at decadal-to-centennial
resolutions that shows the broad patterns of ecosystem dynamics.
However, their lower temporal resolution makes them less useful
to explore the links between spatial synchrony and annual varia-
tions in climate, and they cannot be generally applied to explore
the effects of recent climate change on high-resolution synchrony
dynamics. Fortunately, the growth patterns expressed in tree rings,
which combine large temporal and spatial scales with precise annual
resolution, offer a unique opportunity to cover this knowledge gap.
The increasing number of reports of rising spatial synchrony in
multiple species and regions, some of which used tree ring records,

underscores the urgent need for a large-scale, long-term assessment
of ecological synchrony to understand its importance and driving
mechanisms*~.

Here, we aim to investigate whether spatial synchrony in forest
growth is increasing at the global scale and, if so, whether recent
trends go beyond the long-term historical variability captured in
these records. We also explored some of the species-, environment-
and continent-specific differences in trends, and in so doing, we
examined potential biotic and abiotic drivers of changes in spatial
synchrony of forest populations globally. We used a global data-
set comprising more than 52 million tree-growth observations
stretching back 1,000+ years, the International Tree-Ring Data
Bank (ITRDB). The ITRDB’s extensive global database of annually
resolved tree growth includes 4,042 tree populations of 226 tree taxa
over many of Earth’s forested ecosystems (Fig. 1). Despite its large
size, this dataset is not completely free of potential taxonomical'’
and changing sampling size biases'® (further discussed in subse-
quent sections). To retain the annual variation in growth in a com-
parable way across species and ecosystems, we calculated the annual
growth chronologies for each tree population in the ITRDB inde-
pendently, reducing the effects of local conditions, species’ inherent
characteristics and stem size. This results in a time series retaining
annual changes in growth (white-noise time series). Previous stud-
ies have shown that white-noise time series isolate the interannual
growth signal of trees through the reduction of all centennial trends
and most decadal-scale variations'’-*". The detrended chronologies
were used to calculate how global spatial synchrony has changed
during the period 1000-2016 CE using a 50-year moving window
approach. We used this approach for both raw and absolute value
correlations. While the comparison of raw correlation trends is the
commonly used metric in synchrony studies (see, for example, ref. ),
we argue that increasing strengths of both positive and negative cor-
relations between populations may mask each other and obscure
total changes in growth synchrony. We therefore decided to examine
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Fig. 1| Sampling locations of the database, with the last year of data included per sampled population. Each dot represents a sampling location with
time-series data of tree growth for several trees (first and third quantiles, 21-43 tree cores per location; average, 37.1 cores per location). The data were

obtained from the ITRDB.

and present both metrics to extract greater insight as well as retain
our ability to compare our results with those of previous studies.
Since trends in positive and negative correlations may have different
mechanisms and ecosystem consequences, we also tested whether
the observed trends agreed among positive-only and negative-only
correlations, and we found them to be highly consistent. Negative
synchrony, a still scarcely studied topic, can arise through ‘climate
dipoles’—that is, the tendency for opposite extremes of temperature
and precipitation to emerge at a continental scale or by opposed
responses to the same climatic factor by multiple groups of trees
(for example, higher temperatures leading to opposite responses
at different altitudinal edges). However, our analysis cannot thor-
oughly investigate this aspect of spatial synchrony, which should be
explored in future works. We include all populations and taxa in our
analyses to capture the general patterns of change across ecosystems
and species.

Results and discussion

Recent trends in global and continental spatial synchrony. For
nearly a millennium, the absolute global spatial synchrony of tree
growth was very stable (1000-1970 cE, Fig. 2a). During this period,
global correlation values (|r|) consistently ranged between 0.15 and
0.20 (Fig. 2a). In contrast, the past 50 years saw a sharp increase
in spatial synchrony, such that by the last year of our records the
global mean correlation reached a value of |r],,,,=0.26, a value not
found in any single year before 1970. Overall, the global spatial syn-
chrony values since the 1970s were significantly higher than those
of the previous 1,000 years (Fig. 2b; Dyg(1000-1970 versus 1970-2016) = 0-986,
where Dy refers to the two-sample Kolmogorov-Smirnov statistic
between the two described distributions (1000-1970 versus 1970-
2016); P<0.001). Although we use 1970 as the threshold after which
anthropogenic warming rose consistently, it should be noted that
synchrony change has been progressive, with an increasing trend
starting somewhere between 1970 and 1980. The rising trend in syn-
chrony in recent decades was consistent across continents, although
lower sample sizes increased the uncertainty in regions with low rep-
lication, specifically Africa, Oceania and South America (Fig. 2c,d
and Supplementary Fig. 1). Lower- and higher-elevation popula-
tions (Supplementary Fig. 2) were also consistent in their trends.
Together, this suggests a major shift in the spatio-temporal dynamics

