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Latitudinal scaling of aggregation with 
abundance and coexistence in forests
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Norman A. Bourg5, Warren Y. Brockelman6, Guanghong Cao7, Min Cao8, 
Wirong Chanthorn9, Chengjin Chu10, Stuart Davies11, Sisira Ediriweera12, 
C. V. Savitri Gunatilleke13, I. A. U. Nimal Gunatilleke13, Zhanqing Hao14, Robert Howe15, 
Mingxi Jiang16, Guangze Jin17, W. John Kress18, Buhang Li10, Juyu Lian19, Luxiang Lin8, 
Feng Liu20, Keping Ma21, William McShea5, Xiangcheng Mi21, Jonathan A. Myers22, 
Anuttara Nathalang6, David A. Orwig23, Guochun Shen24, Sheng-Hsin Su25, I-Fang Sun26, 
Xihua Wang24, Amy Wolf15, Enrong Yan24, Wanhui Ye19, Yan Zhu21 & Andreas Huth1,2,27

The search for simple principles that underlie the spatial structure and dynamics  
of plant communities is a long-standing challenge in ecology1–6. In particular, the 
relationship between species coexistence and the spatial distribution of plants is 
challenging to resolve in species-rich communities7–9. Here we present a comprehensive 
analysis of the spatial patterns of 720 tree species in 21 large forest plots and their 
consequences for species coexistence. We show that species with low abundance  
tend to be more spatially aggregated than more abundant species. Moreover, there  
is a latitudinal gradient in the strength of this negative aggregation–abundance 
relationship that increases from tropical to temperate forests. We suggest, in line with 
recent work10, that latitudinal gradients in animal seed dispersal11 and mycorrhizal 
associations12–14 may jointly generate this pattern. By integrating the observed spatial 
patterns into population models8, we derive the conditions under which species can 
invade from low abundance in terms of spatial patterns, demography, niche overlap 
and immigration. Evaluation of the spatial-invasion condition for the 720 tree species 
analysed suggests that temperate and tropical forests both meet the invasion 
criterion to a similar extent but through contrasting strategies conditioned by their 
spatial patterns. Our approach opens up new avenues for the integration of observed 
spatial patterns into ecological theory and underscores the need to understand  
the interaction among spatial patterns at the neighbourhood scale and multiple 
ecological processes in greater detail.

Species-rich plant communities such as tropical forests have been 
investigated by ecologists for decades, but explaining their high spe-
cies richness remains a challenge for ecological theory1–6,15,16. Although 
numerous studies have been devoted to this issue, mechanistic con-
nections among features of plant communities and species coexist-
ence are incompletely understood7–9. For example, a key feature in 
forests is the spatial aggregation of tree species, which has long been 
used to infer mechanisms that contribute to coexistence17–21. This is 
because aggregation is related to ecological processes such as negative 
conspecific density dependence17,18,22, dispersal limitation2,23, mycor-
rhizal associations12–14 and habitat association24,25. Conspecific spatial 
aggregation Ω is usually defined as the average density D of conspecific 
trees in neighbourhoods around individual trees of the same species 
divided by the mean tree density λ of the species in the forest plot20,25. 
Hence, Ω describes the extent to which trees of the same species tend 
to occur in spatial clusters. Several theoretical and observational stud-
ies suggest that conspecific aggregation is related to species abun-
dance, whereby species with lower abundance show higher levels of 

aggregation8,19–21,26–28. However, other studies have reported only weak 
relationships between aggregation and species abundance29 (Supple-
mentary Text). Nevertheless, a relationship between aggregation and 
abundance could have important consequences for the maintenance 
of high species richness. This is because recent theoretical work7–9 has 
indicated a connection between conspecific aggregation and the rare 
species advantage required for coexistence.

Different aggregation–abundance relationships are possible. At 
one extreme, when conspecific clusters form mostly near adults (for 
example, owing to short-distance dispersal7,8,26 and/or mycorrhizal 
associations12–14), the density D of conspecific trees in the neighbour-
hood of individual trees will be similar for species with low and high 
abundance, but species with lower abundance will have fewer clusters 
(compare Fig. 1a and Fig. 1b). Thus, aggregation (that is, Ω = D/λ)20,25 
increases if abundance (and therefore the mean tree density λ) 
decreases. At the other extreme, when local clusters are created away 
from conspecific adults8 (for example, owing to clumped animal seed 
dispersal (zoochory) or canopy gaps24,30–33), fewer seeds will reach the 
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cluster locations if the species has lower abundance. Consequently, 
the neighbourhood density D will become proportional to abundance 
and therefore aggregation Ω becomes independent of abundance 
(compare Fig. 1a with Fig. 1c).

Given the links between conspecific aggregation, negative density 
dependence and coexistence7–9,26, the aggregation–abundance rela-
tionship may be related to the latitudinal diversity gradient, which is 
proposed to be driven by ecological, evolutionary, regional or historical 
effects34. Here we conduct a comprehensive analysis of both how spatial 
neighbourhood patterns of trees derived from large forest inventories6  
and the relationship between aggregation and abundance change  
with latitude. We propose underlying ecological mechanisms and 
integrate our results into mathematical theory to investigate how the  
aggregation–abundance relationship may affect the rare species advan-
tage and thereby species coexistence (Box 1).

Although aggregation can be defined in various ways19,20,25,29,35 
(Extended Data Fig. 1), we derive measures of spatial patterns from 
established approaches8,36–38 that model the effect of neighbours on the 
performance of individual plants (Box 1). This links the competition of 
individual trees with the dynamics of species at the community scale. 
We illustrate our new theory using the example of neighbourhood com-
petition, in which tree survival is reduced in areas of high tree density 
by competition for space, light or nutrients39, or through predators 
or pathogens17,18.

A latitudinal trend in aggregation
Using data on 720 focal species in 21 temperate, subtropical and trop-
ical forest plots with sizes of 20–50 ha from a global network of forest 
research plots (CTFS-ForestGEO)6 (Extended Data Table 1), we found 
that species with lower abundance tended to be more aggregated than 
species with higher abundance (Fig. 2). Notably, when describing the 
relationship between observed aggregation kff* and abundance Nf* for 
each forest plot by a power law k a N* = *ff f

e (refs. 21,27,28) (Fig. 2a,b), the 
exponent e followed a marked latitudinal gradient (Fig. 2c and Extended 
Data Fig. 2). Tropical forests showed a weak negative relationship 
between aggregation and abundance (that is, exponent values close 
to zero; Fig. 2a and Extended Data Fig. 3a–f). By contrast, in temperate 
forests, species with low abundance showed generally high aggrega-
tion, and aggregation strongly decreased with increasing abundance 
(that is, exponent values mostly below –0.58; Fig. 2b and Extended 

Data Fig. 3n–u). In contrast to conspecifics, heterospecific associations 
were not related to abundance (except for some weak correlations in 
temperate forests; Extended Data Fig. 4).

The latitudinal gradient in the relationship between conspecific 
aggregation and abundance (Fig. 2c) and the absence of such a rela-
tionship for heterospecifics (Extended Data Fig. 4) suggested that 
simple principles may drive the complex spatial structure and dynamics 
of plant communities across latitudinal gradients. We also observed 
similar latitudinal gradients in the proportion of species that show 
mostly animal seed dispersal11 and in the proportion of species with 
an arbuscular mycorrhizal (AM) association14 (Extended Data Table 1). 
Temperate forests are usually dominated by ectomycorrhizal (EM) tree 
species, whereas tropical forests are dominated by AM tree species14.

For the combination of the two traits (that is, zoochory and AM 
association), there was an even stronger latitudinal gradient (Fig. 3a), 
which suggested an explanation of the observed latitudinal gradient 
in the aggregation–abundance relationship (Fig. 3b). Species-specific 
EM fungi facilitate conspecific recruitment by forming a physical 
sheath around young feeder roots14,40 and counteracting negative 
competitor-driven or pathogen-driven effects12–14, thereby leading to 
increased aggregation. Therefore, seed dispersal close to conspecific 
adults should be advantageous in temperate forests, where many spe-
cies show an EM association. By contrast, seed dispersal farther away 
from conspecific adults should be more advantageous for AM trees, 
given that an AM association provides less protection against com-
petitors or pathogens that accumulate near conspecifics than an EM 
association13,40. In summary, we propose that the key mechanism that 
leads to the different responses of aggregation to abundance is the 
way that local clusters emerge with respect to conspecific adults. That 
is, in tropical forests, mechanisms such as animal seed dispersal lead 
to the emergence of clusters away from adults, whereas in temperate 
forests, clusters form close to adults8 (Fig. 1).

