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Populations of forest trees exhibit large temporal fluctuations, but little is known about the synchrony of these fluctuations
across space, including their sign, magnitude, causes and characteristic scales. These have important implications for
metapopulation persistence and theoretical community ecology. Using data from permanent forest plots spanning local,
regional and global spatial scales, we measured spatial synchrony in tree population growth rates over sub-decadal and
decadal timescales and explored the relationship of synchrony to geographical distance. Synchrony was high at local scales of
less than 1 km, with estimated Pearson correlations of approximately 0.6-0.8 between species” population growth rates across
pairs of quadrats. Synchrony decayed by approximately 17—44% with each order of magnitude increase in distance but was
still detectably positive at distances of 100 km and beyond. Dispersal cannot explain observed large-scale synchrony because
typical seed dispersal distances (<100 m) are far too short to couple the dynamics of distant forests on decadal timescales. We
attribute the observed synchrony in forest dynamics primarily to the effect of spatially synchronous environmental drivers
(the Moran effect), in particular climate, although pests, pathogens and anthropogenic drivers may play a role for some
species.

Spatial synchrony in species’ population dynamics has broad consequences for basic ecology and applied conservation [1].
Firstly, high spatial synchrony entails greater metapopulation extinction risk [2,3]. Secondly, high synchrony can lead to low
stability of ecosystem function [4]. Thirdly, spatial synchrony poses challenges to theoretical community ecology. If synchrony
were very high, this would validate the approach of many community models, which ignore spatial variation in population
fluctuations (e.g. [5,6]). On the other hand, if synchrony were very low, this would motivate the application of mean-field
approaches [7] to average independent fluctuations across space. But if synchrony is intermediate between these two extremes,
more complex modelling approaches will be needed.

Spatial synchrony in population dynamics has been examined for insects [8-10], fish [11], crabs [12], birds [13,14], mammals
[15,16] and viruses [17], and in many cases has been found to extend for hundreds or thousands of kilometres. There are
two broad explanations for spatial synchrony [1,18]. The first is dispersal, which in theory can synchronize density-dependent
population dynamics across space [1,18], even at scales substantially larger than the mean dispersal distance [19]. The second,
referred to as the ‘Moran effect’ [15], is the dependence of population dynamics on spatially synchronous environmental
variables, such as rainfall [1,16,18]. Synchrony of one species’ population (via either dispersal or the Moran effect) can also drive
synchrony in other species” populations via predator—prey or host—pathogen interactions [20]. Current empirical evidence for
a range of species, from insects [21] to birds [22] to mammals [16,23], points to a dominant role of the Moran effect in driving
spatial synchrony.

Comparatively little is known about the spatial synchrony in tree population dynamics. For mast-seeding species, synchrony
of seed production occurs over large distances and has been attributed mainly to the Moran effect [24-26], but how this
translates to synchrony of overall population dynamics, or to the majority of tree species that are not mast-seeders, is unknown.
In the temperate zone, synchrony in the fossil pollen record has been observed at scales of ca 100 km, indicating the presence
of some synchronizing mechanism —either dispersal or the Moran effect—over geological timescales [27]. But such fossil data
are of limited use for quantifying the magnitude of synchrony over ecological timescales. Although there is clear evidence of
synchrony in individual tree diameter growth rates (based on tree rings) on annual timescales across distances of up to 1000 km
[28], it is unknown whether synchrony in diameter growth translates to synchrony in population growth (our focus here). The
only study we are aware of that specifically measured synchrony in tree population growth rates used data from three large
forest plots in central Panama over 3-5 years and found Pearson correlations in population growth rates of r = 0.45-0.58 over
distances of 18-33 km [29].

Because of the tendency for tree species’ populations to fluctuate strongly [30,31] and because trees are foundational species
in ecosystems across the planet, it is essential to fill the knowledge gap about their spatial synchrony. On local scales, the
statistical signature of tree population fluctuations is consistent with temporal variation in environmental conditions being
their main driver [30,31]. In the permanent 50 ha ForestGEO plot on Barro Colorado Island (BCI) in Panama, the magnitude
of the change in abundance of common tree species (species with more than 1000 individuals) was on average 28% over the
period 1982-2010, which is more than ten times greater than one would expect under pure demographic stochasticity [30]. One
particularly large abundance change (a 50% decline in the former canopy dominant Poulsenia armata over a decade) at BCI
has been attributed to drought [30], and others have been attributed to insect outbreaks [32]. Similarly large fluctuations in
tree abundance have been observed at other ForestGEO plots around the world, and have been attributed to hurricanes and
typhoons, fires, elephants, and other environmental perturbations [6,30].
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Our lack of knowledge about spatial synchrony of tree populations can be attributed to methodological challenges. Spatial [ 3]