of forest populations across the globe, unprecedented in the lifetime
of most trees worldwide. Theoretical and observational work has
linked continental synchrony to large-scale climatic variability>**.
Our results complement previous work on the temporal trends in
spatial synchrony in multiple publications that have also used tree
ring approaches at multiple scales. Surprisingly, these studies have
suggested increasing””, decreasing®** or largely unchanging® spa-
tial synchrony. The taxonomical and scale differences in these works
relative to ours may partially explain the contrasting patterns, but
they also emphasize the need for a mechanistic understanding of
spatial synchrony in natural populations and of our expectations for
its response to environmental change. We show tree-growth spatial
synchrony rising consistently across the globe and reaching values
significantly higher than the expected long-term natural variability.

By contrast, neither low-frequency (that is, multian-
nual to decadal) (Supplementary Note 3) nor raw correlation
(Supplementary Note 4) synchrony had stable long-term baseline
trends (Supplementary Fig. 7). Both metrics did change over time,
but their interpretation may be difficult. Low-frequency chronolo-
gies may capture disturbance patterns, tree size differences, succes-
sional trajectories, multidecadal climate shifts or a combination of
those factors (see, for example, refs. '*%). To fully disentangle those
signals would require detailed knowledge of the local forest struc-
ture, history and microhabitat for each population, including indi-
vidual tree locations, currently not available for the ITRDB (ref. 7).
Interestingly, although positive-only and negative-only synchrony
trends were highly consistent with each other (as also shown by the
small differences in raw correlation trends in Supplementary Fig. 7),
we observed a slightly faster increase in positive correlations than in
negative correlations (Supplementary Fig. 8). Asymmetric changes
in positive versus negative synchrony would be particularly con-
cerning because they may contribute to positive feedbacks related
to carbon cycling, although this is highly speculative and would
require additional work to verify. Also, raw correlation trends were
not consistent across continents (Supplementary Figs. 9 and 10),
and the change in raw correlations was in all cases orders of magni-
tude smaller than the change in absolute correlations. The potential
masking of increasing synchrony due to simultaneous increases in
positive and negative correlations is one of the main reasons why
we also examined the absolute value of the correlations, rather than
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Fig. 2 | The recent increase in global synchrony in tree growth greatly exceeds the variability observed in the past 1,000 years and is consistent across
all of Earth's continents. a, Mean absolute pairwise correlation values between tree populations for the period 1000-2016 ce. The 95% confidence interval
for |r| and the sample size also displayed for each period. b, Decadal trend in synchrony and comparison with the historical 1000-1970 baseline. ¢, Trend in
mean absolute pairwise correlation for each continent for the period 1600-2016. Values before 1600 are considered increasingly unreliable due to reduced
sample sizes in some continents (see Supplementary Note 1 for the complete series). For the same reason, data from Africa are not displayed in c.

d, Comparison between recent decades and the historical 1000-1970 baseline per continent. Time periods (from left to right): 1, 1000-1970; 2, 1971-1980;
3,1980-1990; 4, 1991-2000; 5, 2001-2016. The growth time series were obtained from the ITRDB. In b and d, boxes show the interquartile range and
median values while whiskers represent the nominal data range. Values outside of the nominal data range (if any) are plotted as closed circles.

limiting the analysis to the raw mean, as a proxy for spatial syn-
chrony, but it should be noted that we would have reached different
results by analysing raw correlations only. Also, since the mecha-
nisms driving increasing negative or positive synchrony may differ,
we argue that it may be interesting to study both the change in total
synchrony (as absolute value) and the differences in each of the pos-
itive and negative trends. In any case, it is important to keep in mind
that in the absolute correlation approach, increasing similarity (that
is, increasing mean correlation) includes both positive (an increase
in population A tends to coincide with an increase in population B)
and negative (an increase in population A tends to coincide with a
decrease in population B) relationships, and that these trends have
to be interpreted while keeping the results of the raw correlation val-
ues also in mind (provided here in Supplementary Notes 1 and 2).