Regardless of the ultimate mechanisms that generate it, the system-
atic change in the relationship between aggregation and abundance 
with latitude (Fig. 2c) has important implications for coexistence 
dynamics and theory. Stable coexistence requires that the abundance 
of a newly invading (or an almost extinct) species increases1,5,8,9 (that 
is, a rare species advantage). Common non-spatial models that feature 
this invasion criterion ignore the possibility of a negative aggrega-
tion–abundance relationship by assuming that the invading species 
does not suffer from conspecific competition9. This assumption was 
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Fig. 1 | Different responses of conspecific spatial aggregation to changes in 
abundance. a, Illustration of a simulated pattern of a species with abundance 
N = 500 individuals in a 25-ha area with mean neighbourhood density 
D = 0.0116 trees per m2, mean tree density λ = 0.002 trees per m2 and aggregation 
Ω = D/λ = 5.8 (colours represent different clusters of individual trees of the same 
species). b, Entire clusters of the pattern in a were removed (N = 100). Through 

this step, the neighbourhood density was approximately maintained 
(D = 0.0107), but because λ was reduced by a factor of 1/5, aggregation increased 
approximately 5 times (Ω = 26.7). c, Individuals of the pattern in a were randomly 
removed (N = 100). Through this step, D and λ were reduced by a factor of 4.93 
and 5.0, respectively, which approximately maintained aggregation (Ω = 5.9).  
We estimated D and Ω for 10-m neighbourhoods around the focal individuals.
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met in our data for tropical forests, where aggregation was weakly 
related to abundance (Fig. 2a,c). In this case, mean conspecific neigh-
bourhood densities Cf  were almost linearly related to species  
abundance Nf (as constant aggregation k *ff  led to C ck N= * *f ff f ; Box 1 
equation (3); Fig. 1c). However, an increase in aggregation with decreas-
ing abundance, as observed for temperate forests (that is, higher lati-
tudes; Fig. 2b,c), challenges the common assumption of invasion 
analysis. This is because local conspecific neighbourhood densities 
were almost independent of abundance, given that the exponent of 
the aggregation–abundance relationship approached values of −1 
(from C ck N= * *f ff f  and k a N* = / *ff f  follows C ca=f ; Box 1 equation (3); 
Fig. 1b). Thus, individuals of species with low and high abundance expe-
rience similar degrees of conspecific competition. Consequently, 
existing invasion analysis can break down9. Spatial aggregation of trees 
is therefore closely linked to species coexistence, and we need new 
theories to determine whether and under which circumstances species 
with low abundance are likely to increase9.

Including aggregation into the theory
A theory that describes how the response of conspecific aggregation to 
abundance influences species coexistence requires a dynamic popula-
tion model that relates competition at the population level to spatial 
patterns in the neighbourhood of individual trees. Here we derived 

such an approach8, which incorporated information on spatial patterns 
at the scale of individual trees provided by the ForestGEO datasets6. 
We exemplified our theory using a simple model, which uses the fol-
lowing assumptions: (1) reproduction is density-independent7; (2) 
survival of individual trees is reduced in areas of high local tree density, 
as described by neighbourhood crowding indices36–38 (Box 1); and (3) 
immigration may occur at a constant rate:


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Here Nf,t is the abundance of the focal species f at time t, the time 
interval Δt is the 5-year census interval, 

∼
λ N( )f f t,  is the per capita popu-

lation growth rate of species f as a function of species abundance Nf,t, 
sf is a density-independent per capita background survival rate, rf is  
the per capita recruitment rate, βff is the conspecific neighbourhood- 
scale competition coefficient and vf is a parameter that governs the 
magnitude of a constant immigration rate rf vf (ref. 41). Wf(Nf,t), the 
fitness factor42, is the average of the sum Cof + Iof of conspecific and 
heterospecific neighbourhood crowding taken over all individuals o 
of a focal species f (Box 1, equation (6)) and incorporates information 

Box 1

Crowding indices, spatial patterns and their link with macroscale 
dynamics
Following earlier work on neighbourhood crowding indices36,37, we 
assumed that the survival of an individual (red square) depends on 
its conspecific (red) and heterospecific (blue) neighbours within a 
distance r (blue shaded area). For an individual o of the focal species 
f, the crowding index Cof counts all conspecifics (index m) within 
distances r, but weights them by their distance dom (equation (3)), 
assuming that distant neighbours compete less (nf is the number of 
neighbours of individual o of species f within distance r). The crowding 
index Hof does the same with all heterospecifics (equation (4)), but the 
crowding index Iof weights the ni neighbours of species i additionally 
by their relative competition strength βfi/βff (equation (5a)), where βfi 
is the neighbourhood-scale competition coefficient between species 
f and i, which gives the negative impact of one neighbour of species i 
on the survival of individuals of the focal species f. Total crowding  
Cof + Iof = Cof + Bf Hof (equation (5a)) then determines the survival sof of 
the focal individual36 (equation (6)).

We found that the population averages Cf and Īf of the individual 
crowding indices determine the average survival rate sf of species f 
(equations (6) and (9)), weighted by coefficients γfC and γfI, 
respectively, which arise through the nonlinear averaging of the 

survival sof over all individuals o of the focal species8. To incorporate 
the average survival rate into a model of community dynamics 
(equation (11)), we decompose Cf, Hf and If into species abundance 
Nf and measures of spatial patterns (equations (3), (4), (5b) and (10)), 
where = ∑J Ni i is the total community size. Conspecific aggregation kff 
describes the extent to which trees of the focal species (subscript ff) 
tend to occur in spatial clusters and heterospecific association kfh 
describes the extent to which heterospecifics are spatially associated 
with trees of the focal species (subscript fh). We define kff and kfh by 
dividing the average crowding indices Cf and Hf by their expectation 
in the absence of spatial patterns20,25 (square brackets in equations (3) 
and (4)), where c is a scaling factor (c = 2π r/A; Methods) and A is the 
area of the plot.

The quantity Bf (defined in equation (5a)) is the average competitive 
strength of one heterospecific neighbour relative to that of one 
conspecific. We compared two scenarios for the neighbourhood- 
scale competition coefficient βfi: one in which conspecifics and 
heterospecifics compete equally (βfi/βff = 1), and one in which 
phylogenetic similarity is a proxy for βfi/βff because it is difficult in 
practice to estimate βfi/βff for species-rich forests37.
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on spatial patterns, abundance and the aggregation–abundance rela-
tionship into our model (equations (11b) and (11f)). To keep our exam-
ple model simple, we did not consider tree size.

We used a spatially explicit and individual-based implementation of 
our model8, in which spatial patterns (measured by k k* , *ff fh) emerged as 
a consequence of spatially explicit recruitment of offspring and nega-
tive density dependence (Methods). Changing only the way offspring 
are placed relative to conspecific adults led to the range of observed 
exponents of the aggregation–abundance relationship (Extended Data 
Fig. 5). When most offspring were placed close to their parents, locally 
high adult densities were maintained through the continuous placement 
of new individuals into these clumps, which was controlled through 
subsequent thinning due to density-dependent mortality. This mecha-
nism led to an aggregation–abundance relationship similar to that of 
temperate forests8, and we found that the community cannot be invaded 
by a species at low abundance (Extended Data Fig. 5a,f). However, if 
fewer recruits were placed close to their parents, then the dependence 
of aggregation on abundance was weaker (Extended Data Fig. 5b–e). 
Consequently, a species at low abundance can invade because it expe-
riences reduced competition (that is, lower values of total crowding 
C H+f f ) (Extended Data Fig. 5j,o). This rare species advantage emerges 
as a consequence of a positive fitness-density covariance8,42 if a species 
at a lower abundance is surrounded by a lower number of conspecific 
neighbours (that is, lower values of Cf ; Extended Data Fig. 5o,t).

By taking a mean-field approach43 (that is, diffuse competition at the 
community scale8) and assuming zero-sum dynamics2 (that is, the total 

number of trees is fixed; Extended Data Fig. 5f–j), we decoupled the 
multispecies model (equation (1a)) by means of the fitness functions
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where k *ff , k *fh, N *f  and J* are the observed aggregation, heterospecific 
association, abundance and total community size, respectively, bf is 
the exponent of a corrected power-law aggregation–abundance rela-
tionship (equation (12)), Bf is the average competitive strength of one 
heterospecific neighbour of species f relative to that of one conspecific 
and c is a scaling factor (Box 1). We parameterized our mathematical 
model (equations (1a) and (1b)) by using information from our large 
forest plots. All parameters of the model, and the measures of spatial 
patterns, were species-specific. However, given that we had only limited 
information, we used the same parameter value for all species for sev-
eral parameters (that is, rf, sf and bf). For the estimation of βff, we assumed 
that the observed abundance values were close to equilibrium (see 
Methods for details).

An expanded spatial-invasion criterion
The effect of aggregation on coexistence can be analysed by using an 
invasion criterion1,9. An invading (or almost extinct) species will be able 
to increase from a low abundance if its per capita population growth 
rate (equation (1a) and Fig. 4a) is sufficiently positive (that is, a rare 
species advantage). Our spatial-invasion criterion therefore requires 
that the (scaled) per capita population growth rate 

∼
λ N r( )/f s f  should 

have at a low abundance Ns at least a value δ larger than zero (equa-
tion (17a)). For the case in which spatial patterns are the only mechanism 
to facilitate coexistence (that is, no niche overlap or immigration; Bf = 1, 
vf = 0), we obtained the simple invasion criterion
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where Ns is the small invasion abundance (here Ns = 5 or 10) and Nf* the 
observed abundance, bf is the exponent of the corrected aggregation–
abundance relationship (equation (12)), and the quantity ρf = Bf (kfh* /
(kff* − kfh*))(J*/Nf*) (equation (17d)) is a risk factor, as larger values of ρf 
make it more difficult to meet the invasion criterion. The risk factor 
combines the main influence of niche differences (Bf), spatial pattern 
(kff* and kfh*) and relative abundance (Nf*/J) on the invasion criterion into 
a single compound index.