synchrony for a single species can be assessed using standard statistical methods if sufficiently long time series are available
[33], but most available time series of tree population dynamics are short relative to their estimated temporal autocorrelation
period, which is roughly a decade [6,31]. A further difficulty in tropical forests is that most tree species are rare and popula-
tion dynamics of rare species at scales of even several hectares are driven largely by demographic stochasticity, i.e. random
fluctuations in population size arising from the discreteness of individuals [30]. Here, we apply novel statistical approaches
to overcome these inherent methodological difficulties and estimate synchrony in tree population dynamics over five orders
of magnitude of geographical distance. Our approach circumvents methodological difficulties by eschewing a per-species
synchrony estimate and instead calculating an average synchrony estimate for each pair of observation units with at least one
shared species. We leverage data from permanent forest plots on three spatial scales: the local scale, focusing on within-plot
dynamics for two plots in the ForestGEO network; the regional scale, focusing on synchrony between 47 plots in the Marena
network in central Panama; and the global scale, focusing on synchrony among 22 plots in the ForestGEO network.

We used data from permanent forest plots on three different spatial scales: local, regional and global. For the local scale,
we used the two longest-established 50 ha plots in the ForestGEO network: the BCI plot in Panama, and the Pasoh plot in
Malaysia. We used seven censuses of the BCI plot (from 1982 to 2010) and five censuses of the Pasoh plot (from 1987 to 2006).
Each ForestGEO plot is censused at intervals of ca 5 years following a standard protocol, according to which all individual
freestanding woody plants with diameter-at-breast-height (DBH; measured 1.3 m from the ground) >1 cm are identified and
measured [34]. Individuals are tagged, which allows survival to be assessed across censuses. In our analyses, we used only main
stems for trees with multiple stems.

For the regional scale, we used plots from the Marena network in central Panama [35]. We used only the 47 plots (out of a
total of 65) that had been censused at least twice, to allow calculations of abundance fluctuations over time. All but two of these
plots are 1 ha in size; one plot is 4 ha (Cocoli) and one is 5.96 ha (Sherman). The distances between pairs of the Marena plots
used range from 0.3 km to over 200 km (electronic supplementary material, figure S1). These plots are censused using a similar
protocol to the ForestGEO plots, except that in most of the 1 ha plots, a DBH threshold of 1 cm is used only in a 0.16 ha (40 mx
40 m) subplot, with a larger 10 cm threshold being used outside this.

For the global scale, we used 22 plots from the ForestGEO network (figure 1a; electronic supplementary material, appendix
S1) that follow the standard ForestGEO measurement protocol described above for BCI and Pasoh. The selected plots had at
least two censuses and areas of at least 12 ha. Inter-plot distances ranged from 138 km to nearly 20 000 km.

When describing methods that apply at all three scales we use the general term ‘observation units’ to refer to quadrats within
plots in the local-scale analyses (BCI and Pasoh) and to entire plots in the regional analyses (Marena plots) and global-scale
analyses (22 ForestGEO plots). Prior to assessing synchrony, we established which species were shared across observation units
at each spatial scale (electronic supplementary material, appendix S2).

We estimated synchrony separately for each pair of observation units at each of the three focal scales. We ran one analysis for
trees with 210 cm DBH and another for trees with >1 cm DBH. Repeating all of our analyses at two different DBH thresholds
brought two advantages. Firstly, it allowed us to use more of the data: for the 1 cm threshold, we were able to include more
trees overall, whereas for the 10 cm threshold, we were able to use the full spatial extent of the regional-scale plots (see
methodological details below). Secondly, the analysis at each threshold reveals potentially distinct information about factors
driving synchrony in population dynamics, in particular recruitment: synchrony of population dynamics for trees above 1 cm
DBH will be strongly influenced by recent recruitment events, whereas that of trees above 10 cm DBH will be more reflective of
recruitment events over several decades.

We use the term “spatial grain’ to refer to the size of the observation units (e.g. 1 ha plots) and ‘spatial scale” to refer to the
scale over which the observation units are spread (e.g. the regional scale). Ideally, analyses would be conducted at the largest
spatial grains possible, to minimize the influences of demographic stochasticity and immigration (see §2c ). But in practice, our
choices of spatial grain were constrained by the data.