Potential mechanisms driving increasing spatial synchrony.
Three main mechanisms are considered to influence the synchrony
between populations:’ (1) Moran’s effect, the mutual dependence on
exogenous interconnected factors, such as climate'’; (2) dispersal,
which effectively changes population size and increases connectiv-
ity; and (3) trophic interactions with species that are themselves
synchronous or mobile (that is, an external biotic driver of
synchrony). Although these mechanisms are based in the original
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definition of synchrony, based in population abundances, they can
also be applied to other vital rates. For example, increased connec-
tivity through dispersal may increase genetic similarity between
populations of the same species, making them less locally adapted
and more responsive to general patterns, and thus increasing their
synchrony (for example, see ref. ). Although all three factors could
theoretically influence tree-growth performance, we believe that the
strengthening of Moran’s effect is the strongest candidate for recent
increases in tree-growth synchrony, as it would be the most consis-
tent with a simultaneous and steady increase in global correlations
of tree growth.

While dispersal and trophic interactions can also influence
population synchrony, we believe neither of these are likely to have
caused the increase in growth synchrony we observed. There are
multiple reasons for this. Dispersal (of seeds and/or pollen) might
increase synchrony in growth via increasing genetic similarity
between populations or by phase locking predator-prey cycles’*'.
However, both mechanisms require a consistent and simultaneous
increase in dispersal across multiple taxa with different dispersal
vectors and occurring within the half-life of tree longevity for most
species. To our knowledge, there are no reports of recent consistent
increases in dispersal that could support the role of increased dis-
persal in growth synchrony. Increasing trophic-mediated synchrony
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Fig. 3 | Relationship between increasing synchrony and warmer climate. a, Time series of mean absolute pairwise correlations between all populations

for each period (black) and the combined land-surface air and sea-surface water temperature anomalies; positive (red) and negative (blue) temperature
anomalies, as compared with the 1951-1980 mean value®®. b, Synchrony seems unresponsive to negative temperature anomalies but strongly correlates with
positive anomalies. A fitted nonlinear GAM is displayed (black, 95% confidence intervals in grey).

is similarly unlikely to explain the observed pattern, since it would
also require multiple mobile predators, herbivores, diseases or pests
to increase their activity simultaneously, and for them to have had
similar effects on growth on tree populations globally*’, for which
there is also no supporting evidence. Finally, both dispersal- and
trophic-mediated synchrony are likely to have a stronger influence
at smaller scales (local to regional or continental) than climate, and
are also likely to be highly stochastic, which would probably result
in synchrony trends differing between continents and exhibiting
high annual variability. It is, however, possible for pest pressure to be
mediated by changes in temperature. Oscillations in insect popula-
tions and other pests are known to be temperature sensitive™. Rising
temperatures may thus lead to higher defence demands, shifting
resource allocation balance and causing reduced tree growth. It
remains unclear whether the link between tree synchrony and tem-
perature is directly mediated by tree physiology or may be affected
by more complex interactions, such as those with biotic agents. In
summary, our results show limited support for the dispersal or tro-
phic hypotheses, rather pointing to the increasing mutual depen-
dency on external factors as the most likely culprit for increasing
spatial synchrony. However, singling out the concrete exogenous
factors causing the observed global increase in synchrony is a more
complex task.

Factors causing an increasing mutual dependency on external
factors. The fact that rising global tree-growth synchrony coin-
cides (1970-2016) and correlates (general additive model (GAM)
fit, F=101; P<0.001) with recent large-scale increasing tempera-
tures (Fig. 3a) supports the hypothesis that large-scale changes in
climate are increasing its control over tree growth, reducing the
effect of regional and local climate dynamics (which has been previ-
ously suggested for certain regions)®, and thus creating a more glob-
ally coherent response to climate”. Indeed, recent work has shown
that current climate trends are unique in their degree, extent and
global coherence, even when compared with previous global climate
events such as the Little Ice Age or the Medieval Warm Period**,
consistent with our results. Furthermore, there is ample support-
ing evidence for the key role of temperature and water limitations
in tree-growth dynamics®. However, our results also suggest a
complex relationship between changing climates and growth syn-
chrony. The relationship between tree-growth synchrony and global
temperature seemed nonlinear. Under normal to relatively cold
conditions (temperature anomalies between approximately —0.5
and 0.5), the coherence of global tree growth seemed unrelated
to changes in temperature. However, further increases in average

temperature anomalies, such as the ones we are recently experienc-
ing increasingly frequently, corresponded with higher global aver-
age correlation between forest populations (Fig. 3b).

