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Abstract 

The search for simple principles underlying the complex spatial structure and dy-

namics of plant communities is a long-standing challenge in ecology1-6. In particu-

lar, the relationship between the spatial distribution of plants and species coexist-

ence is challenging to resolve in species-rich communities7-9. Analysing the spatial 

patterns of tree species in 21 large forest plots, we find that rare species tend to be 

more spatially aggregated than common species, and a latitudinal gradient in the 

strength of this negative correlations that increases from tropical to temperate for-

ests. Our analysis suggests that latitudinal gradients in animal seed dispersal10 and 

mycorrhizal associations11,12,13 may jointly generate this intriguing pattern. To as-

sess the consequences of negative aggregation-abundance correlations for species 

coexistence, we present here a framework to incorporate the observed spatial pat-

terns into population models8 along with an analytical solution for the local extinc-

tion risk14 of species invading from low abundances in dependence of spatial struc-

ture, demographic parameters, and immigration. For example, the stabilizing effect 

of the observed spatial patterns reduced the local extinction risk of species when 

rare almost by a factor of two. Our approach opens up new avenues for integrating 

observed spatial patterns into mathematical theory, and our findings demonstrate 

that spatial patterns, such as species aggregation and segregation, can contribute 

substantially to coexistence in species-rich communities. This underscores the need 

to understand the interactions between multiple ecological processes and spatial 

patterns in greater detail. 

 

Main Text 

Tropical forests have been investigated by ecologists for decades, but their high spe-

cies richness still remains a key challenge for ecological theory1-6,15. Although a large 

number of studies have been devoted to this issue, mechanistic connections among 

key features of forests and species coexistence are not understood7-9. One key fea-

ture is the widespread spatial aggregation of tree species, which has been used for 

long to infer mechanisms contributing to coexistence in tropical forests16-21 because 

aggregation is related to ecological processes such as negative conspecific density 

dependence16,17,21,22, dispersal limitation2,23, distance-decay20, mycorrhizal associa-

tions11,12,13, and habitat filtering24,25. Conspecific spatial aggregation  is usually de-

fined as the average density D of conspecific trees in neighbourhoods around each 

individual tree, divided by the mean tree density λ of the species in the plot19,25. 

Hence,  describes the extent to which trees of the same species tend to occur in 

spatial clusters. Theoretical and observational studies suggest that conspecific ag-

gregation should be related to species abundance, with rarer species showing higher 
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levels of aggregation8,18,19,20,26,27,28, whereas other studies find only weak relation-

ships between aggregation and species abundance29 (Supplementary Text). 

From a theoretical perspective, different aggregation-abundance relationships 

are possible. At one extreme, when clusters form mostly near adults (e.g., due to 

short-distance dispersal7,8,26 and/or mycorrhizal associations11,12,13), the density D 

of conspecific trees in the neighbourhood of individual trees is similar for rare and 

common species, but rarer species have fewer clusters (Fig. 1a versus 1b). Thus, ag-

gregation (i.e., =D/λ19,25) increases if abundance and therefore mean tree density 

λ decrease. At the other extreme, when local clusters are created away from conspe-

cific adults8 (e.g., due to clumped animal seed dispersal, canopy gaps or edaphic 

habitat conditions24,30,31,32,33), fewer seeds will reach the cluster locations when the 

species is rarer. This makes the neighbourhood density D proportional to abun-

dance and thus aggregation  independent of abundance (Fig. 1a versus 1c).  

 

Fig. 1. Different responses of conspecific spatial aggregation to changes in abun-

dance. a, clustered pattern of an abundant species with N = 500 individuals with mean neigh-

bourhood density D = 0.012, mean tree density λ= 0.002, and aggregation  = D/λ = 5.8 (colours 

represent different clusters of individuals of the same species), b, entire clusters of the pattern in 

a) were removed (N = 100) to maintain the neighbourhood density D, but since λ was reduced by 

factor 1/5, aggregation increased 5 times ( = 26.9). c, 400 individuals of the pattern in a) were 

randomly removed to approximately maintain aggregation  = 4.8 (i.e., both, D and λ were re-

duced by the same factor 1/5).  

 
Given the links between conspecific aggregation, negative density dependence 

and coexistence7,8,9,22,26, the aggregation-abundance relationship may be related to 

the latitudinal diversity gradient34. Here, we conduct a comprehensive analysis of 

how spatial neighbourhood patterns of trees derived from large forest inventories6 

and the relationship of aggregation and abundance change with latitude. We pro-

pose underlying mechanisms, and integrate our results into mathematical theory 

to investigate how the aggregation-abundance relationship may affect species co-

existence (Box 1).  
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While aggregation can be defined in a variety of ways18,19,25,29,35, we use an up-

scaling approach8 to derive biologically motivated measures of spatial patterns 

(such as aggregation) from established approaches to model the effect of neigh-

bours on the performance of individual plants36,37 (Box 1). We exemplify our new 

theory for neighbourhood crowding competition, where tree survival is reduced in 

areas of high tree neighbourhood density via competition for space, light or nutri-

ents38, or through natural enemies16,17. 

 
Box 1. Crowding indices, aggregation, segregation, and their link with macroscale dynamics

 

 

 individual level population level  

conspecific: 𝐶௞௙ ൌ ∑ ଵ

ௗೖೕ

௡೑

௝ୀଵ   aggregation 
 𝑘௙௙ ൌ 𝐶௞௙തതതത/ሺ𝑐 𝑁௙) 

(a) 
    

heterospe-
cific: 

𝐻௞௙ ൌ ∑ ∑ ଵ

ௗೖೕ

௡೔
௝ୀଵ௜ஷ௙   segregation 

 𝑘௙௛ ൌ 𝐻௞௙തതതതത/ሺ𝑐 ∑ 𝑁௜ሻ௜ஷ௙   
(b) 

    

niche differ-
ences: 

𝐼௞௙ ൌ

∑ ∑ ሺ
ఉ೑೔

ఉ೑೑
ሻ

ଵ

ௗೖೕ

௡೔
௝ୀଵ௜ஷ௙   

mean competition strength 

    𝐵௙ ൌ 𝐼௞௙തതതത /𝐻௞௙തതതതത 
(c1) 

   𝑘௙௛ 𝐵௙ ൌ  𝐼௞௙തതതത / ሺ𝑐 ∑ 𝑁௦ሻ௦ஷ௙  (c2) 

survival: 𝑠௞௙ ൌ 𝑠௙𝑒ିఉ೑೑ሺ஼ೖ೑ାூೖ೑ሻ   𝑠̅௙ ൌ 𝑠௙𝑒ିఉ೑೑ሺఊ೑೑஼ೖ೑തതതതതାఊ೑ഁூೖ೑തതതതതሻ (d) 

Following earlier work on neighbourhood crowding indices (NCI’s36,37), we assume that the survival of an 
individual (red square) depends on the proximity of conspecific (red) and heterospecific (blue) neighbours 
within its neighbourhood of radius r (blue shaded area). The crowding index Ckf counts all conspecific individu-
als j with distances dkj < r of the focal individual k, but weights them by 1/dkj (eq. a), assuming that distant 
neighbours compete less. The crowding index Hkf does the same with all heterospecifics (eq. b), and the crowd-
ing index Ikf weights neighbours of species i additionally by their relative competition strength βfi/βff (eq. c1), 
where βfi is the individual-level interaction coefficient, which measures the negative impact of one 
neighbour of species i on survival of individuals of the focal species f. Total crowding Ckf + Ikf then governs the 
survival of the focal individual36 (eq. d). 

We find that the population averages 𝐶௞௙തതതത and 𝐼௞௙തതതത of the crowding indices determine the average survival 
rate 𝑠௙̅ of species f (eq. d; eq. 5 in methods). To incorporate the average survival rate into a model of commu-
nity dynamics (eq. 7 in methods), we decompose 𝐶௞௙തതതത and 𝐻௞௙തതതതത into species abundance Nf and measures of spatial 

patterns (eqs. a, b, c2; eq. 6 in methods). Conspecific aggregation kff describes the extent to which trees of 
the same species tend to occur in spatial clusters and heterospecific segregation kfh describes the extent to 
which they are separated from heterospecifics. We define our measures kff and kfh by dividing the average 
crowding indices 𝐶௞௙തതതത and 𝐻௞௙തതതതത by their expectation in the absence of spatial patterns19,25 (eqs. a, b), where c is a 

scaling factor (c = 2 π r/A, see methods) and A is the area of the plot. 

The emerging quantity Bf (eq. c1) is the average competition strength of one heterospecific neighbour 
relative to that of one conspecific. We compare two scenarios for the individual-level interaction coefficient βfi, 
one where con- and heterospecifics compete equally (βfi/βff = 1), and one with phylogenetic similarity as proxy 
for βfi/βff, because it is difficult to estimate βfi/βff  for species rich forests in practise 37.  

 
Using data of 720 focal species in 21 large temperate, subtropical and tropical 

forest plots with sizes of 20 – 50 ha from a global network of forest research plots 

(CTFS-ForestGEO6) (Supplementary Table 1), we find that rare species tend to be 

more aggregated than common species (Fig. 2, Extended Data Fig. 1). Strikingly, 
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when fitting the data of each forest plot to a power law20,27,28, we find that the expo-

nent follows a strong latitudinal gradient (Fig. 2c, Extended Data Fig. 1). Tropical 

forests show only weak negative correlations between aggregation and abundance 

(Fig. 1a), but in temperate forests aggregation generally increases strongly with de-

creasing abundance (Fig. 2b). In contrast to conspecifics, heterospecific segregation 

was not correlated with abundance (except for some weaker correlations at temper-

ate forests; Extended Data Fig. 2c, d). 

 

c               power law in kff at the 15m scale
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Fig. 2. Latitudinal variation in the 

scaling of conspecific aggregation 

with abundance. a, aggregation values 

for the species in a tropical forest (Mo 

Singto plot; MST) plotted over their respec-

tive abundances (dots) and fitted relation-

ship (line), b, same as a), but for a temperate 

forest (Donglingshan plot; DLS), c, latitudi-

nal gradient in the exponent bf of the aggre-

gation-abundance relationship for the 21 

forest plots. Aggregation is defined in Box 1 

(eq. a) and is estimated for neighbourhoods 

of 15 m. We use in our analyses 720 species 

with at least 50 large trees19 (diameter at 

breast height (dbh) ≥ 10 cm. For plot char-

acteristics and acronyms see Supplemen-

tary Table 1.  

 
For tropical forests (i.e., low latitudes), our results indicate that mean conspe-

cific neighbourhood tree densities 𝐶௞௙തതതതത increase almost linearly with species abun-

dance (as leaving aggregation 𝑘௙௙ constant leads to 𝐶௞௙തതതതത ൌ 𝑐 𝑘௙௙ 𝑁௙ ; eq. a in Box 1; Fig. 

1b). Thus, individuals of rare species will seldom experience the effects of intraspe-

cific competition in this scenario. However, for temperate forests (i.e., higher lati-

tudes), the exponent bf approaches values of −1, and local conspecific neighbour-
hood densities are almost independent of abundance (from 𝐶௞௙തതതതത ൌ 𝑐 𝑘௙௙ 𝑁௙  and 

𝑘௙௙ ൌ 𝑎௙/𝑁௙ follows  𝐶௞௙തതതതത ൌ  𝑐 𝑎௙; eq. a in Box 1; Fig. 1c). Thus, individuals of rare and 

common species experience similar degrees of conspecific competition in these for-

ests. This counteracts a rare species advantage and as a consequence, existing the-

ory based on invasion analysis can break down9. Thus, we find that spatial aggrega-

tion of trees is related to species coexistence in important ways, and we need new 

theories to determine whether and under which circumstances rare species are 

likely to increase in abundance9.  
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The latitudinal gradient in the relationship between conspecific aggregation and 

abundance (Fig. 1c) and the absence of such a relationship for heterospecifics (Ex-

tended Data Fig. 2c) suggest that simple principles may drive the complex spatial 

structure and dynamics of plant communities across latitudinal gradients. We also 

found similar latitudinal gradients in the proportion of species showing mostly an-

imal seed dispersal10, as well as the proportion of species with an arbuscular my-

corrhizal (AM) association13. Temperate forests are dominated by EM tree species 

and tropical forests by AM tree species (Extended Data Fig. 3b, c).  
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Fig. 3. Latitudinal variation in the proportion of species showing mainly animal 

seed dispersal and arbuscular mycorrhizal (AM) association. a, latitudinal gradient in 

the proportion of species per plot that show both, mostly animal seed dispersal and AM associa-

tion, b, relationship between the exponent of the aggregation-abundance relationship and the 

proportion of species per plot that show mostly animal seed dispersal and AM association for the 

21 forest plots. See Extended Data Fig. 3 for the individual relationships with animal seed disper-

sal and AM association. To outline the overall tendency in the data we fitted in a) a polynomial 

regression of order 2 and in b) a linear regression. Note that most species showed either arbuscu-

lar mycorrhizal (AM) or ectomycorrhizal (EM) associations. Colours indicate the example species 

of Figure 2. 

 
For the combination of the two traits (i.e., zoochory and AM association), we find 

an even stronger latitudinal gradient (Fig. 3a), suggesting an explanation of the ob-

served latitudinal gradient in the aggregation-abundance relationship (Fig. 3b).  

Seed dispersal close to conspecific adults should be advantageous in temperate for-

ests where species-specific EM fungi facilitate conspecific recruitment via root pro-

tection13,39 and counteract negative enemy-driven effects11,12,13. In contrast, seed dis-

persal farther away from conspecific adults should be more advantageous for AM 

trees, given that an AM association offers less protection from enemies that accu-

mulate near conspecifics than does an EM association12,39. In summary, the key 

mechanism that leads to the different responses of aggregation to abundance is the 
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way how local clusters emerge with respect to conspecific adults: in tropical forests, 

mechanisms such as animal seed dispersal lead to emergence of clusters away from 

adults (Fig. 1a, c), but in temperate forests clusters form close to adults (Fig. 1a, b)8. 