Equation (2) suggests that temperate and tropical forests use contra
sting strategies to fulfil the invasion criterion (Fig. 4c). Tropical forests 
showed smaller negative values of the exponent bf that allow them to 
have larger values of the risk factor, whereas temperate forests showed 
smaller values of the risk factor but larger negative values of the expo-
nent bf. Moreover, less abundant species (that is, larger values of N N/ *s f  
in equation (2)) must show, across all latitudes, larger aggregation kff* 
than more abundant species to produce smaller values of the risk factor 
(the red versus black line in Fig. 4c). Moreover, larger niche differences 
(that is, Bf decreases) in combination with larger aggregation kff*  enhance 
coexistence (equations (18) and (19)). We anticipate that this effect would 
be particularly important for the persistence of low-density species.

To assess the order of magnitude of the effects of spatial structure, 
niche differences and immigration on the per capita population growth 
rate, we investigated four scenarios (Table 1). Coexistence was gener-
ally facilitated to a similar extent in the analysed forest plots by the 
observed spatial patterns (Table 1, Fig. 4b and Extended Data Fig. 6a,e). 
For example, model results for scenario 1 (without niche differences 
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and without immigration) produced at a small abundance of 10 indi-
viduals mean-scaled per capita growth rates of 0.036, 0.043 and 0.05 
for tropical, subtropical and temperate forests, respectively (Table 1). 
Note that these values produced stable dynamics in our simulations 
(Extended Data Fig. 5i,j). Species in temperate forests tended to show 
slightly higher values of the scaled per capita growth rates on average 
compared with tropical forests (Table 1 and Fig. 4b).

Using expanded versions of the model, adding niche differences 
(Bf < 1) and/or a small constant immigration rate (vf = 0.1) (Table 1) led 
to further increases in the scaled per capita growth rates of similar 
magnitude. Although the effect of a small immigration rate on the per 
capita population growth rate rapidly declined with increasing species 
abundance (Table 1 and Extended Data Fig. 6g,h), the effect of spatial 

patterns and niche differences persisted for larger abundance values 
(Extended Data Fig. 7).

Discussion
Developing an approach that integrates the observed spatial patterns 
of individual trees in forests with ecological processes into mathemati-
cal theory is a considerable challenge. Here we presented a unified 
framework that combines spatial point process theory with popula-
tion models to derive expectations about how interactions between 
different spatial patterns and processes affect the ability of invading 
species to expand. The framework relies on spatial patterns, such as 
conspecific aggregation and heterospecific association, which link 
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Fig. 4 | The per capita population growth rate and the spatial invasion 
criterion. a, The scaled per capita population growth rate 

∼
λ N r( )/f f f  for five 

example species of different forests plotted over abundance Nf. We scaled 
λ N( )f f
∼

 with the reproduction rate rf  to obtain a quantity that is comparable 
among forest plots. The species include Castanopsis acuminatissima of the 
MST plot (bf = −0.3), Ficus langkokensis of the Xishuangbanna plot (bf = −0.52), 
Carya tomentosa of the Tyson Research Center plot (bf = −0.75), Ostrya 
virginiana of the Wabikon plot (bf = −0.92) and Maackia amurensis of the 
Changbaishan plot (bf = −1.08). We also show the theoretical values of λ N r( )/f f f

∼
 

for bf = 0 (black) and −1 (grey). b, Same as a, but for the averages over all focal 
species in tropical, subtropical and temperate forests. c, Trade-off between the 

exponent bf of the aggregation–abundance relationship (x axis) and the maximal 
risk factor ρf,max (equation (19)) that just satisfies the spatial invasion criterion 
(equations (2) and (18)): temperate forests (smaller bf) show smaller risk factors 
ρf than tropical forests (larger value of bf). The lines show ρf,max for a small scaled 
growth rate δ = 0.0035 (see equation (19)) and example ratios of Ns/Nf* = 5/50 
(red) and Ns/Nf* = 5/5,000 (black), where Ns (=5) is the small invasion abundance 
and Nf* (=50 and 5,000). The circles show for each species the risk factor ρf and 
the cyan discs mark the 33 out of 720 species that do not satisfy the criterion  
(19 species with ρf > 350 are not visible). The data are from scenario 1 (that is, no 
niche differences, no immigration and observed equilibrium abundances) 
(Extended Data Table 1).
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neighbourhood-scale competition of individual trees with species 
dynamics at the community scale. Our theory led to a closed-form 
expression for the per capita population growth rate of species as a 
function of spatial patterns, demography, niche overlap and immi-
gration (equations (1a) and (1b) and (13)), which facilitated a general 
understanding of spatial coexistence in forests (equations (2) and (18)).

Several important ecological insights resulted from this new theory. 
First, we showed that the spatial patterns found in forests have in gen-
eral a stabilizing effect under neighbourhood competition7,8, as they 
substantially increased the per capita population growth rate of an 
invading species compared with a value of zero for the non-spatial case 
(Table 1). This result challenges the prevalent perspective that spatial 
patterns alone cannot promote coexistence44,45. However, this asser-
tion arises from the assumption of previous models7,26,35,44,46 that place 
recruits close to their parents, which leads to destabilizing negative 
aggregation–abundance relationships (with exponent values close 
to −1) (Fig. 1 and Extended Data Fig. 5). Our results therefore highlight 
the crucial role that spatial patterns and the aggregation–abundance 
relationship have in shaping coexistence outcomes.

Second, our spatial theory suggests that temperate and tropical 
forests both satisfy the spatial invasion criterion required for coexist-
ence to a similar extent (Table 1), but they do so in contrasting ways. 
Tropical forests are not subject to destabilizing negative aggregation–
abundance relationships (that is, they show low negative values of the 
exponent bf) owing to the combined effect of animal seed dispersal and 
an AM association, but show higher values of the risk factor ρf (Fig. 4c 
and Extended Data Fig. 8b,c). By contrast, temperate forests show a 
stronger negative dependency of aggregation on abundance, but this 
disadvantage is outweighed by lower values of the risk factor through 
higher relative species abundance and/or stronger aggregation facili-
tated by an EM association12 (Fig. 4c and Extended Data Fig. 8a,c,d).

Third, the negative aggregation–abundance relationship found here 
for temperate forests challenges the implicit assumption of common 
non-spatial implementations of the invasion criterion1,9 that an invading 
species does not suffer from conspecific competition9 (such as shown 
in Extended Data Fig. 5t). In violation of this assumption, if aggregation 
is caused by short-distance dispersal, most individuals will be close to a 
conspecific competitor, even if the species abundance is low (Extended 
Data Fig. 5p). This mechanism leads to conspecific population-level 
competition coefficients that are not constant as commonly assumed47, 
but increase with decreasing abundance (equation (11c)). We developed 
a new theory that overcame this issue and enabled us to determine 
whether and under what circumstances the abundance of invading 
species are likely to increase in a spatial context (equation (18)). We 
propose that similar criteria can also be derived for other population 
models (Supplementary Text).

Our spatial analysis of 21 large forest plots revealed a latitudinal 
gradient in the strength of the relationship between conspecific aggre-
gation and abundance (Extended Data Fig. 2d). Our model simulations 

(Extended Data Fig. 5) provided evidence that this latitudinal gradient 
is related to seed dispersal, and on the basis of our correlation analysis 
(Fig. 3), we propose that it arises as an interaction between animal seed 
dispersal11 and mycorrhizal associations12–14. Nonetheless, given that 
multiple ecological variables correlate with latitude, other mecha-
nisms could contribute to this pattern. However, a recent global study10 
outlined the joint evolution of mycorrhizal symbiosis, seed disper-
sal and pollination in tree species because they each interact in ways 
that are mediated by the spatial structure of tree populations. Their 
results support our dispersal–mycorrhiza hypothesis, whereby most 
AM-associated trees have biotic seed dispersal and biotic pollination, 
with long dispersal distances, whereas most EM-associated trees have 
abiotic seed dispersal and wind (abiotic) pollination mode, with shorter 
dispersal distances10. The dispersal–mycorrhiza hypothesis there-
fore provides an extra dimension to the study of negative conspecific 
density dependence. An integrated understanding of the interacting 
effects of animal seed dispersal and mycorrhizal associations will be 
fundamental to our understanding of the forces that structure forest 
diversity and composition.

The simple spatial invasion criterion corroborated our hypothesis 
that simple principles may drive the complex spatial structure and 
dynamics of plant communities across latitudinal gradients, but this 
structural simplicity hides substantial biological complexity. Moving 
forward, we suggest that methods that model the forces that structure 
forest diversity and composition should incorporate mechanistic repre-
sentations of the processes that can potentially drive the aggregation–
abundance relationship. Here we showed that they may include seed 
dispersal11,48, habitat association24 and its interactions with mycorrhizal 
associations10,12–14 as main processes. A priority would be to consider 
species-specific aggregation–abundance relationships and to study 
how the exponent bf depends on the traits and the dispersal syndrome 
of the species. More detailed versions of our spatial theory may also 
consider variation in tree size, as included in classical neighbourhood 
crowding indices36,37, to describe asymmetric competition. Preliminary 
analyses suggest that our key results hold when including the size of 
trees and their growth.