For the local-scale analyses, we subdivided the plot (i.e. BCI or Pasoh) in each analysis to create quadrats, which were the
observation units. At the 10 cm DBH threshold, we ran the main analyses at a large spatial grain of 6.25 ha, to minimize the
effects of immigration. We then repeated the analyses at a small spatial grain of 1 ha to facilitate comparison with the regional
analysis for the same DBH threshold. At the 1 cm DBH threshold, we used three spatial grains: 6.25, 1 and 0.16 ha. The 0.16
ha grain here again facilitates comparison with the regional analysis at the same DBH threshold. Because the two plots in the
local-scale analyses had dimensions 1000 x 500 m, when using the 0.16 ha grain we took the 0.16 ha quadrats from only a 1000 x
480 m sub-area of the plot in order to ensure that all quadrats were square.

For the regional-scale analyses we treated each plot as a separate observation unit and so the grain was 1 ha at the 10 cm
DBH threshold and 0.16 ha at the 1 cm DBH threshold. For the two regional plots larger than 1 ha, we used data from a subplot
of 1 ha (for the 10 cm DBH threshold) or 0.16 ha (for the 1 cm DBH threshold), which standardizes the grain across observation
units at the expense of discarding some information. Only 34 regional plots could be used in the 1 cm DBH threshold analysis
(0.16 ha grain), because in several Marena plots, the smaller stems were not censused or had been censused only once.

For the global-scale analyses, we treated each entire ForestGEO plot as a separate observation unit. A limitation of this is
that the resulting observation units have different spatial grains, i.e. the ForestGEO plots have different areas. But the effects
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Figure 1. (a) Map of ForestGEO plots used in our global-scale analyses. (b) Within regions, most plots share some species, but between regions, few species are shared
(levels of grey shading behind axis labels indicate region groupings, which are, from lightest to darkest: Africa, Asia, Neotropics, temperate North America). Almost
all of the shared species between regions were introduced in at least one region (purple boxes indicate pairs of plots where all shared species fell into this category).
(c) The census intervals overlapped to some extent for all pairs of plots with shared native species.

of this on the results should be minimal, because the minimum plot area was large (12 ha) and so the effects of demographic
stochasticity and immigration should be small. Detailed acknowledgements for each plot are provided in electronic supplemen-
tary material, appendix S1.

(b) Synchrony metric

In this subsection, we define a general synchrony metric, which is independent of the details of the model we use in the next
subsection to estimate it. Let synchrony ¢; be the Pearson correlation between the population growth rates of species i at two
observation units, A and B, over time. A positive population growth rate means a species is increasing in abundance; a negative
population growth rate means a species is decreasing in abundance. A synchrony value of ¢; =1 would imply that the species’
population growth rate at observation unit A is exactly proportional to and of the same sign as the rate at observation unit B; a
synchrony value of ¢;= —1 would imply that the species’ population growth rate at observation unit A is exactly proportional
but of opposite sign to that at observation unit B; and a synchrony value of ¢;=0 would imply that the species” population
growth rate at observation unit A is uncorrelated with that at observation unit B.

Although ideally one would estimate a separate value of ¢; for each of the species shared between two observation units, in
our application to forest trees this is infeasible because of data limitations, mainly associated with the shortness of the census
time series relative to the temporal autocorrelation period of forest tree population dynamics [31]. For this reason, for each pair
of observation units, we estimate the average synchrony ¢ for all shared species, which is an average of the species-specific
synchrony values ¢;. We emphasize that we are still conceptualizing each species as having its own distinct synchrony value g;
but we are unable to estimate these species-specific values, which we acknowledge as an inevitable methodological limitation
given the data. The conceptual relationship between species-specific synchrony and the average synchrony metric is explained
further in electronic supplementary material, appendix S2 (see in particular electronic supplementary material, figures S2 and
S3).

(c) Estimating synchrony

In this subsection, we describe the model we used to estimate the average synchrony ¢ for each pair of observation units. In
our datasets, the main source of uncertainty when estimating synchrony is demographic stochasticity, which can cause realized
population growth rates at an observation unit to vary substantially from the expected rates, eroding the signal of synchrony.
Demographic stochasticity has stronger effects in smaller populations. This is important in our analyses because many forest
tree species are rare. Henceforth, when we use the term ‘population growth rate” without qualification, we are referring to
expected population growth rates uncontaminated by demographic stochasticity, i.e. the rates that we would measure in the
limit of very large sample sizes (large numbers of trees).
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We accounted for the influence of demographic stochasticity by using a mechanistic model that allows us to effectively “

assign lower weight to rare species when estimating average synchrony. In the model, abundance dynamics are driven by a
combination of demographic stochasticity and fluctuations in population growth rates over time that are assumed to be driven
by temporal environmental stochasticity [30]. Specifically, the abundance N, ;;, of species i at observation unit x at time ¢, is
modelled as a random variable that is the sum of a binomial survival term and a Poisson recruitment term:

Nyijt, ~ Bi(Nx, ity ex, i, t1,t2) + POiS(Nx, ity (/lx, ity ex, it tz))/ (2.1)

where N, ; ;, is the species’ initial abundance, and A, ; ¢, ;, and 6, ; 1, 1, are the population growth rate and survival rate of species
i at observation unit x from t; to ;. The model assumes that there is a negative correlation between survival and recruitment
rates across species, as represented by the presence of the parameter 6, ;,, ;, in both the survival and the recruitment terms
in equation (2.1) (the quantity 1-6y;,,  reflects the inherent turnover rate of species i and would typically be high for
understorey shrubs and low for canopy trees). The model also assumes that survival and recruitment can be treated additively
(i.e. recruitment occurs before mortality, and new recruits do not die or contribute to reproduction in the time interval
considered). This assumption will have minimal effect on our results provided that the time interval At = t, - t; is substantially
shorter than the generation time of trees. To enable comparability across fits to data with different time intervals At, we
convert the 1 and 8 parameters for each species to an instantaneous population growth rate p, ; 1, ;, = (1/At)log 4, ; ¢, 1, and an
instantaneous mortality rate u, ;= — (1/At)log 6y ; 1, The model is hierarchical because these instantaneous rate parameters
are drawn randomly and independently from hyperdistributions. We assume that the random variation in y, and hence 6,
represents life-history variation in turnover rates across species and is thus independent of time, and that the random variation
in p, and hence A, represents temporal environmental stochasticity. These assumptions and the structure of equation (2.1) imply
that the effects of temporal environmental stochasticity are manifested in recruitment but not in mortality. This restriction is
necessary because of data limitations imposed by the shortness of the census time series: allowing temporal environmental
stochasticity in both recruitment and mortality would lead to parameter identifiability issues, as explained in [30] (see also [36]).
Thus, synchrony in p between two observation units in the model is driven by synchrony in recruitment. Following [30], we
used a lognormal distribution for u and an asymmetric Laplace distribution for p.

Our model differs from that of [30] only in one crucial aspect: we replace the asymmetric Laplace distribution with its
bivariate counterpart for the set of species that are shared across the two observation units, thus allowing the population growth
rates of these species to be coupled across the observation units. We implemented the bivariate asymmetric Laplace distribution
as a transformation of a bivariate standard normal distribution with correlation parameter ¢ via a copula—a multivariate
cumulative distribution function that links the underlying one-dimensional marginal cumulative distribution functions [37].
Copulas are used to model multivariate statistical phenomena in various fields, including quantitative finance. Once the
parameters of the bivariate asymmetric Laplace distribution have been estimated for a given pair of observation units, our
synchrony metric ¢ can be estimated by drawing a large number of pairs of population growth rates from the parameterized
distribution and calculating the correlation between them. We emphasize that the copula parameter ¢ is not the parameter of
actual interest but rather a parameter that facilitates construction and fitting of a bivariate model, from which one can ultimately
estimate synchrony ¢, the parameter of actual interest (over most of model parameter space, ¢ is numerically very close to ¢
though not exactly equal to it). In the limit of very large abundances (large N, ;), i.e. when demographic stochasticity becomes
negligible, our method simply produces an estimate of ¢ that is equal to the unweighted mean of the species-specific synchrony
values (g;). In the presence of demographic stochasticity, the method effectively gives a weighted mean with more weight
on common species, whose population growth rates are estimated with more certainty. In electronic supplementary material,
appendix S2, we describe the mathematical structure of our model in more detail.

One limitation of our model is that it assumes that all recruits arise from reproduction within a given observation unit, i.e.
it assumes that immigration constitutes a negligible fraction of the propagule rain. This assumption will be better for larger
observation units: immigrants constitute only approximately 10% of the propagule rain in a 50 ha observation unit or 20% in a
6.25 ha observation unit, but approximately 70% in a 0.16 ha observation unit [38]. To the extent that adult tree density outside
a focal observation unit differs from that within the observation unit, immigration will act as a source of noise that erodes
the signal of synchrony in population growth rates between two observation units. Thus, our synchrony estimates will tend to
underestimate true synchrony in population growth rates, particularly at smaller spatial grains, which we acknowledge as a
limitation of our methods.