A theory that describes how the observed response of conspecific aggregation to 

abundance influences species coexistence requires a dynamic population model 

that relates competition at the population level to the emerging spatial patterns at 

the scale of individual trees. Here, we derive such an approach8, which incorporates 

the critical information on spatial patterns at the scale of individual trees provided 

by the ForestGEO datasets. We exemplify our theory by a simple model, which as-

sumes that survival of individual trees is reduced in areas of high local tree density, 

as described by neighbourhood crowding indices36,37 (Box 1), while reproduction is 

assumed to be density-independent7: 

 𝜆ሚ௙ሺ𝑁௙,௧ሻ ൌ
ே೑,೟శ∆೟ିே೑,೟ 

∆௧

ଵ

ே೑,೟
 ൌ 𝑟௙ െ ሺ1 െ  𝑠௙𝑒𝑥𝑝ሺെ  𝛽௙௙𝑊௙ሻሻ.  (1) 

Here Nf,t is the abundance of the focal species f at time t; the time interval Δt is the 
5yr census interval; 𝜆ሚ௙ሺ𝑁௙,௧ሻ is the per-capita population growth rate (or average in-

dividual fitness40) of species f as function of species abundance Nf,t; sf is a density-

independent per-capita background survival rate: rf  the per-capita recruitment 

rate, and βff the conspecific individual-level interaction coefficient. Wf, the fitness 

factor40, is the average of the sum Ckf + Ikf of con- and heterospecific neighbourhood 

crowding taken over all individuals k of species f (Box 1, eq. d) and depends on the 

abundances of all species, their spatial patterns and the aggregation-abundance re-

lationship (equations 7b, f, 9b).  

Our spatially enriched macroscale model can be parameterized with the detailed 

information on spatial patterns extracted from forest megaplots (see methods). By 

taking a mean-field approach41 (i.e., diffuse competition at the community scale8) 

and assuming zero-sum dynamics2 (due to strong local density dependence), we 

can decouple the multispecies community model into multiple singe-species mod-

els (equation 7), where the multispecies fitness factor Wf of equation 7b is replaced 

by the single-species fitness factor (equation 7e).  

The deterministic invasion criterion1,5 could be used to assess the consequences 

of the observed responses of conspecific aggregation to abundance on species coex-

istence. It asks whether a species will increase in abundance when it invades the 

resident community at low abundance, but ignores demographic stochasticity14 and 

species aggregation9. To overcome this limitation, we propose the plot-level extinc-

tion risk of species at low abundances as novel stochastic invasion criterion. To this 

end we translate the resulting single-species macroscale population model (equa-

tion 9) into a stochastic birth-death model42,43 that uses deterministic equations 
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(equations 12, 13) to describe the dynamics of the probability 𝑃௡ሺ𝑡, 𝑁଴ሻ that a species 

with initially 𝑁଴ individuals has abundance n at timestep t. In particular, we are in-

terested in the probability of non-successful invasion, given by the probability 

𝑃଴ሺ𝑡, 𝑁଴ሻ that a species starting with a small abundance N0 is extinct at timestep t.  

Although the time-dependent extinction probability 𝑃଴ሺ𝑡, 𝑁଴ሻ  of the birth-death 

model (equations 12, 13) can only be solved in special cases43, we derived a good 

approximation for our model (Fig. 4a; Extended Data Figs. 4, 5) 

   𝑃଴ሺ𝑇, 𝑥, 𝑁଴ሻ ൌ  ቂ
௫

௫ା௘ೣ೅ିଵ
ቃ

௩
ቆ

 ୣೣ೅  ିଵ

 
౛ೣ೅

భషೣ
  ିଵ

 ቇ
ேబ

,   (2) 

with 𝑥 ൌ  𝜆෨𝑓ሺ𝑁𝑠ሻ/𝑟𝑓  and 𝑇 ൌ 𝑟௙𝑡 , where 𝜆ሚ௙ሺ𝑁௦ሻ  is the per-capita population growth 

rate of species f (equation 9)  at a suitable small abundance Ns, rf  the recruitment 

rate, T the scaled time step, and the parameter v determines the immigration rate 
(which is 𝑣 𝑟௙ ; equation 12a). Thus, the extinction dynamics of the birth-death 

model for small initial abundances N0 approximate that of a linear birth-death 

model43 where the birth and death rates (equations 12a, b) are taken at a typical 

abundance Ns (inset Fig. 4a; Extended Data Figs. 4). This equation provides the 

desired quantitative link between the extinction risk of a species when rare (i.e., our 

stochastic invasion criterion) with demographic rates, spatial patterns and immi-

gration of species.  

To assess the effects of spatial structure and other non-neutral mechanisms on 

the invasion success of species when rare, we normalized the extinction risk 

𝑃଴ሺ𝑇, 𝑁଴ሻ by the extinction risk of the corresponding neutral model without immi-

gration (equation 15c).  This allows us to quantify the degree of stabilisation, i.e., 

the factor by which the extinction probability declines due to spatial structure, 
niche differences and immigration. The scaled per-capita growth rate 𝜆ሚ௙ሺ𝑁௦ሻ/𝑟௙, and 

thereby stabilisation (Fig. 4c), are determined by the observed species abundance 

Nf
*, the exponent bf of the aggregation-abundance relationship, and a risk factor 

given by ρf = Bf (kfh/(kff − kfh))(J/Nf
*) (equation 16). First, stabilisation strongly in-

creases if ρf becomes smaller (Fig. 4d), which is the case if niche differences increase 

(i.e., Bf becomes smaller) and if the average neighbourhoods contain more conspe-

cifics and less heterospecifics (i.e., kfh/(kff − kfh) becomes smaller).  
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a            Approximation of extinction risk
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Fig. 4. The stochastic invasion criterion. a, shows the plot-level extinction risk at year 1000 
(i.e., t = 200) as a function of the scaled per-capita population growth 𝜆ሚ௙ሺ𝑁௦ሻ/𝑟௙ and for different for-

est plots. All species start with 𝑁଴ = 50 individuals. The lines show the approximation with equation 

2 and the open disks are the results of the numerical iteration of the birth-death model for the dif-

ferent species of the 21 forest plots. The inset shows how the fitted typical abundance Ns depends on 

the initial abundance 𝑁଴, b, shows how immigration reduces the extinction risk, as given by the first 

term in equation 2, for a reproduction rate of rf = 0.1. The constant immigration rate is given by rf v, 

and a value of v = 0.1 means one immigrant every 100 time steps on average. c, same as a), but we 

normalized the extinction probability with that of the corresponding neutral model. The small inset 

shows how stabilisation (i.e., the invers of the normalised extinction risk) depends for small ob-

served abundances (Nf* = 50) on aggregation kff and the exponent bf of the aggregation-abundance 

relationship, estimated with equation 2 for parameters kfh = 0.95, J* = 21000, Bf =1, N0 = 80, rf = 

0.1, and v = 0. d, Stabilization, the factor by which non-neutral mechanisms reduce the extinction 

risk, for the 720 species of the 21 forest plots, plotted over the risk factor ρf = Bf (kfh/(kff − kfh))(J/Nf*) 

(equation 16c). Different values of the exponent bf are shown by coloured symbols. Additionally, we 
show for different typical cases how stabilisation depends on the risk factor 𝜌௙: the gold lines are for 

bf = −0.9 and the blue lines for bf = −0.3, dashed lines indicate Nf* = 2000 and solid lines Nf* = 50. 

The data in a), c), and d) are from scenario 1 (i.e., no niche differences, N0 = 50, no immigration). 

 

Second, stabilisation decreases if the exponent bf approaches values of ‒1 (i.e., 

stronger negative correlations between aggregation and abundance) (small inset 

Fig. 4c). For example, the solid gold line in Fig. 4d represents rare species at tem-

perate forests (Nf
* = 50, bf = −0.7) and the solid blue line rare species at tropical 
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forests (Nf
* = 50, bf = −0.3). Finally, stabilisation increases with increasing abun-

dance Nf
* of the species, which is also included in the risk factor (as shown by com-

parison of solid versus dashed lines in Fig. 4d). 

We find that coexistence in the analysed forest megaplots generally benefits 

from the emerging spatial patterns (Table 1a). For example, model results for sce-

narios without niche differences and without immigration indicate that the spatial 

patterns reduce the 1000-year local extinction risk of invading species for tropical, 

subtropical and temperate forests on average by factors 1.7, 1.9, and 2.7, respec-

tively, with only moderate declines over longer time periods. Somewhat surpris-

ingly, species at temperate forests tend to show on average higher stabilisation com-

pared to tropical forests (Table 1a).  

 
Table 1. Stabilization (the factor by which the local extinction risk is reduced) by dif-

ferent non-neutral mechanisms through time. We show the effect of combinations of differ-

ent mechanisms on stabilisation, separately for all species in tropical, subtropical and temperate  

forests for our 4 scenarios. a, scenario 1 (no immigration: v = 0, no niche differences: βfi = βff), b, 

scenario 2: (no immigration: v = 0, niche differences: βfi < βff), c, scenario 3 (immigration  with v 

=0.1, βfi = βff), and d, scenario 4 (immigration with v =0.1, βfi < βff). See Extended Data  Fig. 6 for 

latitudinal gradients in stabilisation and temporal trends.  

 
1000  
years 

5000  
years 

10,000 
years 

1000 
years 

5000  
years 

10,000 
years 

 a    No immigration, no niches c   Immigration, no niches 

all 1.91 1.79 1.68 2.62 3.07 3.27 

tropical 1.74 1.62 1.51 2.42 2.81 2.96 

subtropical 1.93 1.83 1.73 2.62 3.08 3.30 

temperate 2.67 2.51 2.39 3.62 4.35 4.85 

 b   No immigration, but niches d    Immigration and niches 

all 2.73 2.46 2.23 3.78 4.34 4.55 

tropical 2.58 2.29 2.04 3.63 4.10 4.23 

subtropical 2.50 2.32 2.14 3.41 3.99 4.22 

temperate 4.44 4.04 3.70 6.03 7.19 7.86 

 

Using expanded model versions, we find that adding niche differences (Table 1b) 

or a small immigration (v = 0.1) (Table 1c) lead to further increases in stabilisation, 

and immigration and niche differences together reduce the plot-level extinction risk 

in tropical, subtropical and temperate forests by factors 6.0, 7.2, and 7.9, respec-

tively (Table 1d). Finally, larger time periods lead to similar values of stabilisation 

(Table 1). 
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Discussion  

Developing an approach that integrates observed spatial patterns in forests with 

multiple ecological processes into mathematical theory is a considerable challenge. 

Here we present a unified framework integrating spatial point process theory with 

population models and their corresponding stochastic birth-death models to derive 

expectations for how interactions between multiple spatial patterns and processes 

impact stabilisation and species coexistence. The framework relies on spatial pat-

terns that link competition at the scale of individual trees with the dynamics at the 

population scale. Our theory leads to a closed formula that shows how the extinc-

tion risk of species when rare depends on spatial patterns, demographic parame-

ters, and immigration.  

Several important ecological insights result from this new theory. First, we have 

shown that the spatial patterns found in forest megaplots have in general a stabiliz-

ing effect under neighbourhood competition7,8, as they substantially reduce the 

plot-level extinction risk of a species at low abundances. This result challenges a 

prevalent perspective44,45 that spatial patterns alone cannot foster coexistence. 

However, this assertion arises as a consequence of the assumption of previous spa-

tially-explicit models7,26,35,44,46 of placing recruits close to their parents, which leads 

to destabilizing negative aggregation-abundance relationships (with exponents 

close to −1; inset Fig. 4c) where individuals of rare and abundant species experience 

similar degrees of conspecific competition (Fig. 1). Our results highlight the critical 

role that the aggregation-abundance relationship can play in shaping coexistence 

outcomes. Moving forward we suggest that models studying the forces structuring 

forest diversity and composition should include a more nuanced representation of 

seed dispersal10,47 and its interactions with mycorrhizal associations11,12,13.  

Second, the observed latitudinal gradient suggests stronger stabilizing conspe-

cific negative density dependence in tropical compared to temperate forests13,22,48 

(Extended Data Fig. 7a, b). However, we found a general tendency for forests at 

lower latitudes to benefit less from the spatial coexistence mechanism (Table 1). 

This apparent contradiction can be explained by additional factors with opposed 

latitudinal tendencies that influence the extinction risk in our model (equation 17), 
such as lower risk factors 𝜌௙ and higher species frequencies at higher latitudes (Ex-

tended Data Fig. 8). Nevertheless, species in temperate forests with a low equilib-

rium abundance (e.g., Nf
* = 80) show a substantially lower stabilisation than spe-

cies at tropical forests (small inset Fig. 4c) and therefore a higher extinction risk. 

This finding can help to explain why there are fewer rare species in temperate com-

pared to tropical forests. 
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Third, we found that the frequently used deterministic invasion criterion1,5 did 

not yield useful predictions because it was satisfied for nearly all forests analysed 

here (equation 11) and failed to detect differences in the local extinction risk of spe-

cies related to demographic stochasticity14. Additionally, it does not apply if rare 

species are more strongly aggregated than abundant species9, as observed here in 

temperate forests. This leads to conspecific population-level interaction coefficients 

that are not constant as commonly assumed49, but depend negatively on abundance 

(equation 7c). We have developed new theory that overcomes such issues and al-

lows to determine whether and under what circumstances the abundances of rare 

species are likely to increase (equations 2, 16). Although we derived our stochastic 

invasion criterion for a specific population model, we believe that it could also be 

used for other population models that can be formulated by means of the per-capita 
growth rate 𝜆ሚ௙ሺ𝑁௙ሻ (see Supplementary Text).  