Overcoming limitations of non-spatial models, as often used in 
contemporary coexistence theory1,4,15,16,47,49, requires approaches that 
explicitly consider the lower-level processes that generate the phe-
nomenon of interest50. Our results demonstrated the utility of func-
tions that describe the parameters of the population models, here the 
population-level competition coefficients αfi (between species i and 
f; equation 11d), as a function of neighbourhood-scale competition 
coefficients βfi and measures of spatial patterns (that is, kff, kfh and Bf; 
equations (11c) and (11d))8. Our scaling approach had the advantage 
that the parameters of these functions can be determined from field 
measurements, such as the ForestGEO plots6 in our case. Taking this 
approach, we demonstrated that spatial patterns that emerge from 
neighbourhood-scale processes have a key role in species coexistence, 

Table 1 | Effects of spatial structure, niche differences and immigration on scaled per capita population growth rate

Scenario 1, spatial patterns, no niches Scenario 2, spatial patterns and niches

Parameters Ns = 1, vf = 0 Ns = 10, vf = 0 Ns = 32, vf = 0 Ns = 1, vf = 0.1 Ns = 10, vf = 0.1 Ns = 32, vf = 0.1

All forests 0.049 0.041 0.041 0.090 (0.042) 0.078 (0.037) 0.063 (0.030)

Tropical 0.042 0.036 0.036 0.091 (0.050) 0.080 (0.044) 0.064 (0.035)

Subtropical 0.050 0.043 0.043 0.078 (0.027) 0.068 (0.025) 0.056 (0.021)

Temperate 0.067 0.050 0.050 0.114 (0.047) 0.091 (0.041) 0.074 (0.036)

Immigrationa 0.1000 0.010 0.003 0.1000 0.010 0.003

We show the average values of the scaled per capita population growth rate λ N r( )/f s f, taken separately for all species in tropical, subtropical and temperate forests and for small abundance 
values of Ns = 1, 10 and 32 individuals. Scenario 1 assumes no niche differences (βfi = βff), whereas scenario 2 includes niche differences (βfi < βff). The numbers in parenthesis in scenario 2 show  
the increase in λ N r( )/f s f due to niche differences, and the row ‘Immigration’ shows the increase due to immigration. Note that the corresponding model without spatial patterns, niches and 
immigration shows  =λ N( ) 0f s . 
aThe increase in λ N r( )/f s f due to immigration with vf = 0.1.
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which underscores the need to understand the mechanisms that under-
pin the spatial heterogeneity of forests in greater detail.
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Methods

Study areas
Twenty-one large forest dynamic plots of areas between 20 and 50 ha 
with similar numbers of tropical, subtropical and temperate forests 
were used in the current study (Extended Data Table 1 and Supplemen-
tary Table 1). The forest plots are part of the ForestGEO network6 and 
are located in Asia and the Americas ranging in latitudes from 6° 40′ N 
to 48° 08′ N. Tree species richness among these plots ranges from 36 
to 468. All free-standing individuals with diameter at breast height 
(d.b.h.) ≥ 1 cm were mapped, their size measured and identified. We 
focused our analysis here on individuals with d.b.h. ≥ 10 cm (resulting 
in 313,434 individuals) and tree species with more than 50 individuals 
(resulting in initially 737 species). The 10-cm size threshold excluded 
most of the saplings and enabled comparisons with previous spatial 
analyses. Shrub species were excluded. We also excluded 15 species with 
low aggregation (that is, kff* < kfh* ; Box 1), which would lead to negative 
growth rates at small abundance values: ten of them from BCI, two from 
MST, two from NBH and one from FS (for definitions of plot acronyms, 
see Extended Data Table 1). These (generally less abundant) species 
are probable relicts of an earlier successional episode when they were 
more abundant19,51. We also excluded the two species Picea mariana and 
Thuja occidentalis of the Wabikon forest that are restricted to a patch 
of successional forest that was logged approximately 40 years ago52.

Most forest plots (18 out of our 21 plots, those with more than 1 cen-
sus) enabled the estimation of the average mortality risk of individuals 
with d.b.h. ≥ 10 cm within one census period. We estimated mortality 
across all species and obtained for each forest plot one average mortal-
ity rate for trees with d.b.h. ≥ 10 cm (Extended Data Table 1). We also 
determined for all species used in our analyses the mycorrhizal associa-
tion types based on available global datasets53–55 and website sources 
(https://www.mycorrhizas.info/). To determine whether a species is 
mainly dispersed by animals (zoochory), we used the Seed Information 
Database (https://ser-sid.org/) of the Society for Ecological Restoration 
and the Royal Botanic Gardens Kew and available literature56. Species 
without descriptions of mycorrhizal associations and dispersal modes 
were assigned according to their congeneric species. The proportion 
of focal species with zoochory, with AM association and with both are 
shown in Extended Data Table 1.

Proxy for pairwise competition strength between species
Some of our analyses required the ratio βfj/βff (Box 1) that describes the 
relative competitive effect of individuals of species i on an individual of 
the focal species f at the neighbourhood scale36,57. In general, it is chal-
lenging to derive estimates for the pairwise competition coefficients37 
because this would require unfeasibly large datasets to obtain a suf-
ficient number of neighboured f–j species pairs for less abundant spe-
cies. We therefore compared two scenarios. In scenario 1, we assumed 
that conspecific and heterospecific individuals compete equally, thus 
βfj/βff = 1. In scenario 2, we assumed that individuals that are close rela-
tives compete more strongly or share more natural competitors or 
pathogens than distant relatives58 (that is, βfj/βff < 1). As proxy for this 
effect, we used phylogenetic distances59, given in millions of years (Myr), 
as a surrogate for the relative competition strength because they are 
available for the species in our plots based on molecular data or the 
Phylomatic informatics tool60. To obtain consistent measurements for 
the ratio βfj/βff among forest plots, phylogenetic similarities βfj/βff were 
scaled between 0 and 1, with conspecifics set to 1 and a similarity of 0 
assumed for a phylogenetic distance of 1,200 Myr, which was larger 
than the maximal observed distance (1,059 Myr). This was necessary 
to avoid discounting crowding effects from the most distantly related 
neighbours58.

For plots without molecular data, we used the V.PhyloMaker2 package 
(v.0.1.0)61 to generate a phylogenetic tree for each plot using GBOTB.
extented.WP.tre updated from the dated megaphylogeny GBOTB62 as 

a backbone. For the other eight plots with molecular data, we followed 
a previously reported method63 to build the phylogenetic tree based 
on DNA barcode data. We then used the cophenetic function in the 
picante package (v.1.8.2)64 to calculate phylogenetic distance for each 
plot. For this, we assumed that functional traits are phylogenetically 
conserved36,58,65. The analyses to generate phylogenetic trees and to 
calculate phylogenetic distances were performed using R (v.4.3.2)66.

Crowding indices describing competition of individual trees at 
the neighbourhood scale
We assumed in our example model that survival of a focal tree k is 
reduced in areas of high local density of conspecifics and heterospe-
cifics (that is, neighbourhood crowding), for example, through com-
petition for space, light or nutrients, or predators or pathogens17,18,39,67, 
whereas reproduction is density-independent with per capita rate 
rf. However, our approach was also able to deal with alternative 
assumptions on the processes driven by neighbourhood crowding. 
For example, analogous models were derived for crowding effects 
on the reproductive rate and/or the establishment of offspring (Sup-
plementary Text).

We describe the neighbourhood crowding around a given tree o 
of a focal species f by commonly used neighbourhood crowding  
indices36,37,58,68–70 (Box 1), but used separate indices for conspecific and 
heterospecific trees. The conspecific crowding index Cof of a given indi-
vidual o of a given focal species f counts the number nf of conspecific 
neighbours j that have a distances doj smaller than a given neighbour-
hood radius r, but weights each neighbour o by its inverse distance 1/doj, 
assuming that farther away neighbours compete less (equation (7a)). 
The heterospecific crowding index Hof does the same with all hetero-
specifics (equation (7b)), and the heterospecific interaction crowding 
index Iof weights heterospecifics additionally by their relative com-
petitive strength βfj/βff (equation (7c); see above ‘Proxy for pairwise 
competition strength between species’). Thus, we estimated for each 
individual o three crowding indices:

conspecific crowding:

∑C
d

=
1

(7a)of
j

n

oj=1

f

heterospecific crowding:

∑ ∑H
d

=
1

(7b)of
i f j

n

oj≠ =1

i

with niche differences:

∑ ∑I
β

β d
=

1
(7c)of

i f j

n
fi

ff oj≠ =1

i

where ni is the number of neighbours of species i within distance r of 
the focal individual, doj is the distance between the focal individual o 
and its jth neighbour of species i, and βfi/βff is the competitive effect 
of one individual of species i relative to that of the focal species f  
(refs. 36,37,68–70).

Survival probability of individual trees
To link the survival of an individual o to its crowding indices Cof  and Iof,  
we followed earlier work on individual neighbourhood models36,37,58,69,70 
and assumed that the survival probability sof of a tree o of species f is 
given by

s s β C I= exp(− ( + )), (8)of f ff of of

where sf is a density-independent background survival rate of species f 
and βff is the neighbourhood-scale conspecific competition coefficients 
of species f (ref. 36). Statistical analyses with neighbourhood crowding 
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indices have shown that the growth and survival of trees depend on their 
neighbours mostly within distances r of up to 10 or 15 m (ref. 70). We 
therefore estimated all measures of spatial neighbourhood patterns 
with a neighbourhood radius of r = 15 m.