Additional supporting evidence for increasing temperatures
underlying increases in global synchrony is the concurrent increase
in spatial synchrony of the temperature records themselves (Fig. 4a),
a pattern not seen in precipitation records (Fig. 4b). Although both
temperature and nitrogen deposition values seem to be becoming
more homogeneous at a global scale for the studied populations, the
timing of increasing nitrogen synchrony is not coincident with ris-
ing growth synchrony, as temperature is (Fig. 4a and Supplementary
Fig. 12). Increases in geographical coherence in global surface tem-
peratures have been previously suggested, but how to methodologi-
cally test increasing variable homogeneity is not free of controversy
(see ‘Spatial synchrony of environmental variables’ for further infor-
mation). In combination, these observations suggest that anthropo-
genic warming is the most likely factor influencing forest synchrony
at a large scale.

While we found strong support for the hypothesis that annual
global temperature variability is becoming more homogeneous and
driving forest growth synchrony, we need to be cautious in these
conclusions, as they are derived from observational data and cor-
relative approaches. Regional changes in total surface irradiance,
due to anthropogenic aerosol production and regulation, may also
contribute to large-scale changes in tree-growth patterns. Moreover,
it is possible that plant-relevant environmental factors that are cor-
related with temperature may also play a role in the recent increases
in synchrony across populations. Positive and negative synchrony
trends may also be affected by different sets of drivers or with dif-
fering relative importance. Below, we discuss other factors that may
play important roles or interact with our current main driver can-
didate, temperature, and how likely we believe they are to influence
the observed patterns.

Teasing apart the relative importance and interactions between
temperature-related factors of climate change (such as atmospheric
CO, concentration, water vapour pressure deficit and changes
in snow cover) is still a major challenge for observational stud-
ies, requiring further experimental and methodological develop-
ments. In the case of increasing growth synchrony among trees
(as we observed), for example, it is possible that the combined effect
of rising atmospheric CO, and temperature improved growing
conditions for many forests worldwide, resulting in more homo-
geneous growth responses across forest populations, as they move
away from being carbon and temperature limited or change their
water use efficiency. This would be consistent with our results, but
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Fig. 4 | Concomitant increase in temperature synchrony between forest sampling locations supports a strengthening of Moran’s effect as a main driver
of rising synchrony in recent years. a,b, Temporal change in spatial synchrony in mean annual temperature (°C) (a) and total annual precipitation (mm)
(b). Both the mean (r) and absolute mean (|r|) pairwise correlations are displayed. The climate data are from the version 2 of the Princeton Reanalysis

project®®. The 95% confidence intervals are also shown.

there has been very limited support for an overall positive response
of global forests to increased CO, (ref. »°), and recent large-scale
analysis suggests that forests are not growing faster despite increas-
ing water use efficiency”. Carefully designed experiments (see,
for example, ref. *, which disentangled the roles of dispersal,
environmental factors and parasite dynamics in the synchrony
of Paramecium metapopulations) are needed to clarify which of
the co-occurring drivers may best explain spatial synchrony, and
it is certainly likely that interactive effects are very important in
these patterns.

Rising nitrogen deposition also has the potential to systemati-
cally affect the correlation between distant populations by causing
parallel growth stimulation in the time series (but see ref. **). In fact,
we found an increase in the correlation between nitrogen deposition
time series in the past century (Supplementary Fig. 11). However,
this increase in synchrony in nitrogen deposition did not coincide
with the increase in growth synchrony. Instead, it rapidly increased
from 1940 to 1970 and levelled off afterwards. Given the wide range
of responses to increased carbon and nitrogen availability observed
across species and ecosystems®-”***, we consider it unlikely that
increasing nutrient availability could cause a consistent and strong
global rise in synchrony across taxa. However, we should be on
guard for potential lagged effects or changes in limiting factors that
could indicate increasing importance of nutrient availability for spa-
tial synchrony.