Our spatial analysis of 21 large forest plots revealed an intriguing latitudinal gra-

dient in the strength of the relationship between conspecific aggregation and abun-

dance that begs for an explanation. Our data (Fig. 3) suggest that the aggregation-

abundance relationship arises as an interaction of animal seed dispersal10 with my-

corrhizal associations11,12,13. We hypothesize that an ectomycorrhizal (EM) associa-

tion, as mostly observed in temperate forests, would be beneficial for species with 

dispersal close to adults (i.e., non-animal seed dispersal) because this allows facili-

tation of recruitment by ectomycorrhizal (EM) fungi near adults11,12,13,39. In contrast, 

animal seed dispersal farther away from conspecific adults is beneficial because the 

prevailing AM mycorrhizal associations in tropical forests offer less protection from 

enemies compared to an EM association12,39. Our combined dispersal-mycorrhiza 

hypothesis therefore provides an extra dimension to the study of negative conspe-

cific density dependence, and an integrated understanding of the interacting effects 

of both, animal seed dispersal and mycorrhizal associations will be fundamental to 

our understanding of forces structuring forest diversity and composition.  

Overcoming the limitations of macroscale population models, as often used in 

contemporary coexistence theory1,4,15,40,50, requires approaches that explicitly con-

sider the lower-level processes that generate the phenomenon of interest51. Our re-

sults demonstrate the utility of transfer functions that describe the parameters of 

the macroscale population models, here the population-level interaction coeffi-
cients 𝛼௙௜  (between species i and f), as a function of individual-level interaction co-

efficients 𝛽௙௜  and measures of the emerging spatial patterns (i.e., kff, kfh, Bf; equation 

7)8. Our scaling approach has the decisive advantage that the lower-level parame-

ters of the transfer functions can be parameterized from empirical or experimental 

knowledge, such as the ForestGEO megaplots6 in our case. Taking this approach, 
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we have demonstrated that spatial patterns emerging from individual-level pro-

cesses play a key role in species coexistence, which underscores the need to under-

stand the mechanisms underlying the spatial heterogeneity of forests in greater de-

tail.  
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Methods 

Study areas  

Twenty-one large forest dynamics plots of areas between 20 and 50 ha with similar 

number of tropical, subtropical, and temperate forests were utilized in the present 

study (Supplementary Table S1). The forest plots are part of the Forest Global Earth 

Observatory (ForestGEO) network6 and are located in Asia and the Americas rang-

ing 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 

(dbh) ≥1 cm were mapped, size measured, and identified. We focussed our analysis 

here on individuals with dbh ≥ 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 excludes most of the saplings and enables comparisons with previous 

spatial analyses. Shrub species were excluded. We also excluded 15 species with low 

aggregation (i.e., kff < kfh; Box 1), which would lead to negative growth rates at small 

abundances; ten of them from BCI, two from MST, two from NBH, and one from 

FS. These (generally less abundant) species are probable relicts of an earlier suc-

cessional episode when they were more abundant18,52. We also excluded the two 

species Picea mariana and Thuja occidentalis of the Wabikon forest that are re-

stricted to a patch of successional forest that was logged approximately 40 years 

ago53. 

Most forest plots (18 of our 21 plots, those with more than one census) allow for 

estimation of the average mortality risk of individuals with dhh ≥ 10cm within one 

census period. We estimated mortality across all species and obtained for each for-

est plot one average mortality rate for trees with dbh ≥10 cm (Supplementary Table 

1). In contrast, direct estimation of the per-capita recruitment rate is difficult. We 

therefore used a shortcut and assumed approximate equilibrium where the un-

known per-capita recruitment rate rf is the same as the known per-capita mortality 

rate. However, the equation of the local extinction probability (equation 2) we de-

rived for the singe-species model (equation 9) allows for an easy assessment of the 

effects of species-specific recruitment rates. We also determined for all species used 

in our analyses the mycorrhizal association types based on available global da-

tasets54,55,56 and website sources (http://mycorrrhizas.info/infex.html). To deter-

mine if a species is mainly dispersed by animals (zoochory) we used the Seed Infor-

mation Database (https:// data.kew.org/sid) of the Royal Botanic Gardens Kew and 

available literature57. Species without descriptions of mycorrhizal associations and 

dispersal modes were assigned according to their congeneric species. The propor-

tion of focal species with zoochory, with arbuscular mycorrhizal (AM) association, 

and with both are shown in Supplementary Table 1.   
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Proxy for pairwise competition strength between species 

Some of our analyses require the ratio βfj/βff (Box 1) that describes the relative com-

petitive effect36,58 of individuals of species i on an individual of the focal species f. 

In general, it is challenging to derive estimates for the pairwise interaction coeffi-

cients37 because this would require unfeasible large data sets to obtain a sufficient 

number of neighboured f–j species pairs for less abundant species. We therefore 

compared two scenarios. In scenario 1 we assumed that con- and heterospecific in-

dividuals compete equally, thus βfj = βff. In scenario 2 we assumed that individuals 

which are close relatives compete more strongly or share more natural enemies 

than distant relatives59. As proxy for this effect, we used phylogenetic distances60, 

given in millions of years (MA), 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 tool61.  

For plots without molecular data, we used the V. PhyloMaker2 package62 to gen-

erate a phylogenetic tree for each plot using GBOTB.extented.WP.tre updated from 

the dated megaphylogeny GBOTB63 as a backbone. For the other eight plots with 

molecular data, we followed the method reported by Kress et al.64 to build the phy-

logenetic tree based on DNA barcode data. We then used the cophenetic function 

in the picante package65 to calculate phylogenetic distance for each plot. In this we 

assume that functional traits are phylogenetically conserved36,59,66. To obtain con-

sistent measures among forest plots, phylogenetic similarities were scaled between 

0 and 1, with conspecifics set to 1 and a similarity of 0 was assumed for a phyloge-

netic distance of 1200 MA, which was somewhat larger than the maximal observed 

distance (1059 MA). This was necessary to avoid discounting crowding effects from 

the most distantly related neighbours59. 

 

Crowding indices for tree competition and measures of spatial patterns 

We assume in our example model that survival of a focal tree k is reduced in areas 

of high local density of con- and heterospecifics (i.e., neighbourhood crowding), 

e.g., through competition for space, light or nutrients, or natural enemies16,17,38,67, 

while reproduction is density-independent with per-capita rate rf. Analogous mod-

els can be derived for crowding effects on the reproductive rate and/or the estab-

lishment of offspring (see Supplementary Text). We describe the neighbourhood 

crowding around tree k of a focal species f by commonly used neighbourhood 

crowding indices36,37,58,68,69,70 (NCI’s; Box 1), but use separate indices for con- and 

heterospecific trees.  
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The conspecific crowding index Ckf of a given individual k counts the number of 

conspecific neighbours j with distances dkj smaller than a given neighbourhood ra-

dius r, but weights them by 1/dkj, assuming that farther away neighbours compete 

less (equation 3a). The heterospecific crowding index Hkf does the same with all 

heterospecifics (equation 3b), and the interaction crowding index Ikf weights heter-

ospecifics additionally by their relative competitive strength βfj/βff (equation 3c). 

Thus, we estimate for each individual k three crowding indices 

 conspecific crowding:   𝐶௞௙ ൌ ∑ ଵ

ௗೖೕ

௡೑

௝ୀଵ    (3a) 

 heterospecific crowding:  𝐻௞௙ ൌ ∑ ∑ ଵ

ௗೖೕ

௡೔
௝ୀଵ௜ஷ௙   (3b) 

 with niche differences:  𝐼௞௙ ൌ ∑ ∑
ఉ೑೔

ఉ೑೑

ଵ

ௗೖೕ

௡೔
௝ୀଵ௜ஷ௙   (3c) 

where ni is the number of neighbours of species i within distance r of the focal in-

dividual, dkj is the distance between the focal individual k 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 36,37,59,68,69,70.  

To link the survival of an individual k to its crowding indices we follow earlier 

work on individual neighbourhood models36,37,59,69,70 and assume that the survival 

rate skf of a focal tree k of species f is given by 

  skf = sf exp( – βff ( Ckf + Ikf )),     (4) 

where sf is a density-independent background survival rate of species f and βff the 

individual-level conspecific interaction coefficients of species f36. Statistical anal-

yses with neighbourhood crowding indices have shown that the performance of 

trees depends on their neighbours mostly within distances r of up to 10 or 15 m70, 

we therefore estimate all measures of spatial neighbourhood patterns with a neigh-

bourhood radius of r = 15 m. We investigate two scenarios, in scenario 1 con- and 

heterospecifics competing equally at the individual scale (i.e., βfi = βff), and in sce-

nario 2 the quantity βfi/βff is proportional to phylogenetic similarity see above 

“Proxy for pairwise competition strength between species”). 

We use scale transition theory40 and spatial point process theory25 to transfer the 

individual-based microscale information on the number and distance of con- and 

heterospecific neighbours of focal individuals, which are provided by the Forest-

GEO census maps, into macroscale models of community dynamics8. To this end, 

we average the survival rates skf of all individuals k of the focal species f to obtain 
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the average population-level survival rate 𝑠̅௙, for which we derived a closed expres-

sion for Gamma distributed crowing indices8: 

  𝑠̅௙ ൌ 𝑠௙𝑒𝑥𝑝ሺെ𝛽௙௙ሺ𝛾௙௙𝐶௞௙തതതതത ൅ 𝛾௙ఉ𝐼௞௙തതതതሻሻ    (5) 

where 𝐶௞௙തതതതത and 𝐼௞௙തതതത are the average crowding indices, and the quantities 𝛾௙௙ and 𝛾௙ఉ 

arise through the averaging because of the non-linearity in equation 48, but in our 
case of high survival rates they are near one and can be neglected (i.e.,  𝛾௙௙ ൎ 1 and 

𝛾௙ఉ ൎ 1ሻ.  

To incorporate the average survival (equation 5) into our population model we 

need to decompose the average crowding indices into species abundances and 

measures of spatial patterns (Box 1). Briefly, we do this by expressing the crowding 

indices in terms of the pair correlation function, a basic summary function of spatial 

statistics25, and the mean density λf = Nf/A of the species f across the whole plot of 

area A (see equations S1-S8 in Supplementary Text).  The resulting measures kff 

and kfh of spatial patterns quantify the change in average conspecific and heteros-

pecific neighbourhood crowding, respectively, relative to the case without spatial 

patterns (i.e., random distribution of the focal species and independent placement 

of the focal species with respect to the heterospecifics25):  

   𝐶௞௙തതതതത ൌ  𝑘௙௙ ሺ𝑐 𝑁௙ሻ      (6a) 

  𝐻௞௙തതതതത ൌ 𝑘௙௛ ሺ𝑐 ∑ 𝑁௜௜ஷ௙ ሻ      (6b) 

  𝐼௞௙തതതത ൌ 𝐻௞௙തതതതത ூೖ೑തതതതത

ுೖ೑തതതതതത ൌ  𝑘௙௛ 𝐵௙ ሺ𝑐 ∑ 𝑁௜ሻ௜ஷ௙ ൎ  𝑐 𝑘௙௛𝐵௙ሺ𝐽 െ 𝑁௙ሻ (6c) 

where c = 2 π r/A is a scaling factor (see equation S7 in Supplementary Text), A the 

area of the plot, r the radius of the neighbourhood, J the total number of individuals 
in the plot, and 𝐵௙ ൌ 𝐼௞௙തതതത/𝐻௞௙തതതതത the average competition strength of one heterospecific 

neighbour relative to that of one conspecific. The quantity kff  measures spatial pat-

terns in conspecific crowding of species f (kff  > 1 indicates aggregation, and kff  < 1 

regularity), and kfh measures patterns in heterospecific crowding around the focal 

species f (kfh  < 1 indicates segregation, and kfh  > 1 attraction). Note that our meas-

ure of conspecific aggregation, which weights neighbours by distance, is correlated 

to Condit’s Omega measure of aggregation19 that counts the number of neighbours 

without weighting by distance (Extended Data Fig. 9). Additionally, we found that 

the strength of the latitudinal gradient was for a radius of say r > 10m basically 

independent of the neighbourhood area over which conspecific aggregation was 

measured (Extended Data Fig. 2). This was expected because of the distance-

weighting (Box 1) where distant neighbours contribute little to total neighbourhood 

crowding.  
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Equation (6c) uses two findings of earlier work. First, a crucial insight used in 

our approach8 is that crowding competition of individual trees, as described by 

equation 4, leads in species-rich communities to diffuse competition at the popula-

tion scale. That is, when taking a mean-field approximation41,71, the species-specific 

competition strengths of heterospecifics can be replaced in the macroscale model 

by the average heterospecific competition strength Bf
8, which summarizes the 

emerging effects of the individual-level interaction coefficients βfi/βff at the popula-

tion-level. For species rich forests at or near a stationary state, Bf is in good approx-

imation a species-specific constant (see Supplementary Text in Wiegand et al.8). 

Second, the strong local density dependence causes approximate zero-sum dynam-

ics, where the total number J of individuals remains constant2, and the number of 

heterospecifics is given by J − Nf (equation 6c). Using these approximations in 

equation 6c decouples the multispecies dynamics and allows us to investigate the 

dynamics of individual species in good approximation.  

In Fig. 2 we fitted for the species of a given forest plot a phenomenological power 

law where the x-value was the logarithm of abundance Nf and the y-value the cor-

responding logarithm of kff
20,27,28. However, this leads for large abundances to val-

ues of kff close to zero which would indicate strongly regular patterns25 not found in 

the data. Instead, in the extreme case without an aggregation mechanism (i.e., ran-

dom placement of offspring) crowding competition leads to repulsion of conspecif-

ics comparable to segregation kfh of heterospecifics. Thus, to avoid a bias we used 

the quantity kff ‒ kfh as the y-value in our fit.   