Average survival rate of species
We used scale transition theory42 and spatial point process theory25 to 
transfer the individual-based microscale information on the number 
and distance of conspecific and heterospecific neighbours of focal 
individuals, which are provided by the ForestGEO census maps, into 
macroscale models of community dynamics8. To this end, we averaged 
the survival probabilities sof of all individuals o of the focal species f 
(equation (8)), to obtain the average population-level survival rate sf , 
for which we derived a closed-form expression for gamma-distributed 
crowding indices8:

s s β γ C γ I= exp(− ( + )) (9)f f ff fC f fI f

where Cf  and I f  are the average crowding indices, and γfC = ln(1 + DfC βff)/ 
(DfC βff) and γfI = ln(1 + DfI βff)/(DfI βff) arise through the averaging step 
because of the nonlinearity in equation (8)8, and are driven by the dis-
persion (that is, the variance-to-mean ratio) DfC and DfI of the distribu-
tion of the crowding indices Cf  and I f , respectively. In our case of high 
survival, where DfC βff and DfI βff are both small, γfC and γfI are near one 
and can be neglected (that is, γfC ≈ 1 and γfI ≈ 1).

Link between average crowding indices and spatial patterns
To incorporate the population-level survival rate (equation (9)) into 
our population model, we decomposed the average crowding indices 
into species abundance and measures of spatial patterns (Box 1). In 
brief, we did this by expressing the crowding indices in terms of the 
pair correlation function, a basic summary function of spatial statis-
tics25, and the mean density λf = Nf/A of the species f across the whole 
plot of area A (see equations (S1)–(S8) in the Supplementary Text). The 
resulting measures kff and kfh of spatial patterns quantify the increase 
or decrease in average conspecific and heterospecific neighbourhood 
crowding, respectively, relative to the reference case without spatial 
patterns. For conspecifics, we expect under a random distribution of 
the focal species a mean crowding index of C cN=f f  (where c = 2π r/A 
is a scaling factor, with A being the area of the plot and r the radius of 
the neighbourhood; see equation (S7) in the Supplementary Text), and 
for heterospecifics, we expect under independent placement (of the 
focal species with respect to the heterospecifics) a mean crowding 
index of H c N= ∑f i f i≠  (ref. 25). We therefore obtained

C k cN= ( ) (10a)f ff f

∑H k c N= (10b)f fh
i f

i
≠










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⏟
∑I

I

H
H B k c N= = ( ) ,

(10c)f
f

f

B

f f fh i f i

H

≠

f
f

where we define Bf in equation (10c) as B I H= /f f f  to be the average 
competitive strength of one heterospecific neighbour relative to that 
of one conspecific. In a subsequent step, we assumed that Bf is approx-
imately constant in time (that is, our mean-field approximation).

The quantity kff in equation (10a) measures spatial patterns in con-
specific crowding of species f (kff > 1 indicates aggregation, and kff < 1 
regularity), and the quantity kfh in equation (10b) measures patterns of 
heterospecific association around the focal species f (kfh < 1 indicates 
segregation, and kfh > 1 attraction). Note that our measure of conspe-
cific aggregation, which weights neighbours by distance, is highly 

correlated to Condit’s omega measure of aggregation20 that counts the 
number of neighbours without weighting by distance (Extended Data 
Fig. 1). We also found that the strength of the latitudinal gradient in the 
exponent of the aggregation–abundance relationship (expressed as 
the R2) was for a radius of, for example, r > 10 m basically independent 
of the neighbourhood area over which conspecific aggregation was 
measured (Extended Data Fig. 2c,f). This was expected because of the 
distance-weighting (Box 1), whereby distant neighbours contribute 
little to total neighbourhood crowding.

Mean-field assumption
A crucial insight used in our approach8 is that crowding competition of 
individual trees, as described by equation (8), leads to diffuse competi-
tion at the population level in species-rich communities. That is, when 
taking a mean-field approximation43,71, the species-specific competition 
strengths of heterospecifics can be replaced in the macroscale model 
by a temporally constant average heterospecific competition strength 
Bf (ref. 8) (equation (10c)), which summarizes the emerging effects of 
the pairwise neighbourhood-scale competition coefficients βfi/βff at 
the population level. For species-rich forests at or near a stationary 
state, Bf is a good approximation of a species-specific constant (see the 
supplementary text in ref. 8). As we will see, a constant Bf simplifies 
the matrix of the community-level competition coefficients (equa-
tion (11d)) and enables analytical expressions of the invasion condi-
tion and the equilibria Nf* of our multispecies model (equations (11a) 
and (11b)) for the case that aggregation is independent of abundance.

Zero-sum assumption
Local density dependence on survival as assumed here (equation (8)) 
controls local tree densities and causes approximate zero-sum dyna
mics2, in which the total number J of individuals remains approximately 
a constant J*. For example, zero-sum dynamics emerged in our 
individual-based simulations of the extended multispecies model (blue 
lines in Extended Data Fig. 5f–j). The number of heterospecifics is there-
fore given in good approximation by N J N∑ = * −i f i f t≠ , . Using the 
zero-sum approximation together with the mean-field approximation 
(equation (10c)) in equation (11f) decouples the multispecies dyna
mics and enabled us to investigate the dynamics of individual species 
in good approximation (equation (13)).

The corrected aggregation–abundance relationship
In Fig. 2 and Extended Data Fig. 3, we fitted a phenomenological power- 
law for the species of a given forest plot, where the x value was the 
logarithm of abundance Nf and the y value the corresponding logarithm  
of kff (refs. 21,27,28). However, this led to values of kff close to zero 
for large abundance values, which would indicate strongly regular  
patterns25 not found in the data. Instead, in the extreme case without 
an aggregation mechanism (that is, random placement of offspring), 
crowding competition will lead to the repulsion of conspecifics compa-
rable to heterospecific association kfh of heterospecifics. Thus, to avoid 
a bias, we used the quantity kff – kfh as the y value in our fit (Extended 
Data Fig. 9). This required the assumption that kff > kff, which was  
satisfied for 98% of our species (722 out of a total of 737 species; see 
the section ‘Study areas’). We leave investigation of the specific cases 
where kff < kfh to future studies.

Basic multispecies model M1
Our basic multispecies model (M1) for the per capita growth rate of 
species f is given by

N N

t N
λ N r s β W N

−

∆
1

= ( ) = ( − 1) + exp(− ( )), (11a)
f t f t

f t
f f t f f ff f f t

, +1 ,

,
, ,

∼

where Nf,t is the abundance of species f at time step t, sf is a density- 
independent per capita background survival rate, rf is the per capita 
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recruitment rate and βff is the neighbourhood-scale conspecific com-
petition coefficients of species f. The biological information on neigh-
bourhood crowding competition was incorporated into the fitness 
factor42 Wf, which results from combining equations (9) and (10):

 

 







∑W N c k N B k N( ) = + . (11b)f f ff f f fh
i f

i
≠

The community-level competition coefficients αfi of this model 
are therefore given by

α c β k= (11c)ff ff ff

α c β B k i f= ( ) for ≠ . (11d)fi ff f fh

Thus, even if the conspecific neighbourhood-scale competition 
coefficients βff were constant, the corresponding community-level 
coefficients αff were not necessarily constant. Instead, they depended 
on abundance if aggregation kff depended on abundance8, as observed 
in many of our forest dynamics plots (Fig. 2). Not considering the effect 
that crowding can have on the competition coefficients αff and αfi is  
a common (implicit) assumption of models used in coexistence  
theory4,15,42,47,49. Note that equation (11a) together with the fitness factor 
of equation (11b) enabled us to construct a reference model for the 
constants kff and kfh, for which the equilibria Nf* and the conditions for 
feasibility and invasiveness can be analytically derived8,72, and the cor-
responding non-spatial model (that is, k k* = * = 1ff fh ) without niche dif-
ferences (that is, Bf = 1) led to a per capita population growth rate of 
zero for all abundances.

Extended multispecies model M2
However, we wanted to extend our model M1 (equations (11a) and (11b)) 
to include a dependence of aggregation on abundance as new aspect. 
To introduce this new model, we first defined k *ff  and k *fh as the observed 
value of aggregation and heterospecific association, respectively, and 
kff as aggregation that depended on abundance. We then assumed that 
heterospecific association k *fh is independent of abundance (as sug-
gested by Extended Data Fig. 4) and that the quantity (kff – kff) follows 
a power law with respect to abundance (Extended Data Fig. 9 and the 
section ‘The corrected aggregation–abundance relationship’). To for-
mulate our extended multispecies model (M2), we therefore rewrote 
the fitness factor of equation (11b) by adding and subtracting the term 
k N*fh f t, :

 
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





∑W N c k k N k N B k N( ) = ( * − * ) + * + * . (11e)f f t ff fh f t fh f t f fh
i f
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,

We obtained our extended fitness factor






















∑W N c k k

N

N
N k N B k N( ) = ( − ) + + (11f)f f t ff fh

f t

f

b

f t fh f t f fh
i f

i t,
,

, ,
≠

,

f
∗ ∗

∗
∗ ∗

by replacing the quantity (k k* − *ff fh) in equation (11e) with a new function 
L(Nf,t) depending on abundance:









L N k k

N

N
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, (12)f t ff fh
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f
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,
,

f

where Nf* is the observed species abundance. Equation (12) simplifies 
for the observed abundance (that is, Nf,t = Nf*) to L N k k( *) = ( * − * )f ff fh ,  
but otherwise represents the desired power-law with respect to  
abundance.