Before fitting the model to data, for each pair of observation units, we took the longest time period covered by both
observation units” census histories. For the local analyses, this was simply the entire census history (28 years at BCI and 19 years
at Pasoh), because all quadrats in a plot are included in each census. For the regional and global analyses, this often involved
trimming the census history of one or both plots. For example, in the global analysis, we had census data for Pasoh spanning
1987-2006 and for Lambir spanning 1993-2008, so the comparison period for Pasoh versus Lambir was 1993-2006. In most
cases, interpolation of abundances at one or both observation units was necessary to match the start and end dates (t; and t,)
of a comparison period. We did this by taking the two censuses with census dates closest to the comparison start or end date,
and using these to interpolate the abundances at the start or end date, assuming constant mortality and recruitment rates for
each species between the two censuses (electronic supplementary material, appendix S2). We performed a similar interpolation
procedure for numbers of survivors of each species from the start to the end date (electronic supplementary material, appendix
S2), as these values were also needed as model inputs to allow separate estimation of the survival and recruitment terms in
equation (2.1).

We fitted the model to the data for each pair of observation units with at least one shared species by maximizing the
likelihood of the hierarchical model using a Gibbs sampler with a Metropolis update rule [39-41] (see electronic supplementary
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material, appendix S2). Given observed abundances Ny ; 1, Na i+, Ng i, and Ng ; , for each species i present at two observation n

units (A and B) and at each of two timepoints t; and t,, as well as the number of survivors of each species at each observation
unit from timepoint t; to f,, the fitting process estimates the five parameter values of the two hyperdistributions (two for the
lognormal and three for the asymmetric Laplace) at each observation unit, the copula parameter ¢ linking the asymmetric
Laplace distributions of population growth rates for shared species across the two observation units, as well as the instantane-
ous population growth rate for each species present at the two observation units (o, ; and pg ;) and the corresponding mortality
rates (ua ; and ugp ;). Thus, the total number of estimated parameters is 2 (2 +3) +1+2(Sa + Sg), where Sa and Sg are the number
of species present at observation units A and B, respectively. The estimate of the copula parameter ¢ is mainly informed by the
shared species across two observation units, although the non-shared species have an indirect influence because they inform
the estimates of model parameters other than ¢, which are algebraically linked to ¢ via the likelihood function (electronic
supplementary material, appendix S2).

We provide details on the fitting procedure with the Gibbs sampler in electronic supplementary material, appendix S2.
A workflow diagram of our method for estimating synchrony is shown in electronic supplementary material, figure S4. We
validated our method by fitting the model to simulated data with known synchrony (electronic supplementary material, figure
S5). We also tested the robustness of the synchrony metric ¢ to census intervals of different lengths using our local-scale data
(BCI and Pasoh).

(d) Assessing the relationship between synchrony and distance

After estimating synchrony values at a given scale (local, regional or global), we fitted power-law decay functions to quantify
how synchrony between forest communities depends on geographical distance. Prior to fitting the power laws, we transformed
synchrony values from the interval (-1, 1) to the interval ( - oo, >) using z = tan(¢7t/2). This transformation serves two purposes:
it ensures that synchrony values from the fitted models cannot be outside the range (-1, 1) and it improves model fits because
near ¢ = — 1 and ¢ = 1 the estimate of z is close to unbiased, whereas the estimate of ¢ from our maximum likelihood procedure is
slightly biased towards 0 (see §3). We estimated confidence intervals on the decay functions by bootstrapping over observation
units [42]. In addition to fitting power laws, we also fitted smoothing splines to the data to assess potential idiosyncratic trends
in synchrony with geographical distance.

3. Results

(a) Local analyses

Estimated synchrony among populations of tree species within each of our two ForestGEO plots used for the local analyses
(BCI and Pasoh) was positive and generally high. At the largest spatial grain (6.25 ha), across all pairs of observation units, the
estimated value of the synchrony metric ¢ was on average 0.80 and 0.68 for the 1 and 10 cm DBH thresholds, respectively, at BCI
(inter-census interval = 28 years), and 0.72 and 0.59 at Pasoh (inter-census interval = 19 years) (figure 2). Estimates of synchrony
were robust to the length of the inter-census interval used (electronic supplementary material, figure S6). At the smaller spatial
grains (1 and 0.16 ha), estimated synchrony at both plots was somewhat lower (electronic supplementary material, figures S7
and S8), which we attribute to the effects of higher per capita immigration at these grains (see §2).

Distance decay in synchrony was broadly similar across the two plots and spatial grains. For trees with >10 cm DBH, at BCI,
the estimated decay was 27% per order of magnitude of distance at the 6.25 ha spatial grain, and 29% at the 1 ha spatial grain; at
Pasoh the corresponding estimates were 27 and 17%. For trees with 21 cm DBH, the decay estimates at BCI were 17, 29 and 30%
for the 6.25, 1 and 0.16 ha spatial grains, and at Pasoh they were 38, 44 and 36%.