 

Basic community-level model 

Combining equations (1), (5) and (6) leads to the spatially-enriched macroscale 

model for the per-capita growth rate of species f (also called average individual fit-

ness40): 

 𝜆ሚ௙൫𝑁௙,௧൯ ൌ
ே೑,೟శభିே೑,೟ 

∆௧

ଵ

ே೑,೟
 ൌ ሺ𝑟௙ െ 1ሻ  ൅  𝑠௙𝑒𝑥𝑝ሺെ  𝛽௙௙𝑊௙ሺ𝑁௙,௧ሻሻ, (7a) 

where 𝑁௙,௧ is the abundance of species f at timestep t, sf is a density-independent 

per-capita background survival rate, rf  the per-capita recruitment rate, βff the indi-
vidual-level conspecific interaction coefficients of species f, and 𝑊௙൫𝑁௙,௧൯ the fitness 

factor40 given by  

  𝑊௙ሺ𝑁௙ሻ ൌ 𝑐ሼ𝑘௙௙𝑁௙ ൅ ∑ 𝐵௙𝑘௙௛ 𝑁௜௜ஷ௙ ሽ.     (7b) 

The community-level interaction coefficients are therefore given by: 

   𝛼௙௙ ൌ 𝑐 𝛽௙௙ 𝑘௙௙      (7c) 
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   𝛼௙௛ ൌ 𝑐 𝛽௙௙ ሺ𝐵௙𝑘௙௛ሻ.     (7d) 

Thus, even if the individual-level interaction coefficients βfi (equations 3a, c) are 
constant, the community-level conspecific interaction coefficients 𝛼௙௙  (equation 

7c) are not necessarily constant, as is commonly assumed49. Instead, they will de-
pend on abundance if aggregation 𝑘௙௙ correlates with abundance8, as observed in 

many of our forest dynamics plots (Fig. 2). Assuming approximate zero-sum dy-

namics we can rewrite the fitness factor to 

 𝑊௙ሺ𝑁௙,௧ሻ ൌ 𝑐ሼ𝑘௙௙𝑁௙,௧ ൅ 𝐵௙𝑘௙௛ሺ𝐽 െ 𝑁௙,௧ሻሽ,     (7e) 

and to accommodate the power law in ሺ𝑘௙௙ െ 𝑘௙௛ሻ we further rewrite the fitness fac-

tor to: 

 𝑊௙൫𝑁௙,௧൯ ൌ  𝑐ሼሺ𝑘௙௙ െ 𝑘௙௛ሻ𝑁௙,௧ ൅ 𝑘௙௛ሺ1 െ  𝐵௙ሻ 𝑁௙,௧ ൅ 𝐵௙𝑘௙௛𝐽ሽ.   (7f) 

 

Our spatially-enriched macroscale model approximates an underlying individ-

ual-based model in the tradition of earlier spatially-explicit work7,35,45,46,72,73, but 

uses the empirically observed spatial patterns instead of modelling their dynamics 

explicitely8. To parameterize the model, we used the ForestGEO data sets to deter-

mine the values of aggregation kff, segregation kfh, total community size J, the ob-

served abundance Nf
* of species f, the recruitment rate rf, and the exponent bf that 

describes the scaling of aggregation with abundance (equation 8). In all analyses 

we set the background survival rate to sf = 1 (i.e., a tree without neighbours within 

distance r will survive this timestep). To determine the unknown value of βff, the 

individual-level conspecific interaction coefficients of species f, we assume that the 
observed species abundance Nf is close to equilibrium 𝑁௙

∗ and obtain from equation 

(7a) βff = െ ln ൬
ଵି௥೑

௦೑
൰ /𝑊௙൫𝑁௙

∗൯ . The influence of uncertainty in the equilibrium abun-

dance 𝑁௙
∗ on our results can be assessed from equations 16 and 17. The effects of 

large uncertainty (e.g., Nf* of 50 vs. 2000) is illustrated in Fig. 4d. Note however 

that the stochastic birth-death model derived from our macroscale model (that con-

siders demographic stochasticity) describes for species with low values of the per-
capita growth rate 𝜆ሚ௙൫𝑁௙,௧൯ non-equilibrium behaviours where the abundances fluc-

tuate (together with aggregation) stochastically. 

To consider the observed aggregation-abundance relationships (see Extended 

Data Fig. 10 for plots) we replace in equation (7f) the quantity kff − kfh by  

  L(Nf,t) = (kff − kfh) (Nf,t / Nf
*)bf,    (8) 

where Nf
* is the observed species abundance. Thus, L(Nf

*) = (kff − kfh). Note that 

effects of habitat association or details of dispersal will influence the values of kff 
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and cause the observed departures from the aggregation-abundance relationship. 

With equation (8) we obtain our final spatially enriched model that links the mac-

roscale to the microscale: 

 
ே೑,೟శభିே೑,೟ 

∆௧

ଵ

ே೑,೟
 ൌ 𝜆ሚ௙൫𝑁௙,௧൯ ൌ ሺ𝑟௙ െ 1ሻ ൅  𝑠௙ሺ

ଵି௥೑

௦೑
ሻ

ೈ೑ቀಿ೑,೟ቁ

ೈ೑ቀಿ೑
∗ ቁ   (9a) 

with  

  𝑊௙൫𝑁௙,௧൯ ൌ  𝑐 ൜ ሺ𝑘௙௙ െ 𝑘௙௛ሻሺ
ே೑,೟

ே೑
∗ ሻ௕೑ 𝑁௙,௧ ൅ ൫1 െ 𝐵௙൯𝑘௙௛𝑁௙,௧ ൅ 𝐵௙𝑘௙௛𝐽ൠ, (9b) 

Note that we obtain for the case of sf = 1 (i.e., all mortality depends on neighbour-

hood crowding) and for small per-capita recruitment rates rf the approximation 

 
ே೑,೟శభିே೑,೟ 

∆௧

ଵ

ே೑,೟
 ൌ 𝜆ሚ௙൫𝑁௙,௧൯ ൌ 𝑟௙ሺ 1 െ

ௐ೑൫ே೑,೟൯

ௐ೑ቀே೑
∗ቁ

ሻ    (9c) 

which suggests using a scaled mean recruitment rate 𝜆ሚ௙൫𝑁௙,௧൯/𝑟௙  to remove the effect 

of the recruitment rate.  

 

The deterministic invasion criterion 

Coexistence requires that populations at low abundances 𝑁௙ increase1,5, thus 𝜆ሚ௙൫𝑁௙൯ 

> 0. This is the case if  𝑊𝑓൫𝑁𝑓൯/𝑊𝑓൫𝑁𝑓
∗൯ ൏ 1  (equations 9a, c), which leads to: 

 ሺ
ே೑

ே೑
∗ሻ௕೑ାଵ ൏  1 ൅ ൫1 െ 𝐵௙൯

௞೑೓

௞೑೑ି௞೑೓
ሺ1 െ

ே೑

ே೑
∗ሻ ൏  1 ൅ ൫1 െ 𝐵௙൯

௞೑೓

௞೑೑ି௞೑೓
,       (10) 

and with 𝜅௙ ൌ  ൫1 െ 𝐵௙൯
௞೑೓

௞೑೑ି௞೑೓
 and Nf = 1 we find the deterministic invasion criterion 

   𝑏௙ ൐ െ1 െ ln ሺ1 ൅ 𝜅௙)/ 𝑙𝑛൫𝑁௙
∗൯          (11a) 

In the extreme case that con- and heterospecifics competing equally (i.e., Bf = 1) we 

find: 

   𝑏௙ ൐ െ1,            (11b) 

which is always fulfilled if the exponent 𝑏௙ ൐ െ1 . In the more realistic case where 

heterospecifics compete weaker than conspecifics (i.e., Bf < 1), equation (11a) indi-

cates that the invasion criterion can be fulfilled even if bf < ‒1. Indeed, some species 

of the CBS plot, which shows an exponent of bf = −1.077, fulfil the deterministic 
invasion criterion due to large values of 𝑘௙௛/(𝑘௙௙ െ 𝑘௙௛) (and Bf < 1; Extended Data 

Fig. 7e,f). An aggregation-abundance relationship with exponent bf < −1 leads to a 

type of Allee effect, which reduces the growth rate at low abundances or makes it 

even negative (Extended Data Fig. 7).  
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The stochastic invasion criterion 

The deterministic invasion criterion ignores the detrimental influence of demo-

graphic stochasticity, which can produce a high risk of extinction at small popula-
tion sizes, even if the per-capita growth rate 𝜆ሚ௙ shows positive values14. To be able 

to consider the impact of demographic stochasticity and immigration, we translate 
𝜆ሚ௙ሺ𝑁௙ሻ  into the master-equation framework of a Markov process of birth-death 

type42,43, to estimate the probability distribution P0(t, N0) that a species with ini-

tially 𝑁଴  individuals will be extinct at timestep t74. A convenient property of the 

birth-death model is that it uses deterministic equations to describe demographic 

stochasticity and does therefore not require stochastic simulations to determine ex-

tinction probabilities.  

The birth-death model describes the dynamics of the probabilities pn(t) that the 

population at time t has abundance n. To that end, the model considers the rates bn 

and dn at which reproduction and death events occur. We find from equation (7a) 

that  

  birth rate: bn = (n + v) rf     (12a) 

  death rate: dn = n [1 ‒ sf exp(-βff Wf(n))]    (12b) 

    dn = n rf ,     (12c) 

where the birth rate in equation (12a) includes immigration with a constant rate v 

rf, and equation (12c) gives the death rate of the corresponding neutral birth-death 
model. Note that we model immigration via a constant rate 𝑣 𝑟௙

42,43,75. This ap-

proach differs from the way immigration is usually modelled in neutral theory2,26,76.  

 

The birth-death model is given by the differential equation system 

 p0'(t) = − b0 p0(t) + d1 p1(t)      (13a) 

 pn'(t) = bn-1 pn-1(t) − (bn + dn) pn(t) + dn+1 pn+1(t)  for n  1. (13b) 

The first equation (13a) shows how the extinction probability p0(t) changes at time 

t. It increases if death events occur in populations with abundance n = 1 (happening 

at rate d1) and decreases if new individuals immigrate to extinct populations (hap-

pening at rate b0 = v rf ). To obtain the effective change rate of p0(t), the rates d1 and 

b0 are multiplied with the corresponding probabilities p1(t) and p0(t) that the pop-

ulation has one or no individual, respectively. The second equation (equation 13b) 

keeps track of birth and death events in existent populations. Birth events occur in 

a population with n–1 individuals (which exists with probability pn-1(t)) at rate bn-1. 
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Hence, these events increase the probability pn(t) of population size n at rate  

bn-1pn-1(t). Similarly, death events occur in populations of n + 1 individuals (proba-

bility pn+1(t)) at rate dn+1 and increase pn(t) at rate dn+1 pn+1(t). Conversely, for pop-

ulations with n individuals, both birth and death events (occurring at rates bn and 

dn , respectively) reduce the population probability pn(t), leading to a reduction of 

pn(t) at joint rate (bn + dn) pn(t). We solved the system (13a)-(13b) with an implicit 

integration technique. Details can be found in the supplemental software reposi-

tory. 

For assessment of the invasion criterion we iterated equation (13) in a straight-

forward way using a small abundance n0 as initial condition pn(t = 0). In most of 

our examples we used a small abundance of n0 = 50, but conducted also analyses 

for n0 = 12, 18, 25, 36, 50, and 71 (Fig. 4a). We also tested the birth-death model 

with a symmetric individual-based model (i.e., all species have the same parameters 

and follow the same rules) described in Wiegand et al.8 and the Supplementary 

Text. To this end we used the initial abundance distribution of the individual-based 

simulations also in the birth-death model. Our test showed that the mean-field ap-

proximation works; the birth-death model, parameterized by spatial patterns, was 

able to correctly predict the species abundance distribution of the individual-based 

simulations for the same initial conditions and simulation period (Fig. S1 in Sup-

plementary Text). 

Given that we are here only interested in the extinction probability P0(t, N0) for 

small initial abundances N0, we approximate the density-dependent death rate in 
equation (12b) by a constant df, being the death rate 𝑑௙ ൌ 1 െ  𝑒ି  ఉ೑೑ௐ೑ሺேೞሻ at a typical 

low abundance Ns: 

    dn = n df       (14) 

Now both, the birth rate bn (equation 12a) and the death dn are linear in n and the 

corresponding master equation (13) can be solved exactly43: 

   𝑃଴ሺ𝑡, 𝑁଴ሻ ൌ  ൤
௥೑ିௗ೑

௥೑ ୼ ିௗ೑
൨

௩
൬

ௗ೑ ୼  ିௗ೑

௥೑ ୼  ିௗ೑
൰

ேబ

 ,                 (15a) 

where Δ ൌ  e൫௥೑ିௗ೑൯௧. We note that 𝑟௙ െ 𝑑௙ is the per-capita growth rate 𝜆ሚ௙ሺ𝑁௦ሻ at the 

small abundance Ns. We define  𝑥 ൌ  𝜆෨𝑓ሺ𝑁𝑠ሻ/𝑟𝑓 ൌ 1 െ  𝑑𝑓/𝑟𝑓  and 𝑇 ൌ 𝑟௙𝑡  being the 

scaled time. With these definitions we obtain Δ ൌ  e௫ ் and therefore 

  𝑃଴ሺ𝑥, 𝑇, 𝑁଴ሻ ൌ  ቂ
௫

௫ା௘ೣ೅ିଵ
ቃ

௩
ቆ

 ୣೣ೅  ିଵ

 
౛ೣ೅

భషೣ
  ିଵ

 ቇ
ேబ

.                (15b) 

Thus, our approximation of the extinction risk is a function of the per-capita popu-
lation growth rate at a small abundance divided by the recruitment rate 𝑟௙ (i.e., the 
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quantity x), but it depends additionally on the scaled time step T = rf t, the initial 

population size N0, and the immigration parameter v. The extinction probability of 

the corresponding neutral model (where x  0) is given by 

  𝑃଴
௡ሺ𝑇, 𝑁଴ሻ ൌ  ቂ

ଵ

ଵି்
ቃ

௩
ቀ

 ୘

 ଵା୘
 ቁ

ேబ
.                 (15c) 

To apply the approximation of equation 15 to the results of the numerical itera-

tion of the birth-death model (equations 12 and 13), we need to fit (for each value 

of T and N0) the value of the small abundance Ns. This can be done in a straight-

forward way by minimizing e.g., the sum of squares between the extinction risks 

predicted by the full birth-death model and its approximation for different values 

of Ns (Extended Data Fig. 4). Thus, the extinction dynamics of the birth-death 

model for small initial abundances N0 (and not too large timesteps t) approximates 
that of a linear birth-death model43, but with a per-capita growth rate of 𝜆ሚ௙ሺ𝑁௦ሻ for 

a typical abundance Ns that is somewhat below the initial abundance N0 (Fig. 4a). 