Decoupled multispecies models M3
The overall objective of our extended model was to study the effect 
that a possible dependence of aggregation on abundance (Fig. 2) has 
on the ability of a newly invading (or an almost extinct) species to 
increase its abundance. Therefore, we decoupled our extended mul-
tispecies model M2 into multiple single-species models (M3) by assum-
ing approximate zero-sum dynamics2 (see the section ‘Zero-sum 
assumption’ above), in which the number of heterospecifics is given 
by N J N∑ = * −i f i f t≠ , . We obtained from equation (11f) the fitness func-
tion

W N c k k
N

N
N B k N B k J( ) = ( * − * )
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that results together with equation (11a) in a closed-form expression 
for the per capita population growth rate λ N( )f f

∼
 of the focal species f 

at low abundance, which nevertheless includes the key information on 
crowding competition with heterospecifics through the parameters 
Bf and k *fh, and total community size J*.

Model parameterization
Our extended multispecies model M2 (equations (11a) and (11f)) approx-
imated an underlying individual-based model in the tradition of earlier 
spatially explicit work7,35,44,46,73 (Extended Data Fig. 5), but used the 
empirically observed spatial patterns instead of explicitly modelling 
their dynamics8. In the most general case, the models M2 and M3 have 
therefore seven parameters per species: three demographic parameters 
(rf, sf and βff); three parameters that quantify the spatial patterns (that 
is, k k B* , * ,ff fh f); and the exponent bf of the aggregation–abundance rela-
tionship. The parameterization of the models depended on the objec-
tive of the model application and the available data. In the example 
application of our theory, we wanted to feature the effects of spatial 
patterns (Fig. 2) on coexistence, and we derived a specific parameter-
ization adapted to our data and objective.

We estimated the species-specific measures k *ff  and k *fh of the 
observed spatial patterns directly from the ForestGEO plot data based 
on equations (7) and (10). The exponent bf of the corrected (power law) 
aggregation–abundance relationship (equation (12)) was estimated 
by linear regression, where the x value was ln(Nf) and the y value the 
corresponding ln(kff − kfh) (Extended Data Fig. 9). The parameter bf 
captured for a given forest plot the average species response of aggre-
gation to abundance (Extended Data Fig. 9), and we used this value as 
a parameter for all focal species. This approach is based on a 
species-for-time substitution, which assumes that the power-law expo-
nent bf derived for multiple species of one census would be the same 
as the bf derived for the same species but at multiple points in  
time. The results of our individual-based simulations (Extended Data 
Fig. 5a–f) supported this assumption. Note that effects of habitat asso-
ciation or details of dispersal will influence the values of kff* (and kfh* ) and 
contribute to the observed departures from the power law aggrega-
tion–abundance relationship, particularly for tropical forests (com-
pare Extended Data Figs. 3 and 5).

We assumed that all mortality was driven by neighbourhood crowd-
ing and therefore set the background survival rate to sf = 1. For estima-
tion of the parameter Bf, we used the matrix of βfi/βff (see the section 
‘Proxy for pairwise competition strength between species’ above) and 
derived the crowding indices Hof and Iof for each individual o (equa-
tions (7b) and (7c)). The value of Bf was then given by B I H= /f f f , where 
I f  and Hf  are the population-level averages of the individual crowding 
indices Hof and Iof.

To determine the unknown value of βff, the neighbourhood-scale 
conspecific competition coefficients of species f that determines the 
strength of crowding competition, we assumed that the focal species 



is close to equilibrium (that is, λ N( *)f f
∼

 = 0) and obtained by rewriting 
equation (11a):

β r s W N= −ln((1 − )/ )/ ( *) (14)ff f f f f

At equilibrium, we found with equation  (11b) that W N( *) =f f
ck N + constantff f , thus all else equal, βff is negatively related to the 
observed abundance: species with lower observed abundance expe-
rienced stronger negative impacts on conspecifics than more common 
species, a pattern frequently observed in plant communities22,67,73–77. 
The effect of departures from the equilibrium assumption on the inva-
sion criterion can be assessed by using equation (S17) in the Supple-
mentary Text.

Inserting equation (14) into equation (11a) led to our final equation 
for the per capita population growth rate, for which the fitness func-
tion is given by equation (13):
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For small per capita recruitment rates rf and large background sur-
vival (sf = 1), we obtained
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which suggests the use of the scaled per capita population growth rate ∼
λ N r( )/f f t f,  to remove the deterministic effects of the recruitment  
rate rf. Note that the effect of individual variation in model parameters 
on the invasion criterion can be directly investigated by using equa-
tions (13) and (15).

Adding a small immigration rate
We reformulated our mathematical model (equation (15a)) in terms 
of the change in the number of individuals during one time step and 
added a small constant immigration rate rf vf (ref. 41) (rf is the repro-
duction rate), thus:

∼N N

t
λ N N v r

−

∆
= ( ) + , (16)f t f t

f f t f t f f
, +1 ,

, ,

which is equivalent to adding the term vf rf/Nf,t to the per capita popu-
lation growth rate (equation (15a)). This approach differs from the 
way immigration is usually modelled in neutral theory2,26,78. Note that  
the term vf rf/Nf,t decreases rapidly with increasing abundance Nf,t 
and does therefore influence the dynamics only for small abundance  
values, particularly if the values of vf is small as assumed here (Exten
ded Data Fig. 7a–d).

The invasion criterion
Stable coexistence requires that the abundance of a newly invading 
(or an almost extinct) species increases1,5,8,9 (that is, a rare species advan-
tage), and we wanted to investigate the effect of spatial patterns on the 
invasion criterion. On the basis of our closed-form expression for the 
per capita population growth rate 

∼
λ N( )f f  (equations (13) and (15a)), 

invasion analysis reduces to the task of identifying the conditions under 
which λ N( )f s

∼
 maintains a sufficiently high value for low abundance Ns. 

We therefore demanded that λ N( )f s
∼

 should be slightly larger than zero 
(
∼
λ min) so that species can escape the effects of demographic stochastic-

ity; that is, our invasion criterion is given by 
∼ ∼
λ N λ( ) >f s min.

From equation (15a) we found that the invasion condition λ N λ( ) >f s min
∼ ∼

 
translated into the condition

W N W N δ( )/ ( *) < 1 − , (17a)f s f f

with 
∼

δ λ r s r s= 1 − ln(( − + 1)/ )/ln((1 − )/ )f f s fmin . For our case of small  
reproduction rates rf and high background survival (that is, sf = 1), we 
obtained 

∼
δ λ r≈ / fmin . We therefore investigated the ratio W N W N( )/ ( *)f s f f  

in more detail, which can be expressed as (equation (S14) in the Sup-
plementary Text):
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The condition in equation (17a) led together with equation (17b) to 
the invasion criterion
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For the case without niche differences (that is, κf = 0), equation (18) 
suggests that two main mechanisms allow species to increase their 
rare species advantage: either a smaller negative value of the exponent 
bf of the aggregation–abundance relationship or a smaller value of ρf 
(Fig. 4c). We therefore name ρf ‘risk factor’, because larger values of 
ρf lead to smaller values of the per capita growth rate. The maximal 
value of the risk factor that satisfies the invasion criterion is given by
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Thus, for each combination of N N/ *s f , bf, κf and δ, we obtained one 
critical value of ρf,max in which the species can invade if ρf is smaller than 
this critical value (Fig. 4c).

It is instructive to investigate the biological mechanism that deter-
mines the values of the three factors ρf, N N( / *)s f

b +1f  and κf that deter
mine the invasion criterion (equations (18) and (19)). First, the risk  
factor ρf (equation (17d)) becomes smaller if the observed relative 
species abundance Nf*/J* of the focal species in the community becomes 
larger (this favours forests at higher latitudes; Extended Data Fig. 8a), 
if aggregation increases (that is, k k k* /( * − * )fh ff fh  decreases; Extended 
Data Fig. 8d), and if niche differences become larger (that is, Bf 
decreases). Because of the overwhelming effect of the relative abun-
dance, the risk factor ρf decreases strongly with latitude for our dataset 
(Extended Data Fig. 8c) and for species with lower abundance, aggre-
gation k *ff  would increase and reduce ρf. Second, a smaller negative 
value of the exponent bf of the aggregation–abundance relationship 
leads to a smaller value of N N( / *)s f

b +1f  (this favours forests at lower 
latitudes; Extended Data Fig. 8b).

Finally, as expected, it is more likely that the invasion criterion is 
fulfilled if niche differences become larger (that is, Bf becomes smaller). 
In this case, ρf becomes smaller (equation (17d)) and κf becomes larger 
(equation (17c)), and because N N/ *s f  << (1 – δ), the inequality of equa-
tion (19) is easier to satisfy. The invasion criterion (equation (19)) can 
be satisfied for niche differences even if bf < −1. Indeed, some species 
of the CBS plot, which showed an exponent of bf = −1.077, fulfil the 
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invasion criterion, mostly owing to weak aggregation that led to large 
values of kfh/(kff – kfh) and larger κf (Extended Data Fig. 7e,f). Thus, as 
expected, the stabilizing mechanism of niche differences (Bf < 1) has a 
key role if spatial patterns alone provide only weak stabilization.