Humans may also influence spatial synchrony patterns, not only
indirectly through anthropogenic climate change but also directly
via human disturbances and land-use change. Large-scale, spa-
tially autocorrelated disturbances, linked to the increasing human
footprint*, may result in increasing large-scale similarity between
populations. However, the populations targeted in the ITRDB are
strongly biased towards natural sites with little evidence of human
impact (that is, logging), which substantially reduces the chances
that humans exert a strong influence in our data. Furthermore,
Pederson et al.* showed that human disturbances do not mask the
role of synchrony caused by climatic drivers (in their case, drought)
asa driver of annual to decadal growth. Although there are currently
no data that would allow us to rigorously test this (for example, the
global human footprint raster dataset in ref. *' covers the period
1993-2009, not comparable to our long-term interval approach), we
consider it unlikely that humans have directly influenced synchrony
in annual growth time series in remote, old-growth forests on gen-
erally rugged landscapes.
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Increasing or shifting climatic teleconnections” could influ-
ence the similarity between certain distant populations. However,
the fact that there has been little to no increase in the strength of
the most influential global climate oscillation index, the El Nifio/
Southern Oscillation (ENSO), in the period 1970-2016, and no
increasing linkage between the two of the most important global
circulation indices, the Southern Oscillation Index (SOI) and the
North Atlantic Oscillation (NAO) index (Supplementary Fig. 11),
seems to offer very limited support for the role of climatic telecon-
nections or atmospheric circulation patterns in spatial synchrony.
Overall, while teleconnections may certainly increase the connec-
tivity between some of the populations, teleconnections are com-
plex and temporarily varying, and they differ between continents;
it is not likely that they are the main factor driving the increase in
global synchrony that we observed.

Increasing frequency or intensity of extreme climate events, as
has been predicted by most climate forecasts*~*, could also affect
growth coherence by increasing the frequency of years with extreme
low (or high) ring growth in large regions or by locking large por-
tions of the landscape in parallel successional progressions that
result in higher correlations between distant, unconnected popula-
tions. A long-term database on the extent and recurrence of extreme
events at the global scale could allow further tests of this hypothesis
and reveal the commonalities and trends in extreme climate events®.
However, we hypothesize that increasing frequencies of highly sto-
chastic events, such as extreme drought events, would result in a
highly variable increasing trend in synchrony, which contrasts with
the steady rise in spatial synchrony we observed. Alternatively, the
interaction between extreme events and shifting species distribu-
tions could influence large-scale spatial synchrony by inducing
a change in the baseline conditions that trees experience. Rapidly
shifting climate may push tree populations beyond the bounds
of their optimal climatic conditions, something supported by the
reported loss in the future climatic potential distributions of species
(for example, see ref. **). These maladapted tree populations may
experience more frequently suboptimal growth years, resulting in
a more coherent climate response across the species range, an idea
that has not been tested or reported so far in natural populations.

Limitations and caveats of large tree ring databases. It is impor-
tant to keep in mind that the ITRDB represents a non-random and
non-constant sample of the global forests'”. Although these factors
clearly affect our quantitative results, we found that the trend in
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rising synchrony persisted when we controlled for sampling meth-
odology, continental representation, temporal changes in sampling
size, species diversity and changes in the average distance between
populations (Supplementary Note 1). It has been discussed how
the reduction in contributed series to the ITRDB since 1970 may
affect the analysis of climate-change-related processes due to the
co-occurrence of declining sample sizes and increasing tempera-
tures', and the observed increase in synchrony in the ITRDB is
no exception to this. The consistency of the trend across multiple
continents and hundreds of species with different sampling efforts,
combined with the fact that we found no change in the average dis-
tance between populations in that period (Supplementary Fig. 6),
suggests that changes in sample size or biases towards a subset of the
populations are unlikely to be solely responsible for the observed
increase in spatial synchrony.

However, it is clear that low sample sizes hinder our exploration
of synchrony trends. Periods with low replication, such as 1000-
1200 ck for all continents or poorly replicated African ecosystems,
resulted in high year-to-year variability and large standard errors
obscuring synchrony trends (Supplementary Fig. 1). This was also
observed in our sensitivity analyses, where we removed 96.8% of the
network, composed mostly of high-elevation conifers from North
America and Europe (144 constant populations). In this extreme
test, we found that the observed change in synchrony persisted,
though substantially reduced in strength (Supplementary Fig. 5).
It is likely that reducing the sample size exacerbates the tempo-
ral, spatial and taxonomic limitations of the database and reduces
the length of the period studied", suggesting that databases with
sparse spatial coverage or reduced sample size may have problems
to reliably identify long-term global dynamics of spatial synchrony.
Whether this would apply to other databases depends on their
signal-to-noise ratio. However, we expect the ITRDB to be fairly
representative of most non-targeted aggregative large databases
in ecology. In the future, the ITRDB must continue improving its
coverage and representativity to become an even more reliable and
powerful data source to study forests’ responses to changing cli-
mate'”'**, included population synchrony.