By repeating this exercise for different initial abundances N0, ranging from 12 to 71, 

and different time periods of 1000, 5000, and 10000 years, we found still good fits 

and smooth functions for the best fitting abundance 𝑁௦ (Fig. 4a; Extended Data Fig. 

5) 

 

Link between extinction risk and species properties 

The link between the plot-level extinction risk of small populations and the scaled 
average individual fitness  𝜆ሚ௙൫𝑁௙൯/𝑟௙ (equation 2) allows us to express the extinction 

risk as a function of spatial patterns (kff, kfh, Bf), demographic parameters (rf, sf) and 

the relative abundance of the species (Nf
*/J). We note that the scaled average indi-

vidual fitness at the typical abundance Ns is approximated by 𝜆ሚ௙ሺ𝑁௦ሻ/𝑟௙ ൎ  1 െ

 𝑊௙ሺ𝑁௦ሻ/𝑊௙ሺ𝑁௙
∗ሻ (equation 9c). We therefore investigate the ratio 𝑊௙ሺ𝑁௦ሻ/𝑊௙ሺ𝑁௙

∗ሻ in 

more detail, it can be expressed as  

       
ௐ೑ሺேೞሻ

ௐ೑ሺே೑
∗ሻ

 ൌ  
ሺ

ಿೞ
ಿ೑

∗ ሻ್೑శభା ఑೑ ሺ
ಿೞ
ಿ೑

∗ ሻ ା ఘ೑

ଵା఑೑ା ఘ೑
     (16a) 

with  

   𝜅௙ ൌ ൫1 െ 𝐵௙൯
௞೑೓

௞೑೑ି௞೑೓
     (16b) 

   𝜌௙ ൌ 𝐵௙
௞೑೓

௞೑೑ି௞೑೓

௃

ே೑
∗     (16c) 

We can ignore in equation (16a) the quantity 𝜅௙ if Bf (1 + J/Ns) >> 1, which approx-

imates Bf >> Ns/J for small relative abundances Ns/J of the focal species, and obtain  
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ఒ෩೑ሺேೞሻ

௥೑
ൎ 1 െ

ௐ೑ሺேೞሻ

ௐ೑ሺே೑
∗ሻ

 ൌ  
ଵିሺ

ಿೞ
ಿ೑

∗ ሻ್೑శభ

ଵା ఘ೑
 .    (17) 

Thus, the scaled per-capita growth rate, and the reduction in the plot-scale extinc-

tion risk due to non-neutral mechanisms, is mostly driven by a risk factor ρf and 

modified by the term (Ns/Nf
*)bf+1 introduced by the abundance-aggregation rela-

tionship with exponent bf. It is therefore instructive to plot the factor by which the 

extinction risk of the corresponding neutral model is reduced (i.e., stabilisation) in 

dependence of the risk factor ρf to assess the relative impact of abundance Nf
* vs. 

the exponent bf of the aggregation-abundance relationship (Fig. 4d). Interestingly, 

the risk factor ρf drops out in the deterministic invasion criterion of equation 10, 

which indicates that it misses important information.  

 

Scenarios investigated with the birth-death model 

We conducted four experiments with the birth-death model to assess the effects of 

the spatial mechanism of neighbourhood crowding and immigration on the ability 

of species to persist for 1000 years, 5000 years and 10,000 years when having low 

abundances (i.e., N0 = 50). Scenarios 1 assumed that con- and heterospecifics com-

pete equally (i.e., no niche differences; βfi = βff, Bf = 1), and scenarios 2 considers 

niche differences between species approximated by phylogenetic dissimilarity (see 

above “Proxy for pairwise competition strength between species”). Scenarios 3 and 

4 are the same as scenarios 1 and 2, but additionally assume a small constant im-

migration with parameter v = 0.1. For the mean reproduction rate of rf = 0.1 across 

all plots, this result in an immigration rate of  rf v = 0.01, or 1 immigrant every 100 

timesteps. We also conducted analyses of scenario 1 with different initial conditions 

N0 = 12, 18, 25, 36, 50, and 71 to establish a relationship between N0 and the abun-

dance Ns (Fig. 4a) that leads to the best fit of the extinction probability 𝑃଴ሺ𝑡, 𝑁଴ሻ 

(derived by the numerical iteration of the full birth-death model) by our approxi-

mation of equation 2 (Supplementary Data Table 2a). 
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Extended Data Figures  
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Extended Data Figure 1. Latitudinal gradients in the slope of the abundance-aggregation 

relationship. a, the power law exponent of the scaling of aggregation kff  with abundance Nf, b, the 

R2 of the linear regression between ln(kfh) and ln(Nf) for each species, c, same as a) but for the scaling 

of (kff  - kfh ) with abundance Nf, d, same as b) but for the scaling of (kff  − kfh ) with abundance Nf. Our 

measures of aggregation kff and segregation 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 = 15m. For plot acronyms see Supplementary Table 1. For data see Supplementary Data 

Table 1. To show the overall tendency we fitted linear regressions. 
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Extended Data Figure 2. Abundance-dependency of aggregation kff and segregation 

kfh. a, the correlation coefficient between the exponent of the power law and the plot properties 

species richness, latitude and mean annual temperature for the power law in aggregation kff  with 

respect to abundance Nf, b, the power law in (kff – ffh) with respect to abundance Nf, where kff  is 

conspecific aggregation and kfh heterospecific segregation, c, exponent of the power law of segre-

gation kfh with respect to species abundance Nf for the 21 the ForestGEO data sets, d, the R2 of the 

linear regression between ln(kfh) and ln(Nf). 
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Extended Data Figure 3.  Latitudinal variation in the proportion of species showing 

zoochory and an arbuscular mycorrhizal (AM) association. a, latitudinal gradient in the 

proportion of species per plot that show both, an AM association and zoochory, b, same as a), but 

only zoochory, c, same as a), but only AM species, d, relationship between the slope of the aggre-

gation-abundance relationship and the proportion of species per plot that show an AM association 

and zoochory, e, same as d), but only zoochory, f, same as d), but only AM species. To outline the 

overall tendency in the data we fitted in panels a) to c) a polynomial regression of order 2 and in 

panels d) to f) a linear regression.  
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Extended Data Figure 4. Approximation of the extinction probability of the birth-

death model. The approximation with equation 2 requires determination of a typical abundance 
Ns to determine the constant mean population growth rate 𝜆ሚ௙ሺ𝑁௦ሻ/𝑟௙. The different panels show the 

approximated extinction risk for different values of Ns over the extinction risk determined with the 

full birth-death model. Panel a) with Ns = 31 shows the best fit. The data are from scenarios 1 (no 

niche differences, N0 = 50, no immigration: v = 0), see Supplementary Data Table 1. The red line is 

the one-to-one line. 
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Extended Data Figure 5. Approximation of the extinction probability of the birth-

death model for the four scenarios and different time periods. a, – c, scenario 1 (no 

immigration: v = 0, no niche differences: βfi = βff ), d, – f, scenario 2: adds niche differences (v = 

0, βfi < βff), g – i: scenario 3 adds immigration (v = 0.1, βfi = βff), and g, – i, scenario 4 adds niche 

differences and immigration (v =0.1, βfi < βff). Results are shown for t = 200 (1000 years, left), t = 

1000 (= 5000 years; middle), and t = 2000 (t = 10,000 years; right). The red line is the one-to-one 

line. 
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Extended Data Figure 6. Stabilization (the factor by which the extinction risk is re-

duced) by different non-neutral mechanisms through time. Latitudinal variation in the 

reduction 𝑃଴ሺ𝑡, 𝑁଴ሻ/𝑃଴
௡ሺ𝑡, 𝑁଴ሻ  of the extinction risk, as influenced by spatial structure, niche differ-

ences and immigration. a, mean stabilisation at year 1000, per forest plot for scenario 1 (no immi-

gration: v = 0, no niche differences: βfi = βff ) that represents the effect of spatial structure, b, same 

as a, but for scenario 2 that adds niche differences (v = 0, βfi < βff), c, same as a, but for scenario 3 

adds immigration to scenario 1 (v =0.1, βfi = βff), d, scenario 4 adds niche differences and immigra-

tion (v =0.1, βfi < βff). e – h: Changes in stabilisation  through time, separately for tropical, sub-

tropical and temperate forests. e, scenario 1, f, scenario 2, g, scenario 3, and h, scenario 4. The 

initial abundance was N0 = 50 individuals. In scenarios with niche differences we assumed that 

more closely related species competed more strongly. The birth-death models were parameterized 

for 720 species of the 21 ForestGEO plots. We excluded the temperate forest at CBS because the 

exponent bf < −1 (Extended Data Fig. 1C) produced an extinction risk higher than the neutral 

model. 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 Figure 7. Dependency of the per capita population growth rate on the 

exponent of the aggregation-abundance relationship. a, Examples for the influence of the 

exponent bf on the per capita population growth rate for typical parameters Nf* = 300, Ns = 31, J 

= 20,000, rf = 0.1, kff = 15, kfh = 0.96, Bf = 1 and c = 0.000189. b, same as a, but for niche differences 

(Bf = 0.5). c, and d, same as a) and b), but larger aggregation (i.e., kff = 30). e, and f, examples for 

the CBS plot for scenario 2 with niche differences (i.e., Bf < 1). We assumed that individuals com-

pete at the individual scale more strongly if they phylogenetically more similarity. The CBS plot 

shows a power law exponent of bf = −1.077, which leads to unstable dynamics if con- and heteros-

pecifics compete equally at the individual scale. However, niche differences allow a few species 

(Acer mono (ACEMON), Tilia amurensis (TILAMU), Pinus koraiensis (PINKOR), Ulmus japonica 

(ULMJAP), Quercus mongolica (QUEMON)) to fulfil the deterministic invasion criterion (equa-

tion 11a). They are all abundant species that show weak aggregation. The vertical red lines indicates 

the value of the average individual fitness (at Ns = 31) that determines the extinction risk of a pop-

ulation with initially 50 individuals after 1000 years. 
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Extended Data Figure 8. Which properties of a species lead to a low extinction risk? 
The panels show different quantities that drive the average population growth 𝜆ሚ௙ሺ𝑁௦ሻ at the best 

fitting typical abundance Ns, which determines the extinction risk (equation 17). a, the mean rela-
tive abundance Nf*/J, which drives the risk factor 𝜌௙, averaged over all species of a given plot shown 

in dependence on latitude, b, same as a), but (Nf*/J)(bf-1) as it appears in equation 16a, c, the mean 
of the risk factor 𝜌௙ taken over all focal species in each plot, in dependence on latitude, d, the mean 

of the ratio Wf(Ns)/Wf(Nf*) for Ns = 31 (eq. 16a) that drives the average individual fitness (eqs. 9a, 

17) and thereby the extinction risk (equation 2), e, same as c), but for niche differences, f, same as 

d), but for niche differences.  To outline the overall tendency in the data we fitted in panels a) a 

polynomial regression of order 2 and in panels b) and d) a linear regression, and in panels c) and 

e) an exponential regression.  
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Extended Data Figure 9. Sensitivity of the aggregation-abundance relationships to 

the measure of aggregation. a, Condits’s 1-10 aggregation measure for the species analysed in 

Wiegand et al. (2021) plotted over the corresponding values of the distance-weighted aggregation 

measure kff(r = 15) used in the present study, b, exponents of the aggregation-abundance power-

law derived with  Condits’s 1-10  plotte over the corresponding values of the distance-weighted 

aggregation measure kff(r = 15), c, comparison of the distance-weighted aggregation measure kff(r) 

for different neighborhood radii 10m vs. 15m, d, comparison of the distance-weighted aggregation 

measure kff(r) for different neighborhood radii 10m vs. 20m, e, comparison of the distance-

weighted aggregation measure kff(r) for different neighborhood radii 10m vs. 25m. To outline the 

overall tendency in the data we fitted linear regressions to the data.  
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Sinharaja, bf = -0.382 BCI, bf = -0.316 MST, bf = -0.302

XSBN, bf = -0.52 NBH, bf = -0.32 HSD, bf = -0.325

DHS, bf = -0.585 CBL, bf = -0.420 FS, bf = -0.437

GTS, bf = -0.327 BDGS, bf = -0.387 TTS, bf = -0.651

QL, bf = -0.510 TRC, bf = -0.746 SCBI, bf = -0.768

DLS, bf = -0.892 BHI, bf = -0.718 CBS, bf = -1.077

HF, bf = -0.756 WAB, bf = -0.925 FL, bf = -0.900

 

Extended Data Figure 10. Aggregation − abundance relationships for the 21 Forest-

GEO plots. The panels show the relationships between corrected aggregation L(Nf)=(kff – kfh) (y-

axis) and abundance Nf (x-axis) (equation 8). The value of bf is the slope of the power law L(Nf) = 

af Nfbf (red line), estimated by linear regression analysis of log(kff – kfh) over log(Nf). We used for 

the analysis focal species f with more than 50 individual. For plot acronyms see Supplementary 

Table 1. 
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Supplementary Table 1: Characteristics of the selected forest plots. 