Scenarios investigated
We considered four scenarios to investigate the effects of the spatial 
mechanism of neighbourhood crowding and immigration on the ability 
of the 720 study species to increase when having low abundance. Sce-
nario 1 assumed that conspecifics and heterospecifics compete equally 
(that is, no niche differences; βfi = βff, Bf = 1), and scenario 2 considers 
niche differences between species approximated by phylogenetic 
dissimilarity (see the section ‘Proxy for pairwise competition strength 
between species’ above). Scenarios 3 and 4 are the same as scenarios 1 
and 2, but also assume a small constant immigration with parameter 
vf = 0.1. For the mean reproduction rate of rf = 0.1 per time step across 
all plots, this results in an immigration rate of rf vf = 0.01, or 1 immigrant 
every 100 time steps.

Spatially explicit simulation model
Model description. This model description was adapted from a previ-
ous publication8. We used the individual-based simulations to verify 
that the observed patterns (that is, the power law of the abundance–
aggregation relationship) can emerge in principle from the minimal 
mechanisms included in the spatial multispecies model (equations (8) 
and (11a)).

The individual-based model considered only reproductive (adult) 
trees, but no size differences. During a given 5-year time step, the model 
simulated first stochastic recruitment of reproductive trees and place-
ment of recruits, and second, stochastic survival of adults as given by 
equation (8), depending on their neighbourhood crowding indices 
(equations (7a)–(7c)) estimated from the community of adult trees. 
In the next time step, the recruits counted as reproductive adults and 
were subject to mortality. No immigration from a metacommunity was 
considered (that is, vf = 0; equations (1a)). To avoid edge effects, torus 
geometry was assumed.

Each individual produced rf recruits on average, and their locations 
were determined by a type of Thomas process25 to obtain a clustered 
distribution of recruits. In our model, the spatial position of the recruits 
was determined using two independent mechanisms. First, a propor-
tion 1 – pd of recruits was placed stochastically around randomly 
selected conspecific adults (parents) by using a two-dimensional kernel 
function (here a Gaussian with variance σ2). This is the most common 
way in most spatially explicit models to generate species clustering. 
Technically, we first selected for each of these recruits randomly one 
parent among the conspecific adults and then determined the posi-
tion of the recruit by sampling from the kernel. Second, the remaining 
proportion pd of recruits was distributed in the same way, but around 
randomly placed cluster centres that are located independently of 
conspecific adults.

Parameterization of the simulation model. The simulation model 
used here is described in detail in a previous study8. However, we used 
here distance-weighting for the estimation of the crowding indices. 
Thus, in the source code (the supplementary information in ref. 8) we 
used DistanceWeighting = 1 instead of DistanceWeighting = 0.

The simulations of the individual-based forest model were conducted 
in 5-year time steps over 25,000 years (equivalent to 5,000 census 
periods) in an area of A = 200 ha, and comprised approximately 86,000 
trees with initially 80 species. The model parameters were the same 
for all species, and all species followed exactly the same model rules. 
We selected βfi = βff to obtain no differences in conspecific and het-
erospecific interactions and sf = 1 (no background mortality), a stand-
ard deviation of σ = 10 m of the kernel function, and we adjusted the 
parameters βff = 0.02 and rf = 0.1 to produce tree densities (430 per ha)  

and an overall 5-year mortality rate (10%) similar to that of trees with 
d.b.h. ≥ 10 cm of the BCI plot. The radius of the neighbourhood used 
to estimate the crowding indices was r = 20 m, and the number of ran-
domly assigned cluster centres was 16.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The minimum datasets that enable the repetition, interpretation, veri-
fication and extension of the research is provided in Supplementary 
Table 1. This table provides for all species the indices of spatial patterns 
and all other quantities used in the model analysis and to generate 
Table 1, Figs. 2–4 and Extended Data Figs. 2–4 and 6–9. Additional raw 
data for Fig. 3 are shown in Extended Data Table 1. The output data of the 
individual-based forest simulation model used to generate Extended 
Data Fig. 5 is provided in Supplementary Table 2. To estimate the spa-
tial pattern indices, we used the raw census data of the ForestGEO 
network. The raw census data of several sites are publicly available 
(https://forestgeo.si.edu/explore-data). For the other sites, they are 
available upon reasonable request and with permission of the principal 
investigators of the corresponding ForestGEO sites (https://forestgeo.
si.edu/sites-all). Mycorrhizal association types were based on available 
global datasets53–55 and website sources (https://www.mycorrhizas.
info). To determine whether a species is mainly dispersed by animals 
(zoochory), we used the Seed Information Database (https://ser-sid.
org) of the Society for Ecological Restoration and the Royal Botanic 
Gardens Kew. Source data are provided with this paper.

Code availability
Source code for the simulation model written in Delphi (Pascal), which 
contains the procedures to repeat the results shown in Extended Data 
Fig. 5 and to estimate the spatial pattern indices, can be found in the sup-
plementary information of a previous study8.
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Extended Data Fig. 1 | Sensitivity of the aggregation-abundance 
relationships to the measure of aggregation. a, Condits’s Ω1-10 aggregation 
measure for the species analysed in Wiegand et al. (ref. 8) plotted over the 
corresponding values of the distance-weighted aggregation measure kff(r = 15 m) 
used in the present study. b, exponents of the aggregation-abundance power- 
law derived with Condits’s Ω1-10 plotted over the corresponding values of the 

distance-weighted aggregation measure kff (r = 15 m). c, comparison of the 
distance-weighted aggregation measure kff (r) for the neighborhood radii 10 m 
vs. 15 m. d, same as c), but for the neighborhood radii 10 m vs. 20 m. e, same as c), 
but for the neighborhood radii 10 m vs. 25 m. To outline the overall tendency in 
the data we fitted linear regressions to the data. Note the double-logarithmic 
scale of panels a), c), d), and e).



Extended Data Fig. 2 | Latitudinal gradients in the exponent of the 
abundance-aggregation relationship. a, the exponent e of the power law 
kff (Nf) = a Nf 

e of aggregation kff with abundance Nf over latitude. b, the R2  
of the linear regression between ln(kfh) and ln(Nf) for each species f. c, the 
Pearson correlation coefficient between the power law exponent e and the plot 
properties species richness, latitude and mean annual temperature for the 
scaling of kff with Nf. d, same as a) but for the exponent of the abundance scaling 
of the difference between aggregation kff and heterospecific association kfh,  
e, same as b) but for the linear regression between ln(kff − kfh) and ln(Nf). f, same 
as c, but for the scaling of kff − kfh with Nf. Our measures of aggregation kff and 
heterospecific association kfh are based on neighbourhood crowding indices 
that count the number of neighbours within distance r of the focal individual, 
but each neighbour is weighted by the inverse of its distance to the focal 
individual (Box 1). The neighbourhood distance was in all panels r = 15 m.  

For details on the forest plots see Extended Data Table 1 and for data 
Supplementary Data Table 1. To show the overall tendency in the data we fitted 
in a), b), d) and e) linear regressions. The plot acronyms: BCI: Barro Colorado 
Island (tropical forest); BDGS: Badagongshan (subtropical forest); BHI: Baihua 
(temperate forest); CBL: Chebaling (subtropical forest); CBS: Changbaishan 
(temperate forest); DHS: Dinghushan (subtropical forest); DLS: Donglingshan 
(temperate forest); FL: Fenglin (temperate forest); FS: Fushan (subtropical 
forest); GTS: Gutianshan (subtropical forest); HF: Harvard Forest (temperate 
forest); HSD: Heishiding (tropical–subtropical forest); MST: Mo Singto (tropical 
forest); NBH: Nabanhe (tropical forest); QL: Qinling (subtropical–temperate 
forest); SCBI: Smithsonian Conservation Biology Institute (temperate forest); 
SHJ or SIN: Sinharaja (tropical forest); TRC: Tyson Research Center (temperate 
forest); TTS: Tiantong (subtropical forest); WAB: Wabikon (temperate forest); 
XSBN: Xishuangbanna (tropical forest).
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Extended Data Fig. 3 | Aggregation − abundance relationships for the 21 
ForestGEO plots. The panels (a – u) show the relationship between aggregation 
kff (y-axis) and abundance per ha nf (x-axis) for each plot. The value of e is the 
exponent of the power law kff (nf) = a nf

e (red lines; see also Fig. 2c), estimated by 

linear regression analysis of log(kff) over log(nf). The neighbourhood distance 
was in all panels r = 15 m. We analysed focal species f with more than 50 large 
individuals (i.e., dbh ≥ 10 cm). (a – f): tropical, (f – m): subtropical, and (m – u) 
temperate forests.