A final issue to consider here is the sampling priorities of the
ITRDB data. Dendrochronologists have traditionally targeted
canopy trees and focused on populations most suited for climatic
reconstructions or the study of climate-growth dependencies. As
a consequence, the forests captured in the ITRDB are likely to be
more sensitive to climate than randomly selected trees*. However,
the similarity in spatial synchrony between populations from mark-
edly different environmental conditions and elevations (which the
ITRDB does capture) suggests that historical sampling biases are
likely to be less influential in the calculation of spatial synchrony
than in the case of other ecological characteristics. For example,
populations near the upper elevational tree line, which are known
to be strongly climate limited*', showed very consistent trends with
those at lower elevations (Supplementary Fig. 2). This hypothesis,
however, should be revisited with even bigger and more complete
datasets to test whether ITRDB trees may over- or underestimate
the response of synchrony in global forest populations, as has been
suggested for other metrics™.

Conclusions. Overall, we found an increase in absolute synchrony
of annual radial growth of tree populations around the world over
the past 50 years that significantly differed from the historically
constant baseline of the prior 970 years. Our analyses suggest that
a warmer and more synchronous climate around the world may
disrupt the millennial-length stability of large-scale tree-growth
synchrony, pushing populations towards new, uncharted terrain.
We also show that, despite data limitations, annual tree-growth
time-series approaches can provide a long-term and large-scale
baseline to understand changes in population dynamics and their

importance, and we emphasize that additional research is urgently
needed to confirm and expand our results. It is important to further
explore regional trends, investigate differences between positive and
negative synchrony trends, and enhance the metadata associated
with each of the points to tease apart the multiple mechanisms that
could drive large-scale spatial synchrony. The consequences that
increases in global spatial synchrony may have for the functioning
and resilience of these populations are still unknown.

Methods

Tree-growth data. We used time series of annual growth available in the

ITRDB (ref. %), accessible at https://www.ncdc.noaa.gov/data-access/
paleoclimatology-data/datasets/tree-ring. The ITRDB is a comprehensive global
database of tree growth, compiling data from 4,042 populations and 226 different
taxa in 6 continents, and having a large temporal coverage (see, for example,

ref. '*). The ITRDB has been used for many large-scale and long-term climate
reconstructions (for example, see refs. ***) and ecological analyses of forest growth
(for example, see refs. **°). We considered separate forest populations those entries
in the ITRDB that either had unique GPS coordinates for their sampling site or had
different target species. For most populations, the ITRDB provides information

on tree radial growth, although a handful include data on epiphytes (woody vines)
or small tree species. We used a recently cleaned and harmonized version of the
dataset'’, which includes all the available datasets and amounts to more than 52
million data points as of September 2017.

Calculating site chronologies. Using the dplR package™, we calculated growth
chronologies for each sampling location using a detrending method with a flexible
spline of two-thirds of the total length of the growth series. The chronology for
each population was calculated as the ratio between the observed and fitted values
per tree and year, and the final site chronology was calculated using a bi-weight
robust mean. An autocorrelation term was included in the model to remove
year-to-year autocorrelation, hence creating white-noise or high-frequency time
series (also known as residual chronologies) for each population. The goal of these
methods is to reduce long-term trends related to age, geometrical constraints and
ecological disturbances (for example, see refs. '*=*'). Previous theoretical work

on spatial synchrony recommends detrending the response variable to remove
potentially obscuring long-term trends’ as well as pre-whitening the series to
remove serial dependency (see ref. ° and the references therein). To examine
potential synchrony at low frequencies, a chronology for each population was
calculated using the bi-weight robust mean of the fitted splines for each tree in
each location without applying an autocorrelation term to remove year-to-year
autocorrelation. These and all subsequent analyses were performed in R (ref. 7).