Plot Acronym Latitude Elevation 
Forest 
type† 

No. 
species 

Individuals 
≥10cm dbh 

Species 
≥10cm dbh 

Focal 
species‡ 

Area 
(ha) 

Mortality 
rate†† 

Prop.
zoochory§ 

Prop. 
AM$ 

Prop. AM + 
zoochory§$ 

Sinharaja SHJ 6.40 500 trop. 239 17070 167 59 25 0.087 0.75 0.79 0.71 
BCI BCI 9.15 140 trop. 304 20647 238 63 (-10) 50 0.113 0.89 1.00 0.91 
MoSingto MST 14.26 770 trop. 262 15665 214 52 (-2) 30 0.136 0.88 0.91 0.80 
Xishuangbanna* XSBN 21.61 789 trop. 468 12263 339 52 20 0.14 0.81 0.85 0.67 
Nabanhe NBH 22.23 932 trop. 290 8512 221 40 (-2) 20 - 0.78 0.86 0.67 

Heishiding HSD 23.45 567 
trop-
subtr. 245 30992 148 82 50 0.1 0.84 0.81 0.68 

    -    
Dinghushan* DHS 23.16 350 subtr. 210 11906 131 30 20 0.18 0.87 0.80 0.77 
Chebaling CBL 24.72 495 subtr. 228 10159 148 32 20 - 0.78 0.84 0.65 
Fushan* FS 24.76 667 subtr. 110 19261 77 33 (-1) 25 0.071 0.85 0.81 0.68 
Gutianshan* GTS 29.25 581 subtr. 159 18215 109 33 24 0.09 0.73 0.68 0.48 
Badagongshan BDGS 29.77 1406 subtr. 232 25121 186 57 25 0.06 0.67 0.77 0.54 
Tiantong TTS 29.81 454 subtr. 154 14967 107 34 20 0.08 0.68 0.79 0.55 

Qinling* QL 33.54 1431 
temp.-
subtr. 

121 11698 84 29 25 - 0.45 0.61 0.29 
     
Tyson Research 
Center TRC 38.52 203 temp. 46 6520 38 17 20 0.085 0.82 0.47 0.29 

SCBI SCBI 38.89 330 temp. 65 8165 49 19 25 0.08 0.68 0.42 0.17 
Donglingshan DLS 39.96 1400 temp. 51 9558 39 15 20 0.04 0.20 0.60 0.13 

Baihua* BHI 42.22 793 temp. 63 17197 34 17 24 0.07 0.24 0.53 0.12 
Changbaishan* CBS 42.38 801 temp. 52 9995 34 16 25 0.05 0.25 0.69 0.13 
Harvard Forest HF 42.54 354 temp. 55 23901 34 16 35 0.14 0.50 0.25 0.13 
Wabikon* WAB 45.55 501 temp. 36 14021 22 12 (-2) 25.2 0.04 0.00 0.42 0.00 
Fenglin FL 48.08 447 temp. 46 8601 23 12 30 0.11 0.08 0.50 0.00 

* Bar code phylogeny, genus level phylogenies were used for all othert plots; † trop.: tropical forests, subtr.: subtropical forests, temp.: temperate forests; ‡ 
The numbers give the number of focal species with at least 50 individuals with dbh >= 10cm, 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. 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 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; § Proportion of species showing mostly animal seed dispersal; $ Proportion of species with arbuscular mycorrhizal association.  
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Supplementary Table 2: Explanation of important mathematical symbols 

Symbol Meaning 

(A) Population level quantities 

Nf,t, N*f abundance of species f at time t and corresponding observed abundance. 

𝐽 ൌ ෍ 𝑁௜
∗

ௌ

௜
 total community size in equilibrium (eq. 6c). 

Δt time step, in our case 5 years, the census interval of the ForestGEO plots. 

rf  average number of offspring of an individual of species f within the 5 year census 

interval. Turnover if species is close to equilibrium (eq. 1). 

sf background per capita survival rate of species f in absence of neighbourhood com-

petition within the 5 year census interval (eq. 1). 

𝑠̅௙ the average population-level survival rate of focal species f (eq. 5) 

βff conspecific individual-level interaction coefficient of the focal species f. Defines the 

strength of negative density dependence (eq. 1). 

βfi individual-level interaction coefficient, measures the negative impact an individual 

of species i has on the survival of individuals of the focal species f.  

βfi/βff relative individual-level interaction coefficient, ranges between zero and one. We 

use phylogenetic similarity as surrogate for βfi/βff. Large similarity (i.e., βfi/βff ≈ 1 

leads to strong competition whereas low similarity (βfi/βff << 1) leads to weak com-

petition (eq. 3c).  

A area of the observation window. 

f focal species. 

bf exponent of the aggregation-abundance power law (eq. 8). 

𝜆ሚ௙൫𝑁௙,௧൯  average individual fitness of species f, a key quantity that can be derived from the 

macroscale model (eq. 1, 9). Also called per capita population growth rate. 

𝑊௙൫𝑁௙,௧൯ the fitness factor of species f, in our case the average of the neighbourhood crowd-

ing indices NCIk = Ckf + Ikf of the individuals k of species f (eq. 7). 

  

(B) quantities for neighbourhood crowding indices  

r neighbourhood radius: all individuals within distance r of a focal individual are 

counted, we use r = 15m. 

k the focal individual (eq. 3, Box 1). 

NCIk the neighbourhood crowding index of individual k, it counts the number of individ-

uals within the neighbourhood radius r of individual k, but weights each neighbour 
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by the inverse of its distance to individual k. We decompose NCIk into separate in-

dices for con- and heterospecific neighbours: NCIk = Ckf + Ikf 

Ckf conspecific crowding index: distance-weighted number of conspecific neighbours 

within distance r of individual k of the focal species f (eq. a in Box 1) 

Hkf heterospecific crowding index: distance-weighted number of heterospecific neigh-

bours within distance r of individual k of the focal species f (eq. b in Box 1) 

Ikf heterospecific interaction crowding index: number of conspecific neighbours 

within distance r of individual k of the focal species f, weighted by distance and rel-

ative individual-level interaction coefficient βfi/βff (eq. c2 in Box 1) 

𝐶௞௙തതതതത  the average conspecific crowding index of species f, can be decomposed into 

measures of spatial patterns and abundances (eq. 6a). As edge correction we used 

only individuals for averaging that had complete neighbourhoods with radius r 

within the plot.  

𝐻௞௙തതതതത  the average heterospecific crowding index of species f, can be decomposed into 

measures of spatial patterns and abundances (eq. 6b). Same edge correction as for 

𝐶௞௙തതതതത. 

𝐼௞௙തതതത  

 

the average heterospecific interaction crowding index of species f, can be decom-

posed into measures of spatial patterns and abundances (eq. 6c). Same edge cor-

rection as for 𝐶௞௙തതതതത. 

c = 2π r/A scales population sizes from the plot scale with area A to the neighbourhood scale 

with area π r2. The circumference of the neighbourhood is used because each 

neighbour is weighted by the inverse of its distance to the focal individual (see Sup-

plementary Text, eq. S4).  

  

(C) point pattern quantities  

kff  an index of conspecific aggregation of the focal species f. It is the mean conspecific 

crowding index Ckf (eq. 6a), divided by the mean density of the species across the 

whole plot. Thus, kff > 1: clustering, kff ≈1: random pattern, and for kff < 1: regular-

ity.  

kfh an index of segregation or attraction of heterospecifics to the focal species f. It is 

the mean heterospecific crowding index Hkf (eq. 6b), divided by the mean density of 

heterospecifics across the whole plot. Thus, kfh > 1: attraction (more than expected 

heterospecific neighbours), kfh ≈ 1: independence, and kfh < 1: segregation (fewer 

than expected heterospecific neighbours). 

Bf describes the effect of niche differences, it is 𝐼௞௙തതതത/𝐻௞௙തതതതത, the average (relative) heteros-

pecific neighbourhood competition strength suffered by the typical individual of 

species f from one heterospecific individual within its neighbourhood with radius r 
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(eqn. 6c, Box 1). It indicates how much the competition strength of one heterospe-

cific neighbour differs on average from that of one conspecific neighbour. For Bf = 1 

con- and heterospecifics compete equally at the local neighbourhood scale. 

L(Nf) the corrected power law relationship between aggregation and abundance (eq. 8), 

which yields at the observed abundance Nf* the observed value of kff − kfh. 

bf exponent of the aggregation-abundance power law (eq. 8). 

𝜅௙ a quantity appearing in the invasion criteria (eq. 11a, 16a,b).   

𝜌௙ the risk factor, which appearing in the extended invasion criteria (eq. 16c), it domi-

nates the ratio Wf(Nf)/Wf(N*f) of the fitness functions (eq. 9) and is positively re-

lated to the extinction risk (Figure 4d). 

  

(D) variables of the birth-death model 

Pn(t) the probability of population size n at timestep t. 

n population size. 

bn  the birth rate (eq. 12a). 

dn the death rate (eq. 12b). 

v parameter determining the immigration rate, which is given by rf v (eq. 12a). 

N0 initial abundance in the birth-death model. 

𝑃଴ሺ𝑡, 𝑁଴ሻ the probability that a species with initially 𝑁଴ individuals will be extinct at time step 

t (eqs. 2, 15a,b; Fig. 4a) 

𝑃଴
௡ሺ𝑡, 𝑁଴ሻ the extinction probability of the corresponding neutral model with reproduction 

rate rf (eq. 15c). 

𝑃଴ሺ𝑡, 𝑁଴

/𝑃଴
௡ሺ𝑡, 𝑁଴ሻ 

reduction in the extinction probability relative to that of the corresponding neutral 

model (with 𝜆ሚ௙൫𝑁௙൯ ൌ 0) for all abundances Nf), the effects of non-neutral mecha-

nisms (here neighbourhood crowding) on the ability of species to persist when at 

low abundances.  

Ns The birth-death process starting with a low abundance N0 can be approximated by 

a linear birth-death process, using the per capita population growth rate 𝜆ሚ௙ሺ𝑁௦ሻ at a 

typical small abundance Ns. The value of Ns can be determined, for a given initial 

condition N0 and time frame t, by comparing the result of the numerical iteration of 

the birth-death model with the corresponding results of equation (2) (Extended 

Data Figs. 4).  

df per capita death rate at a typical low abundance Ns, being 

 𝑑௙ ൌ 1 െ 𝑒ି ఉ೑೑ௐ೑ሺேೞሻ 
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Supplementary Text 

Studies investigating the aggregation-abundance relationship 

We list here studies that related aggregation in the spirit of Condit et al. (2000) to 

abundance, they generally found that Condit’s Ω increased with decreasing abun-

dance. Unfortunately, most of these studies showed graphs that correlated Ω or 

SES(Ω) (but not ln Ω) with ln(abundance), but often for several size classes to-

gether.  

Condit, R. et al. Spatial patterns in the distribution of tropical tree species. Science 

288, 1414–1418 (2000). Log() values were plotted against Log(abun-

dance) (Fig. 4), data of Table 2 for six tropical forests (Pasoh, BCI, 

Mudumalai, Sinharaja, Lambir, and Huai Kha Khaeng) lead to a slope of – 

0.31 (estimated by Gilbert et al. 2010). 

Davis, M. A., Curran, C., Tietmeyer, A. & Miller A. Dynamic tree aggregation pat-

terns in a species-poor temperate woodland disturbed by fire. J Veg Sci. 16, 

167-174 (2005). Log() values were plotted against Log(abundance), (Fig. 

4), slope of -1.14,  Cedar Creek’s oak-woodland plot.  

Du, H. et al. Spatial distribution of tree species in evergreen-deciduous broadleaf 

karst forests in southwest China. Sci. Rep. 7: 15664. Plotted g0-10 against 

Log(abundance) (Fig. 3), Mulun plot. 

Flügge, A.J., Olhede, S.C. & Murrell, D.J. The memory of spatial patterns: changes 

in local abundance and aggregation in a tropical forest. Ecology 93, 1540–
1549 (2012). Plotted log (1+Ω) against log (abundance) (Fig. 2), BCI plot. 

Gilbert, S. et al. Beyond the tropics: forest structure in a temperate forest mapped 

plot. J Veg Sci. 21, 388–405 (2010). Log() values were plotted against 

Log(abundance) and showed a slope of -0.82 (Fig. 4), University of California 

Santa Cruz -Forest Ecology Research Plot. 

Gu, H., Li, J., Qi, G & Wang, S. Species spatial distributions in a warm-temperate 

deciduous broad-leaved forest in China. J. For. Res. 31, 1187–1194 (2020). 

Plotted  values against Log(abundance) (Fig. 3), Donglingshan temper-

ate plot. 

Guo, Y., et al. Spatial distribution of tree species in a species-rich subtropical moun-

tain forest in central China. Can. J. For. Res. 43, 826–835 (2013). Plotted 

 against log(abundance) (Fig. 4), Badagongshan (BDGS) plot. 

Li, L., et al. Spatial distributions of tree species in a subtropical forest of China. 

Oikos 118, 495–502 (2009). Condit’s  values were plotted against 

Log(abundance) (Fig. 3), Dinghu plot. 
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Morlon, H. et al. A general framework for the distance–decay of similarity in eco-

logical communities. Ecol. Lett. 11, 904–917 (2009). Log10() values were 

plotted against Log10(abundance) (Fig. 5d), the slopes for the Yasuni, Korup, 

and BCI plots were -0.19, -0.31, and -0.32, respectively.  