(b) Regional analysis

In the regional analysis (the 1 ha Marena plots in central Panama), over 90% of plot pairs had shared species and could be
included in the analysis: of these, the mean number of shared species at the 10 cm DBH threshold was 30.4, and at the 1 cm DBH
threshold was 16.3 (recall that the census area was smaller at the lower DBH threshold). The most frequently occurring species
were Virola sebifera at the 10 cm DBH threshold (39 out of 47 plots) and Sorocea affinis at the 1 cm DBH threshold (33 out of 34
plots).

Synchrony at the regional scale (Marena plots) was high at the shortest distances (<0.5 km) but substantially lower at the
longest distances (>200 km) (figure 3). Although uncertainty was large for any given pair of plots, the overall trend in synchrony
across all pairs of plots was robust. The four pairs of plots separated by a distance of less than 0.5 km had estimated synchrony
values ¢ of on average 0.43 (1 cm DBH) and 0.52 (10 cm DBH)) (figure 3), consistent with the magnitude of synchrony estimated
in the local-scale analyses (figure 2). The estimated rate of decay in synchrony over one order of magnitude of distance was 26%
for trees with 210 cm DBH, and 44% for trees with > 1 cm DBH, comparable to the decay observed at the local scale.
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Figure 2. In our local-scale analyses (using BCl and Pasoh forest plots only), spatial synchrony in forest tree dynamics was high and declined with distance (0.1-1
km). Results for trees with (a) DBH >1 cm and (b) DBH >10 cm, in quadrats of size 6.25 ha (250 x 250 m) within the BCl forest plot (blue) and the Pasoh forest
plot (red). Each point indicates the estimated average synchrony metric (Pearson correlation in population growth rates) for all species shared between two quadrats
(vertical axis) and the geographical distance between the quadrats (horizontal axis). For trees with DBH =1 cm (a), the average number of species shared between two
quadrats (observation units) was 212 and 618 for BCl and Pasoh, respectively; for DBH >10 cm (b), the corresponding numbers were 139 and 344. Whiskers indicate
the 95% credible intervals on each synchrony estimate. Solid curves show power-law fits to the overall relationship between synchrony and distance, with shaded
regions showing 95% confidence intervals. Dashed curves (almost perfectly coinciding with the solid curves on these graphs) show smoothing splines.
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Figure 3. In our regional-scale analyses, spatial synchrony in forest tree dynamics was moderate and declined with distance (0.3—200 km). Each point is the estimated
synchrony between two forest plots in the Marena network in central Panama, with whiskers showing 95% credible intervals. The synchrony estimates are computed
as in figure 2. The size of each point is proportional to the number of species shared between the two corresponding plots (see graphical legend in (a)). The curves are
power-law fits, with details as described in caption for figure 2. The four nearest pairs of plots are labelled (see map in electronic supplementary material, figure S1).
(a,b) Results for trees with DBH =1 cm and DBH >10 cm, respectively.

(c) Global analysis

At the global scale, our 22 plots had an average area of 29.8 ha. Eleven of the plots were in Asia, four were in temperate North
America, four were in the Neotropics, and three were in Africa (figure 1a). The time intervals between censuses used in the
analyses ranged from 2 years at Tyson Research Center (TRC) to 28 years at BCI. Our ability to measure synchrony in the
global analysis was dependent on overlap in the species composition between ForestGEO plots, most of which are hundreds or
thousands of kilometres apart, and also on overlap in the timing of the censuses to create a congruent census interval. Of the
more than 4600 species in our dataset, a total of 1132 were present at more than one plot, and 330 of these were present at more
than two plots (see electronic supplementary material, appendix S3 for more details). Unsurprisingly, most observed species
overlap was among plots within each of the four major geographical regions, with minimal overlap for different geographical
regions (figure 1b). Of the few species shared between plots in different geographical regions, most were introduced in at least
one of the regions (figure 1b). We did not exclude introduced species from our analyses, but the relatively small number of
introduced species and their low abundances meant their impact on measured synchrony, and thus the overall results, was
minimal. Most plot pairs with shared species exhibited some overlap in overall census interval (figure 1c).