Extended Data Fig. 4 | Abundance-dependency of the association kfh to 
heterospecifics. a, exponent of the power law of kfh with respect to species 
abundance Nf for the 21 the ForestGEO data sets. b, the R2 of the linear regression 

between ln(kfh) and ln(Nf). The neighbourhood distance was in all panels r = 15 m. 
For plot acronyms see Extended Data Fig. 2.
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Extended Data Fig. 5 | The aggregation-abundance relationship and the 
rare species advantage in individual-based simulations. We used an 
individual-based implementation of the community model of eqs. 1 and 4 with 
initially 80 species on an area of 200 ha without immigration, simulated for 
5000 time steps (25,000 years, ∆t = 5 years). A proportion pd of recruits was 
placed with a Gaussian kernel around randomly distributed cluster centres, 
and the rest with the same kernel around their parents (see methods). The 
different simulations differ only in the parameter pd = 0.1, 0.2, 0.35, 0.6, 0.8 
(from top to bottom). a–e: temporal aggregation-abundance relationship for  
2 or 3 selected species, taken every 50 years (black disks), and for all 80 species 
at year 25,000 (red discs). Fit of the temporal relationship with a power law with 
exponent e (blue line), f–j: time series showing the abundances of the first 25 
(out of 80) species, where one species (red) invades at year 1000 (and 2 timesteps 

after extinction) starting with 50 individuals. The average abundance is shown 
as blue line. k–o: Total crowding index C H+f f  (i.e., distance-weighted number 
of neighbours) of the invading species in dependence on abundance [in k)  
we used a species that went extinct]. The red line shows the fit with a linear 
regression. p–t: same as k)-o), but only for conspecific crowding Cf . The model 
parameters were the same for all species: rf = 0.1/∆t, sf = 0, Bf = 1, c = 0.000063,  
r = 20 m, βff = 0.02, σ = 10 m (see methods), and Nf* = 1070 and J* = 86,000 
emerged. For comparison with Table 1, the normalized per capita population 
growth rates 

∼
λ N r( = 10)/f s f  at the last timestep were 0.019, 0.012, 0.022, 0.031, 

and 0.038 for parameter values of pd = 0.1, 0.2, 0.35, 0.6, and 0.8, respectively. 
The raw data with the output of the individual-based model can be found in the 
Supplementary Information as Supplementary Data Table 2.



Extended Data Fig. 6 | The scaled per-capita population growth rate 
∼
λ N r( )/f s f , as influenced by spatial structure, niche differences and 
immigration for 21 ForestGEO plots. a, the scaled per capita population 
growth rate λ N r( )/f s f

∼
 for a small abundance of Ns = 10 individuals, per forest  

plot for scenario 1 (no immigration: vf = 0, no niche differences: βfi = βff) that 
represents the “pure” effect of spatial structure. b, same as a), but for scenario 2 
that adds niche differences (vf = 0, βfi < βff). c, same as a), but for scenario 3 adds 
immigration to scenario 1 (vf = 0.1, βfi = βff). d, scenario 4 adds niche differences 
and immigration (vf = 0.1, βfi < βff). e: 

∼
λ N r( )/f s f  for scenario 1 in dependence on 

abundance Nf, averaged separately over all species of tropical, subtropical and 
temperate forests. The dashed vertical line indicates the small abundance  
of Ns = 10. f, same as e), but for scenario 2. g, same as e), but for scenario 3, and  
h, same as e), but for scenario 4. In scenarios 2 and 4 we assumed that more 
closely related species compete more strongly. The models were parameterized 
for 720 species of the 21 ForestGEO plots. We excluded the temperate forest at 
CBS with exponent bf < −1. To outline the overall tendency in the data we fitted in 
panels a) to d) a linear regression to the data.
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Extended Data Fig. 7 | Dependency of the scaled per capita population 
growth rate on the exponent of the aggregation-abundance relationship. 
a, Examples for the influence of the exponent bf on the scaled per capita 
population growth rate of the species Castanopsis acuminatissima from the 
Mo Singto (MST) plot in Thailand with parameters bf = –0.3, Nf* = 291, J = 15,665, 
rf = 0.136/∆t, kff = 6.27, kfh = 1.02, Bf = 1 and c = 0.000314. The dashed vertical line 
indicates the small abundance of Ns = 10. b, same as a), but for niche differences 
(Bf = 0.692). c, and d, same as a) and b), but with immigration parameter vf = 0.1. 

e, and f, examples for the scaled per capita population growth rate of species at 
the CBS plot, which showed a power law exponent of bf = −1.077, for scenario 2 
with niche differences (i.e., Bf < 1). We assumed that individuals compete at the 
individual scale more strongly if they are phylogenetically more similarity.  
The species acronyms: ACEMON (Acer mono), ACEPSE (A. pseudosieboldianum), 
ACETEG (A. tegmentosum), FRAMAN (Fraxinus mandshurica), PINKOR (Pinus 
koraiensis), QUEMON (Quercus mongolica), TILAMU (Tilia amurensis), ULMJAP 
(Ulmus japonica).



Extended Data Fig. 8 | Properties of species leading to a high per capita 
population growth rate at low abundances. The panels a) – d) show different 
quantities that determine the per capita population growth rate λ N( )f f

∼
  

(eq. 11a, 13). a, the mean relative abundance Nf*/J*, which drives the risk factor ρf, 
averaged over all species of a given plot in dependence on latitude, b, same as a), 
but for the quantity N N( / *)s f

bf +1 as it appears in eq. 2. c, same as a), but for the 

mean of the risk factor ρf  for niche differences (red) and no niche differences 
(black), d, same as a), but for the mean of the quantity kfh/(kff –kfh,). To outline 
the overall tendency in the data we fitted in panels a) a polynomial regression  
of order 2, and in panels b) and c) an exponential regression. For plot acronyms 
see Extended Data Fig. 2.
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Extended Data Fig. 9 | Aggregation − abundance relationships for the 21 
ForestGEO plots. The panels (a – u) show the relationships between corrected 
aggregation L(Nf) = (kff – kfh) (y-axis) and abundance Nf (x-axis) (eq. 8). The value 
of bf is the slope of the power law L(Nf) = af Nf

bf (red lines), estimated by linear 

regression analysis of log(kff – kfh) over log(Nf). We used for the analysis focal 
species f with more than 50 individuals. (a – f): tropical, (f – m): subtropical, and 
(m – u) temperate forests.



Extended Data Table 1 | Characteristics of the selected forest plots

* plots with bar code phylogeny, genus level phylogenies were used for all other plots; † Heishiding is classified as tropical-subtropical forest, Qinling is classified as subtropical-temperate forest; 
‡ The numbers give the number of focal species with at least 50 individuals with dbh ≥ 10 cm, we excluded species with kff < kfh (the numbers in parenthesis) and two species at the Wabikon 
forest located in a patch of successional forest that was logged approximately 40 yr ago; § The average mortality rate for trees with dbh ≥10 cm in the plot for a ∆t = 5 year period. Assuming 
approximate equilibrium, we used the values of the mortality rate to parameterize the unknown per capita recruitment rates rf. We used a recruitment rate of 0.1/∆t for the 3 plots without mortality 
data. The mortality rate of the TRC plot was estimated from a 13.4 ha section of the 20 ha plot; || The exponent bf of the aggregation-abundance relationship based on corrected aggregation  
kff – kfh; ¶ Proportion of species showing mostly animal seed dispersal; # Proportion of species with arbuscular mycorrhizal association.
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All studies must disclose on these points even when the disclosure is negative.

Study description This study conducts a systematic latitudinal analysis of conspecific aggregation and heterospecific association among neighboured 
trees across 21 large 20-50 ha inventory plots of temperate to tropical forest. To derive theoretical expectations for how the 
observed spatial patterns may impact species coexistence, we incorporate them into a mathematical model featuring neighbourhood 
crowding competition and estimated the per capita population growth rate of each species for low abundances. The approach 
includes analysis of fully-mapped forest plots of the Forest Global Earth Observatory (ForestGEO) to derive indices of conspecific 
aggregation and heterospecific segregation of 720 species and analysis of mathematical and simulation models driven by these data. 

Research sample We used ForestGeo ( https://forestgeo.si.edu/explore-data ) data sets of 21 large forest dynamics plots of areas between 20 and 50 
ha.  

Sampling strategy The 21 forest plots included in the study have been completely censused for trees at least 1 cm in diameter, so there is no sampling 
within each forest.

Data collection The study did not involve data collection. The data from model simulations was collected as described in the methods.

Timing and spatial scale The study did not involve data collection. We used for each forest dynamics plot (size ranging between 20 and 50ha) data of one 
census.

Data exclusions We used only trees with sizes >= 10cm dbh (diameter at breast height), with shrub species being excluded, which is an established 
approach in the field. This size threshold excludes most of the saplings and enables comparisons with previous spatial analyses. Tree 
species with a minimum of 50 individuals (dbh >= 10 cm) were used in the study as focal species to ensure that estimates of spatial 
patterns were reliable.  We also excluded 15 of 737 species because they showed lower levels of aggregation than heterospecific 
association (a special case not covered by our model), and we excluded the two species Picea mariana and Thuja occidentalis of the 
Wabikin forest that are located in a patch of successional forest that was logged approximately 40 years ago.

Reproducibility The estimation of the measures of spatial patterns is specified exactly in the publication such that it could be reproduced (Box 1). The 
code of the simulation model was published as supplementary information in a previous publication (Wiegand et al, 2021, ref. 8).

Randomization Not applicable to this study.
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Blinding Blinding was not applicable to this study. 

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants
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