Spatial synchrony of growth. We calculated the trend in spatial synchrony using
a 50-yr moving window for the period 1000-2016 ck. For each time interval, the
mean absolute correlation is calculated from a correlation matrix that includes all
complete pairwise correlations between sampling locations’ after removing those
series that had no or only partial growth data for the time period. We studied

the consistency of our results by repeating our analyses with multiple subgroups,
including comparisons between continents, comparisons between high and low
elevations, systematic changes in age or species diversity in the database, and
randomly chosen populations to see the effects of sample size (Supplementary
Note 1). We performed parallel analyses using the mean, rather than absolute
correlations (Supplementary Note 2), as well as using the low-frequency spline
described above (Supplementary Note 3). Tests for significant differences between
synchrony metrics of different decades and with long-term values were done by
two-sample Kolmogorov-Smirnov tests.

Temperature anomaly data and correlation with synchrony. To explore the

role of temperature and climate change conditions in synchrony, we calculated
the correlation between global synchrony and the combined land-surface air

and sea-surface water temperature anomalies from meteorological records by
GISTEMP Team 2018, available via the NASA repositories at https://datahub.
io/core/global-temp#data-cli. Given the reported nonlinear response between
synchrony and temperature’, we used a flexible GAM to estimate this relationship.

Spatial synchrony of environmental variables. We calculated the spatial
synchrony in temperature and precipitation using a similar method to that used
for the growth time series. Annual precipitation and mean temperature data were
obtained from the Princeton Reanalysis data version 2 (ref. **), available at http://
hydrology.princeton.edu/data.pgf.php. Mean annual temperature and total annual
precipitation time series were computed from daily data for each 0.5°x0.5° grid
cell containing an ITRDB sampling location. The change in nitrogen synchrony
was calculated using annually resolved time series of nitrogen deposition from
the ISIMIP2b input data, available at https://www.isimip.org/gettingstarted/
details/24/ as NHX and NOY time series”. We combined NHX and NOY to create
a time series of total nitrogen deposition for each ITRDB coordinate that was
used to explore changes in nitrogen’s spatial synchrony (Supplementary Fig. 12).
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Analysing NHX and NOY separately showed consistent results (these data are not
shown). We finally detrended the time series of precipitation, temperature and
nitrogen to test whether the long- or short-term changes in those variables may be
linked to increasing synchrony (Supplementary Fig. 12b,d,f). Whether increasing
homogeneity of environmental values should be inferred from the detrended or
undetrended time series remains unclear. Unlike tree growth, where inherent
differences between ecosystems, species and tree age make standardization a
necessity to obtain a comparable metric, temperatures do not have such local

or taxon-specific differences. We therefore consider synchrony analyses of the
undetrended time series to be the most informative metric, as they retain the
large-scale temperature patterns. However, since the correlation analysis of the
detrended time series showed no increase across sites similar to that of the raw
values, we prefer to show both for clarity and to aid the reader’s interpretation
(Supplementary Fig. 12b,d,f).

We also tested the trends in the most important global circulation index,
ENSO, using data from NOAA, available at ftp://ftp.ncdc.noaa.gov/pub/data/paleo/
treering/reconstructions/enso-1i2013.txt. The changes in the relationship between
these patterns were explored by calculating the change in correlation between the
SOI and the NAO index, using a 50-yr moving correlation window (Supplementary
Fig. 11). However, this analysis should be interpreted with caution, as both indices
may have partially overlapping data sources. The SOI and NAO data are available
at https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All the data used in this study are publicly available. The tree-growth data

are available via the NOAA web repository at https://www.ncdc.noaa.gov/
data-access/paleoclimatology-data/datasets/tree-ring. The combined land-surface
air and sea-surface water temperature anomaly data from GISTEMP Team

2018 are available via the NASA repositories at https://datahub.io/core/
global-temp#data-cli. The annual precipitation and mean temperature data from
the Princeton Reanalysis data version 2 are available at http://hydrology.princeton.
edu/data.pgf.php. The nitrogen deposition data from the ISIMIP2b input data are
available at https://www.isimip.org/gettingstarted/details/24/. The ENSO, SOI and
NAO time series from NOAA are available at ftp://ftp.ncdc.noaa.gov/pub/data/
paleo/treering/reconstructions/enso-1i2013.txt and https://www.esrl.noaa.gov/psd/
gcos_wgsp/Timeseries/. The version of the data used in this manuscript is available
at https://figshare.com/articles/dataset/Data_for_Evidence_of_unprecedented_
rise_in_growth_synchrony_from_global_tree_ring_records_/12623501.

Code availability

The R script used to analyse the data and generate the graphs is available at
https://figshare.com/articles/dataset/ Annex_5_script/12623492. The graphs were
generated in R and then imported to Inkscape for final formatting.
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