Estimated synchrony varied widely across plot pairs, and in some cases across DBH thresholds for a given plot pair, but
was slightly positive on average (figure 4). Uncertainty in synchrony estimates was in most cases high because of low statistical
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d consistently from local to global scales. Shown together are the fitted power laws (see graphical legends)

from figure 2 for the local BCl scale in Panama (dark blue curves), figure 3 for the Marena regional scale in central Panama (light blue curves), and figure 4 for the global
ForestGEO scale (green curves; all plots), along with fits for smaller spatial grains at BCl (dashed and dotted dark blue curves; see electronic supplementary material,
figures S7 and S8) to facilitate direct comparison with the Marena data. Synchrony is lower at smaller spatial grains, which we attribute to the decorrelating effects of
immigration over yearly to decadal timescales (see text). (a, b) Results for trees with DBH =1 cm and DBH >10 cm, respectively.

power (attributable to the low number of shared species between most pairs of plots). The estimated rates of decay in synchrony
over one order of magnitude of distance were 68% for trees of 210 cm DBH and 34% for trees of 21 cm DBH, but uncertainty in

these values was again high.
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4. Discussion

We have shown for the first time pervasive large-scale synchrony in tree species’ population growth rates, from local to global
scales (figure 5). Broadly, there are two classes of mechanism that can drive synchrony in a species’ population dynamics across
space: the environment and dispersal [1,18]. The former is referred to as the Moran effect, after Moran [15], who showed that
in the special case that the logarithm of species’ abundance follows linear dynamics with environmental noise, the expected
synchrony in population dynamics is exactly equal to the synchrony in the environmental variable. Nonlinearities in population
dynamics refine this picture but do not fundamentally change the expectation of a close correspondence between synchrony
in population growth and environmental variables [23]. In our tree population data, we estimated synchrony in population
growth rates to be of the order of ¢ = 0.5 (Pearson correlation) at scales of hundreds of kilometres and to be detectably positive
even at scales of thousands of kilometres (figure 5). Synchrony in climate variables extends up to thousands of kilometres,
with ‘teleconnections’ at the largest scales associated with phenomena such as the El Nifio-Southern Oscillation [43]. The
magnitude of synchrony in rainfall and synchrony in temperature varies globally and is not strictly distance-dependent, but it is
consistently greater than r = 0.5 (Pearson correlation) at scales of 100 km [22] and is thus sufficient to explain our observed tree
population synchrony. Spatial synchrony in other climate variables, such as winds from hurricanes [44] and typhoons [45], may
also play a role, but our sample size (22 plots at the global scale) is too low to pinpoint the exact climate drivers with statistical
confidence. Future studies with data from more plots may facilitate this.

The alternative explanation of dispersal being the primary driver of population dynamics [18] is not plausible for our forest
communities. Dispersal-induced synchrony can occur because exchange of individuals between observation units tends to
equalize population density and, assuming density-dependent dynamics, this tends to equalize population growth rates [18].
These effects cannot account for the high synchrony observed in our data because tree population density varied broadly
across observation units at all scales. For example, within the 50 ha BCI plot, the average coefficient of variation in a tree
species” density over quadrats was greater than 0.6 at all three spatial grains. A further piece of evidence against the dispersal
hypothesis is that we even observed statistically detectable synchrony between pairs of plots that are biogeographically isolated
from each other. For example, the Fushan and Gutianshan plots are separated by a total distance of 600 km, including the 180
km Taiwan Strait, and yet estimated synchrony between the two plots was high (figure 4).

Perhaps counterintuitively, in our data, the effect of dispersal is actually to erode the signal of synchrony, particularly for
small observation units. The reason is that our model assumes immigrant propagules are a small fraction of total propagules
at an observation unit and can thus be ignored when calculating the population growth rate, an assumption which for trees
likely only holds at spatial grains above 1 ha. This effect is clearly visible in our analyses at different spatial grains at the
local scale (electronic supplementary material, figures S7 and S8; figure 5). Because of these immigration effects, our estimates
of synchrony represent lower bounds on true synchrony in population growth rates, especially in our regional-scale analysis
where our maximum spatial grain was constrained by the small plot sizes: 1 ha for trees with DBH >10 cm and 0.16 ha for trees
with DBH >1 cm. Based on comparisons of measured synchrony across spatial grains in our local-scale analyses (figures 2 and 5;
electronic supplementary material, figures S7 and S8), we can infer that true synchrony at the regional scale (i.e. the synchrony
that would be observed at a larger spatial grain where the effects of immigration become negligible) is substantially higher than
the measured values. For example, we infer true synchrony of ¢ = 0.4 for trees with DBH >10 cm at a distance of 20 km (from
figure 5b).