Perry, G.L.W., Enright, N.J., Miller, B.P. & Lamont, B.B. Do plant functional traits 

determine spatial pattern? A test on species-rich shrublands, Western Aus-

tralia. J. Veg. Sci. 24, 441–452 (2013). Did not find clear relationships be-

tween aggregation (measured using the pair correlation function) and abun-

dance, four shrubland plots in Western Australia.   

Song, H. et al. Investigating distribution pattern of species in a warm-temperate 

conifer-broadleaved-mixed forest in China for sustainably utilizing forest and 

soils. Sci. Tot. Env. 578, 81–89 (2017).  decreased significantly as abun-

dance increased (Fig. 3), plotted  against log(abundance), Lingkong plot. 

Umaña, M.N. et al. The role of functional uniqueness and spatial aggregation in 

explaining rarity in trees. Glob. Ecol. Biogeogr. 26, 777–786 (2017). Stand-

ardized effect size (SES) of Condit’s  values were plotted against 

Log(abundance) (Fig. 3). Lilly Dickey Woods, Wabikon, Changbaishan, Fu-

shan, Luquillo, Guanacaste, Gutianshan, and Xishuangbanna plots. 

Wang X. et al. Spatial distributions of species in an old-growth temperate forest, 

northeastern China. Can. J. For. Res. 40, 1011–1019 (2010).  values were 

plotted against Log(abundance) (Fig. 3), Changbaishan plot.  

Wiegand, T. et al. Consequences of spatial patterns for coexistence in species-rich 

plant communities. Nat. Ecol. Evol. 5, 965–973 (2021). Used K(r)/πr2 for r 

= 10m, which is the same as Condit’s  and plotted log()against 

log(abundance) (Extended Data Fig. 8). Used 8 ForestGEO plots that are also 

included in the current analysis, and two simulated data sets.  

Zhang, H., Gilbert, B., Wang, W., Lui, J. & Zhou, S. Grazer exclusion alters plant 

spatial organization at multiple scales, increasing diversity. Ecology and Evo-

lution 3, 3604-3612 (2013). Aggregation-abundance power laws in grass 

ramets (Fig. 3), with exponents between -0.4 and -0.455. 

Zhang, Z., Hu, G., Zhu, J, & Ni, Z. Aggregated spatial distributions of species in a 

subtropical karst forest, southwestern China. J. Plant Ecol. 6, 131–140 

(2013).  values were plotted against Log(abundance) (Fig. 3), Maolan 

plot. 
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Details of the spatial analysis 

Decomposition of average crowding indices 

The task is to relate the neighbourhood-scale averages of the crowding indices 𝐶௞௙തതതതത 

and 𝐻௞௙തതതതത shown in Box 1 to the population-scale abundances 𝑁௙  and measures of 

spatial patters (i.e., conspecific aggregation and heterospecific segregation). We 

solve this up-scaling problem using point-process theory (Wiegand and Moloney 

2014; Illian et al. 2008). Before we explain how we obtain equations 6a and 6b in 

the main text, we present some basics of spatial point process theory and a simpler 

example of a crowding index (Wiegand et al. 2021) that leads to the aggregation 

measure  presented in Condit et al. (2000).  

In the simplest case, an index of conspecific crowding simply counts the number 

of neighbours within distance r of the focal individual (Wiegand et al. 2021). This 

leads to Ripley’s K-function, a well-known quantity in spatial statistics. The K-func-

tion can be estimated as the expected number of neighbours occurring within dis-

tance r of the typical individual, divided by λf, the overall density of a species in the 

plot (i.e., λf = Nf /A, the number Nf  of individuals divided by the area A of the plot). 

Thus, in the simplest case, the conspecific crowding index is given by λf K(r). 

Spatial aggregation describes the extent to which trees of the same species tend 

to occur in spatial clusters and is usually defined as the average density of conspe-

cific trees in circular neighbourhoods around each individual tree, divided by the 

mean density of the species across the whole plot (Condit et al. 2000; Wiegand and 

Moloney 2014).Using the K-function, we obtain with this definition the measure of 

aggregation kff (r) = K(r)/πr2. If there is an excess of neighbours within distance r 

(i.e., kff(r) > 1 ) we have aggregation, and if there are fewer than expected neigh-

bours, we have regularity (i.e., kff(r) < 1 ).  

We can now decompose our simple crowding index λf K(r) into the measure kff(r) 

of aggregation and species abundance Nf, given that λf = Nf/A we obtain 

   𝜆௙𝐾ሺ𝑟ሻ ൌ 𝑁௙
గ ௥మ

஺
 𝑘௙௙ሺ𝑟ሻ    (S1) 

where the quantity πr2/A is a scaling constant that scales the number of individuals 

from the entire plot with area A to the neighbourhood with area πr2.  

To decompose our crowding indices that additionally weight each individual by 

1 over distance to the focal individual, we first recognize that the K-function is the 

cumulative version of the pair correlation function g(r):  

   𝐾ሺ𝑟ሻ ൌ ׬ 𝑔ሺ𝑟ሻ 2𝜋𝑟 𝑑𝑟
௥

଴ .    (S2) 

The quantity λf g(r) is the density of points within a ring with radius r and width dr, 

centred at the typical individual, and multiplying with the area of that ring 
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(=2𝜋𝑟 𝑑𝑟) yields the expected number of neighbours in this ring. Summing up over 

all rings up to radius r gives the expected number of neighbours occurring within 
distance r of the typical individual (i.e., 𝜆௙𝐾ሺ𝑟ሻ). The pair correlation function is 

normalized in a way that it has a value of g(r) = 1 if the neighbourhood density is 
identical to the overall density 𝜆௙ of individuals in the plot (= Nf/A). Thus, the value 

of one of the pair correlation function serves as dividing line between cases of ag-

gregation where g(r) > 1 (i.e., the typical individual has more neighbours than ex-

pected at distance r by a random distribution) and cases of regularity where g(r) < 

1 (i.e., the typical individual has less neighbours than expected at distance r by a 

random distribution).  

Taking advantage of equation S2, we write the distance-weighted conspecific 

crowding index as 

   𝐶௞௙തതതതത  ൌ
ே೑

஺
׬

௚ሺ௥ሻ

௥
2𝜋𝑟 𝑑𝑟

௥
଴ .    (S3) 

We can do this since the pair correlation function looks only at neighbours at dis-

tance r of the typical individual. The r cancels, and with small rearrangements and 

adding factor r (1/r) we obtain the decomposition of the conspecific crowding index 

(equation 6a in the main text): 

   𝐶௞௙തതതതത  ൌ 𝑁௙ ቀ
ଶగ௥

஺
ቁ ቂ

ଵ

௥
׬ 𝑔ሺ𝑟ሻ 𝑑𝑟

௥
଴ ቃ.    (S4) 

into abundance 𝑁௙, a scaling constant c = 2πr/A, and our measure of aggregation 

   𝑘௙௙ሺ𝑟ሻ ൌ
ଵ

௥
׬ 𝑔ሺ𝑟ሻ 𝑑𝑟

௥
଴ ,      (S5) 

which is the average of the pair correlation function up to distance r. The measure 

kff(r) has the desired properties of a measure of aggregation, if the average neigh-

bourhood density of conspecific trees equals the mean density of the species across 

the whole plot, we obtain g(r) = 1 and therefore kff(r) =1, if the number of neigh-

bours is larger we obtain g(r) > 1 (= aggregation) and if the number of neighbours 

is smaller we obtain g(r) < 1 (= regularity).  

In the same way we obtain the scaling relationship for the heterospecific crowd-
ing index 𝐻௞௙തതതതത that counts the (distance-weighted) number of heterospecific neigh-

bours within distance r of the typical individual of the focal species f. Here we use 

for the decomposition the bivariate pair correlation function gfh(r), the density of 

heterospecific neighbours at a small distance interval (r‒dr/2, r+dr/2) of the typi-

cal individual of the focal species f, divided by the overall density λh of heterospe-

cifics: 

   𝐻௞௙തതതതത  ൌ ∑
ሺ∑ ே೑೔ಯ೑ ሻ

஺௜ஷ௙ ׬
௚೑೓ሺ௥ሻ

௥
 2𝜋𝑟 𝑑𝑟

௥
଴ ,   (S6) 

which results in the decomposition (equation 6b): 
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   𝐻௞௙തതതതത  ൌ ൫∑ 𝑁௙௜ஷ௙ ൯ ቀ
ଶగ௥

஺
ቁ ቂ

ଵ

௥
׬ 𝑔௙௛ሺ𝑟ሻ 𝑑𝑟

௥
଴ ቃ.  (S7) 

into the sum of the abundances of heterospecifics ∑ 𝑁௙௜ஷ௙ , the scaling constant c = 

2πr/A, and our measure of segregation 

   𝑘௙௛ሺ𝑟ሻ ൌ
ଵ

௥
׬ 𝑔௙௛ሺ𝑟ሻ 𝑑𝑟

௥
଴ ,     (S8) 

the average of the bivariate pair correlation function up to distance r. The measure 

kfh(r) has the desired properties of a measure of segregation, defined as the degree 

of reduction of heterospecific neighbours, compared to the expectation of a inde-

pendent species distribution: if the focal species is located independently on heter-

ospecifics, we obtain gfh(r) = 1 and therefore kfh(r) =1, if the number of heterospe-

cific neighbours is smaller than expected we obtain kfh(r) < 1 (= segregation) and if 

the number of heterospecific neighbours is larger we obtain kfh(r) > 1 (= attraction). 

To obtain the scaling relationship for the crowding index 𝐼௞௙തതതത that weight addi-

tionally to  𝐻௞௙തതതതത  each heterospecific neighbour by its relative interaction strength 

βfi/βff we first define the quantity  

   𝐵௙ ൌ 𝐼௞௙തതതത/𝐻௞௙തതതതത,      (S9) 

the average competition strength of one heterospecific neighbour relative to that of 

one conspecific. We found that the quantity Bf is for species rich forests at or near 

a stationary state in good approximation a species-specific constant (see Supple-

mentary Text in Wiegand et al. 2021). Thus, we can apply a mean-field approxima-

tion (O’Dwyer and Chisholm 2014; Fung et al. 2022) where the species-specific 

competition strengths of heterospecifics can be replaced by an average heterospe-

cific competition strength, the quantity Bf. The Bf summarizes the emerging effects 

of the individual-level interaction coefficients βfi/βff at the population-level. Note 

that this approximation does not mean that we ignore differences in pairwise inter-

action strength at the individual level, where competitive interactions occur, but the 

approximation tells us that the effect of existing differences in pairwise interactions 

strengths between species average out at the community level.  

Using equation S9, we can decompose the crowding index 𝐼௞௙തതതത  together with 

equation S7 into 

   𝐼௞௙തതതത ൌ 𝐵௙𝐻௞௙തതതതത  ൌ 𝑘௙௛ 𝐵௙ ሺ𝑐 ∑ 𝑁௜ሻ௜ஷ௙    (S10) 

Given that strong local density dependence causes approximate zero-sum dynam-

ics, where the total number J of individuals remains constant, we can approximate 

the number of heterospecifics in equation S10 by J − Nf  and obtain the final de-

composition (eq. 6c): 

   𝐼௞௙തതതത ൌ 𝑐 𝑘௙௛ 𝐵௙ ሺ𝐽 െ  𝑁௙ሻ    (S11) 
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Using these approximations decouples the multispecies dynamics and allows us to 

investigate the dynamics of individual species in good approximation. 

When estimating the crowding indices and the indices of spatial patterns from 

the data, we need to conduct edge correction. This is because individuals too close 

to the edge of the plot do not have complete neighbourhoods with radius r inside 

the plot. We can therefore not evaluate their number of con- and heterospecific 

neighbours. To avoid bias, we excluded these individuals.  

 

Model equations for alternative models 

In equation 7 we present a simple macroscale model where neighbourhood crowd-

ing governs the survival of individual adult trees. However, the neighbourhood 

crowding can also affect reproduction (i.e., the number of offspring produced per 

adult) or establishment of offspring (i.e., whether or not an offspring placed at a 

given location can establish). In the following we present several alternative models 

with neighbourhood crowding in adult survival, offspring survival and reproduc-

tion.  

 

Alternative Model A1: Density dependence in reproduction due to neighbourhood 

crowding 

The spatially-enriched macroscale model for the per capita growth rate of species f 

with neighbourhood crowding affecting reproduction is given by  

  𝜆ሚ௙൫𝑁௙,௧൯ ൌ
ே೑,೟శభିே೑,೟ 

∆௧

ଵ

ே೑,೟
 ൌ 𝑟௙𝑒ି  ఉ೑೑ௐ೑൫ே೑,೟൯ െ 𝑑௙   (S12) 

where rf is the maximal reproduction rate (at a location without crowding competi-

tion were the fitness factor Wf = 0), df  is the average per capita mortality rate of 

adults obtained from the data, βff the individual-level conspecific interaction coef-
ficients of species f, and 𝑊௙൫𝑁௙,௧൯ the fitness factor of equations (7). Note that the 

crowding indices count, similar to the case were neighbourhood crowding affects 

survival, conspecific and heterospecific neighbours around adult individuals. As-

suming approximate equilibrium, we obtain from equation S12 the unknown value 

of the individual-level conspecific interaction coefficients βff as:  𝛽௙௙ ൌ െln ሺ
ௗ೑

௥೑
ሻ/

𝑊௙ሺ𝑁௙
∗ሻ.  