The drivers of synchrony may be more complicated for tree species impacted by spatially synchronized intertrophic
interactions, in particular pest and pathogen outbreaks. For example, Dutch elm disease has driven widespread declines of the
tree species Ulmus americana and Ulmus rubra in North America over nearly a century [46]. This disease has been implicated in
these two tree species’ declines at our SCBI plot [47], and the same two species have also declined at our other North American
plots. However, even for insect outbreaks, the weight of evidence points mainly towards the Moran effect, rather than dispersal,
as the main driver of synchrony [48-50]. Thus, even in cases where the proximate driver of spatial synchrony in tree population
dynamics is a pest or pathogen, the ultimate driver may still be the Moran effect. A final set of additional potential drivers of
synchrony in tree population dynamics are anthropogenic influences. Although these could be broadly construed as a subclass
of intertrophic interactions, they warrant separate consideration. A case in point is the species Aquilaria malaccensis, which has
declined consistently over time at all three of our Asian ForestGEO plots where it is present and it is known to be illegally
harvested for agarwood [51] in at least one of these plots. Air pollution is another spatially correlated human impact that can
impact trees’ vital rates [52]. The relative importance of these anthropogenic drivers, versus the Moran effect, for synchrony in
tree population dynamics is a topic for further study.

Our estimates of spatial synchrony in forest dynamics can inform metapopulation models that seek to estimate species’
extinction risk. Populations whose dynamics are highly synchronized over their geographical range are at greater risk of
extinction because the constituent subpopulations tend to decline together [2,3]. The median global range size of tree species
found in Panama is 6.9 x 10° km® [53], corresponding to a linear range extent of the order of 1000 km, a distance at which
we estimated average synchrony in population dynamics to be positive but with very broad credible intervals (figure 4),
suggesting that a species with median range size may be buffered from extinction by spatially desynchronized population
fluctuations. Nevertheless, 16.2% of Panama tree species have a range size of less than 20 000 km? corresponding to a linear
range extent closer to 100 km, a scale at which synchrony is detectable with more statistical certainty (figure 3), suggesting
greater vulnerability to extinction of this subgroup.

Our novel statistical method for assessing synchrony of population dynamics across observation units, using an average
metric for multiple species, is broadly applicable to datasets involving large numbers of species with time series of abundances
that are short relative to the temporal autocorrelation period of population dynamics. In such cases, standard time-series
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analysis methods for single populations [33] are not applicable because there are too few independent data points. A strength
of our method is that the fitting procedure implicitly gives each species an appropriate weight that is inversely related to the
uncertainty in its population growth rate (electronic supplementary material, appendix S2); for rare species, this uncertainty
is greater because of demographic stochasticity, and the weights are thus lower (electronic supplementary material, appendix
S2). An alternative and simpler method would be just to discard rare species below some abundance threshold and to look at
synchrony in the population growth rates of the common species [29], obviating the use of mechanistic models and likelihood
maximization. But this approach discards valuable information contained in the dynamics of the rare species shared between
observation units: rare species typically compose the majority of shared species in diverse tropical tree communities, particu-
larly in small forest plots (<1 ha). Our methods are also robust to the time interval between censuses (electronic supplementary
material, figure S6): synchrony between a pair of observation units fluctuates over time (as has also been observed for mammal
populations [54]), but these fluctuations are small relative to the average value.

There are several caveats to our method. Firstly, our method assumes that environmental stochasticity affects recruitment
but not mortality. This assumption is necessary owing to data limitations associated with short time series but appears to be
justified [30]. As noted, our method also does not account for the effects of immigration, but the direction of the bias arising
from immigration is known (it is towards lower synchrony; see §2), and the bias can in principle be minimized by using larger
observation units. Another limitation of our method is that, by design, it gives an average synchrony value across all shared
species between two observation units (). This masks potential interspecific variation in synchrony, which may be of biological
interest but could only be explored with longer time series (enabling species-specific estimates of synchrony, ;).

Our results also have implications for species coexistence theory [55-57]. Traditional explanations for high tropical tree
diversity have focused on equilibrium models of isolated forest plots. Such explanations include Janzen—Connell effects and
resource niches [55,58]. But it is increasingly recognized that tree populations are incredibly dynamic and are interconnected
with conspecific populations throughout the landscape [6,30,31,59]. Extending the perspective of coexistence theory to regional
and continental scales requires knowledge of how local tree populations in different places fluctuate relative to one another over
a range of spatial extents—estimates of which we have provided here. We noted above that range-restricted tree species will
be especially vulnerable to extinction owing to synchronized population dynamics. Our synchrony estimates place constraints
on the minimum strength of coexistence mechanisms required for range-restricted species to coexist at the landscape scale with
widespread species whose fluctuations are buffered by metapopulation effects.
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