The corresponding full birth-death model is therefore given by 

  birth rate: 𝑏௡ ൌ ሺ𝑛 𝑒ି  ఉ೑೑ௐ೑ሺ௡ሻ ൅ 𝑣ሻ𝑟௙𝑑𝜏    (S13a) 

  death rate: 𝑑௡ ൌ 𝑛 𝑑௙ 𝑑𝜏      (S13b) 
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and the approximation of the birth rate at a typical small abundance Ns is given by  

    𝑏෨௡ ൌ 𝑛ሺ𝑏௙ ൅ 𝑣ሻ𝑑𝜏    (S13c) 

where 𝑏௙ ൌ 𝑟௙𝑒ି  ఉ೑೑ௐ೑ሺேೞሻ. Note that 𝜆ሚ௙ሺ𝑁௦ሻ ൌ  𝑏௙ െ 𝑑௙. The extinction risk for the lin-

ear birth-death process (equations 13b,c) is given by 

   𝑃଴ሺ𝑡, 𝑁଴ሻ ൌ  ൤
௕೑ିௗ೑

௕೑ ୼ ିௗ೑
൨

௩
൬

ௗ೑ ୼  ିௗ೑

௕೑ ୼  ିௗ೑
൰

ேబ

 ,     (S14a) 

where 𝛥 ൌ  𝑒൫௕೑ିௗ೑൯௧. We now define 𝑥 ൌ 𝜆ሚ௙ሺ𝑁௦ሻ/𝑑௙ ൌ  𝑏௙/𝑑௙ െ 1 and 𝑇 ൌ 𝑑௙𝑡 being the 

time scaled by the mean mortality rate, and obtain Δ ൌ  e௫ ் and  

   𝑃଴ሺ𝑥, 𝑇, 𝑁଴ሻ ൌ  ቂ
௫

ሺ௫ାଵሻୣೣ೅ିଵ
ቃ

௩
ቀ

 ୣೣ೅  ିଵ

ሺ௫ାଵሻ ୣೣ೅  ିଵ
ቁ

ேబ

 ,    (S14b)  

Equation S14b can be directly compared to equation 2 in the main text.  

 

Alternative model A2: Density dependence in establishment of offspring 

The equations for alternative model A1 above apply also for the case where neigh-

bourhood crowding affects the establishment of offspring after it is placed at a given 

location. This is because in model A1 the number of established recruits is reduced 

by distributing less recruits that then always establish (i.e., on average 
𝑟௙𝑁௙,௧ 𝑒ି  ఉ೑೑ௐ೑൫ே೑,೟൯ recruits are distributed), whereas in model A2 rf Nf,t recruits are 

distributed on average, and then, depending on their neighbourhood, they can es-

tablish with probability 𝑒ି  ఉ೑೑ௐ೑൫ே೑,೟൯). However, in model A2, the crowding indices 

need to count conspecific and heterospecific neighbours around the locations of the 

tentative offspring. For example, the conspecific crowding index Ckf is then given 

by the (distance-weighted) number of conspecific adults located within distance r 

of an offspring individual k. This somewhat complicates the estimation of the 

crowding indices and indices of spatial patterns, because only the fraction rf Nf of 

focal individuals (i.e., tentatively placed recruits) can be used to estimate the aver-

age crowding and pattern indices, whereas in the alternative model A1 (and the 

model of equation 7) we have 10 time more focal individuals (i.e., adults) to estimate 

the indices, if rf (or df ) = 0.1.  

In the alternative model A2 we expect a trade-off behaviour of stabilisation in 

response to changing the rules of placement of offspring relative to their parents. 

In the one extreme, when offspring is placed close to their parents, a negative rela-

tionship between aggregation and abundance will arise as in our model (eq. 7) and 

reduce stabilisation. However, in the other extreme, when offspring is placed in an 

aggregated way away from their parents, the corresponding aggregation index 
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(which is now not adult aggregation, but aggregation of adults around tentative off-

spring) will approach values of one because offspring is placed independently on 

the locations of their parents. This leads to low stabilisation. We expect that maxi-

mal stabilisation will be reached if a certain proportion of offspring remains close 

to the parents (e.g., bf = ‒0.4) and/or the random cluster centres around which off-

spring is placed persist more than one census period. 

 

Alternative model A3: Density dependence in reproduction and mortality due to 

neighbourhood crowding 

This spatially-enriched macroscale model corresponds to the classical Lotka-

Volterra model and is given by  

  𝜆ሚ௙൫𝑁௙,௧൯ ൌ 𝑟௙ ሺ1 െ   𝛽௙௙𝑊௙൫𝑁௙,௧൯ሻ െ 𝑚௙ 𝛽௙௙𝑊௙൫𝑁௙,௧൯  (S15) 

where rf and mf are the per capita reproduction and mortality rates without crowd-
ing competition (i.e., 𝑊௙൫𝑁௙,௧൯ ൌ 0),  respectively, and 𝑊௙൫𝑁௙,௧൯ is the fitness factor of 

equations (7). Assuming approximate equilibrium, we obtain from equation S15 the 

unknown value of the individual-level conspecific interaction coefficients 
   𝛽𝑓𝑓 ൌ

𝑟𝑓

𝑟𝑓൅𝑚𝑓

1

𝑊𝑓൫𝑁𝑓
∗൯

. 

The corresponding full birth-death model is therefore given by 

  birth rate: 𝑏௡ ൌ ሺ𝑛ሼ1 െ  𝛽௙௙𝑊௙ሺ𝑛ሻሽ  ൅ 𝑣ሻ𝑟௙𝑑𝜏   (S16a) 

  death rate: 𝑑௡ ൌ 𝑛ሼ 𝛽௙௙𝑊௙ሺ𝑛ሻሽ 𝑚௙ 𝑑𝜏    (S16b) 

and we approximation of the birth and death rate at a typical small abundance Ns 

is given by  

    𝑏෨௡ ൌ 𝑛ሺ𝑏௙ ൅ 𝑣ሻ𝑑𝜏     (S17c) 

    𝑑ሚ௡ ൌ 𝑛 𝑑௙ 𝑑𝜏      (S17c) 

where 𝑏௙ ൌ 𝑟௙ሼ1 െ  𝛽௙௙𝑊௙ሺ𝑁௦ሻሽ  and 𝑑௙ ൌ 𝑚௙ሼ 𝛽௙௙𝑊௙ሺ𝑁௦ሻሽ . Note that 𝜆ሚ௙ሺ𝑁௦ሻ ൌ  𝑏௙ െ

𝑑௙. The extinction risk for the linear birth-death process (equations 13b,c) is given 

by 

   𝑃଴ሺ𝑡, 𝑁଴ሻ ൌ  ൤
௕೑ିௗ೑

௕೑ ୼ ିௗ೑
൨

௩
൬

ௗ೑ ୼  ିௗ೑

௕೑ ୼  ିௗ೑
൰

ேబ

 ,     (S18a) 

where 𝛥 ൌ  𝑒൫௕೑ିௗ೑൯௧. With the definitions  𝑥 ൌ  𝜆ሚ௙ሺ𝑁௦ሻ/𝑑௙ ൌ 𝑏௙/𝑑௙ െ 1  and 𝑇 ൌ 𝑑௙𝑡 we 

obtain Δ ൌ  e௫ ் and therefore as in equation S14b: 

   𝑃଴ሺ𝑥, 𝑇, 𝑁଴ሻ ൌ  ቂ
௫

ሺ௫ାଵሻ ୣೣ ೅ି ଵ
ቃ

௩
ቀ

  ୣೣ ೅  ିଵ

ሺ௫ାଵሻ  ୣೣ ೅  ିଵ
ቁ

ேబ

 .   (S18b) 
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Note that in this case the scaled time T depends via the death rate df on the typical 

small abundance Ns.  
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Spatially-explicit simulation model 

Model description (adapted from Wiegand et al. 2021) 

The individual-based simulations serve two main purposes; first, they are used to 

verify that the observed patterns (i.e., the abundance-aggregation power law) can 

emerge in principle from the minimal mechanisms included into the macroscale 

model, and they are used as “known data” to test if the parameterized birth-death 

model (equations 12 and 13) is able to predict the simulated abundance distribution 

correctly. 

The model is an individual-based and stochastic implementation of the spatial 

multi-species model (equations 1, 7a), and simulates the dynamics of a community 

of initially S tree species (in our case S = 80) in a given plot of a homogeneous en-

vironment (in our case 200 ha) in 5-year timesteps adapted to the ForestGEO cen-

sus interval. Only reproductive (adult) trees are considered, but no size differences.  

During a given 5 yr timestep the model simulates first stochastic recruitment of 

reproductive trees and placement of recruits, and second, stochastic survival of 

adults (equation 4) depending on the neighbourhood crowding indices for conspe-

cifics (Ckf) and heterospecifics (Hkf or Ikf depending on the scenario) (but excluding 

recruits)(equation 3). In the next timestep the recruits count as reproductive adults 

and are subject to mortality. No immigration from a metacommunity is considered. 

To avoid edge effects torus geometry is assumed.  

The survival probability of an adult k of species f is given by equation (4) and 

yields skf = sf exp( – βff ( Ckf + Ikf )). The two neighbourhood indices Ckf and Ikf de-

scribe the competitive neighbourhood of the focal individual k and sum up all con-

specific and heterospecific neighbours within distance r, respectively, but weight 

them by the inverse of it distance to the focal individual k and by the relative indi-

vidual-level interaction coefficients βfi/βff. If con- and heterospecifics compete 

equally at the individual-scale, we have βfi= βff.  

Each individual produces rf recruits on average and their locations are deter-

mined by a type of Thomas process (Wiegand and Moloney 2014) to obtain a clus-

tered distribution of recruits. In our model, the spatial position of the recruits is 

determined by two independent mechanisms. First, a proportion 1–pd of recruits is 

placed stochastically around randomly selected conspecific adults (parents) by us-

ing 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 cluster-

ing. Technically, we first select for each of these recruits randomly one parent 

among the conspecific adults and then determine the position of the recruit by sam-

pling from the kernel. Second, the remaining proportion pd of recruits is distributed 
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in the same way around randomly placed cluster centres that are located inde-

pendently of conspecific adults. We select first for each of these recruits randomly 

one cluster centre among the cluster centres of the corresponding species, and then 

determine the position of the recruit by sampling from the kernel. 

 

Parameterization of the simulation model 

The simulation model used here is described in Wiegand et al. (2021). In contrast 

to Wiegand et al. (2021), we use here distance-weighting for the estimation of the 

crowding indices. Thus, in the source code (published as Supplementary 

information in Wiegand et al. 2021) we use now DistanceWeighting  = 1 instead of 

DistanceWeighting = 0.  

The simulations of the simple individual-based forest model were conducted 

over 25,000 yrs (= 5000 census periods) in an area of A = 200 ha, and comprised 

approximately 86,000 trees with initially 80 species. There was no immigration. 

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 con- and 

heterospecific interactions and sf = 1 (no background mortality), and we adjusted 

the parameters βff = 0.02 and rf = 0.1 to yield tree densities (430/ha) and an overall 

5 year mortality rate (10%) similar to that of trees with dbh ≥ 10cm of the BCI plot71. 

The radius of the neighbourhood used to estimate the crowding indices was r = 

15m.  

To test if the birth-death model is able to correctly predict the species abundance 

distribution of the individual-based implementation of our model, we selected 

three different parameterizations of the placement of recruits that produce typical 

average individual fitness functions (Fig. S1a). To this end we used for the three 

parameterizations respective values of σ = 67, 15, 10m for the parameter σ of the 

Gaussian kernel that places recruits around conspecific adults or around randomly 

placed cluster centres. We obtain weak spatial aggregation for σ = 67 and stronger 

smaller-scale aggregation for the values σ =15, 10 m to mimic more realistic seed 

dispersal distances (Wiegand et al. 2017). The probabilities pd that a new recruits 

was located close to one of the randomly placed cluster centres were pd = 0.0125, 

0.6, and 1, respectively, while the probability to be placed close to a conspecific 

adult was 1 - pd. We used in our simulations 16 random cluster centres that changed 

every timestep their location. 

 

Characteristics of the model scenarios 

The first scenario represents a case of weak aggregation (σ = 67m). It results in the 
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power law PL(Nf) = 6.2 Nf
‒0.999 with an average individual fitness functions of 

almost zero for all abundances (Fig. S1a, top), and the birth-death mode predicts 

after 5000 census periods Δt a very wide probability distribution Pn(t) (Fig. S1b, 

top). The second scenario represents realistic aggregation (σ = 15m) with recruits 

placed in similar proportions around their parents and randomly selected cluster 

centres. It results in the power law PL(Nf) = 2.9 Nf
‒0.327 with a moderate average 

individual fitness functions at lower abundances (Fig. S1a, middle), and a much 

narrower distribution Pn(t) (Fig. S1a, middle). The third scenario represents strong 

aggregation (σ = 10m) with recruits placed only around the randomly selected 

cluster centres. It results in the power law PL(Nf) = 1.6 Nf
‒0.0013 with a high average 

individual fitness functions at low abundances (Fig. S1a, bottom) and a narrow 

distribution Pn(t) (Fig. S1b, bottom). In all cases, the probability distribution Pn(t) 

predicted by the birth-death model matched the abundance distribution of the 

individual-based simulations after 5000 census periods well (Figure 1c). 
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Figure S1. The birth-death model predicts the species abundance distribution of individual-based sim-

ulations. a, The average individual fitness (red-blue line) determined from the fitted power-law rela-

tionship between (kff – kfh) and Nf (Extended Data Fig. 1), the mean value of kfh, the observed total com-

munity size J, and the model parameters βff = 0.02, rf = 0.1, and sf = 1.0 (see methods). The black dots 

show the values of average individual fitness for the different species, given their observed abundance 

Nf*, aggregation kff  and segregation kfh, b, The observed species abundance distribution of the individ-

ual-based model (IMB) after 25,000 years (bars) and the corresponding prediction of the birth-death 

model (black line), the (scaled) probability Pn(t) that the species has at time t n individuals, c, The cu-

mulative probability distributions (red dots: simulated by IBM, blue line: predicted by birth-death 

model). The individual-based simulation model is a spatially explicit and stochastic implementation of 

the spatial multi-species model (equation 1), and simulates the dynamics of a community of initially 80 

tree species in a given 200 ha plot of a homogeneous environment in 5-year time steps. 
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