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Matters arising

Uncertain competition coefficients 
undermine inferences about coexistence

J. Christopher D. Terry1 ✉

arising from: M. N. Van Dyke et al. Nature https://doi.org/10.1038/s41586-022-05391-9 
(2022).

Improving our understanding of how climate and competitive inter-
actions act together to determine species ranges is crucial to address 
the challenges of global change1. In their 2022 paper, Van Dyke et al.2 
make two principal claims: (1) that a drought treatment causes qualita-
tive changes in the predicted coexistence outcome in 10/15 pairwise 
competition trials; and (2) that this effect on coexistence is princi-
pally due to drought-induced changes in the impact of competition. 
Here I highlight the substantial uncertainties in the estimates of their 
model parameters, identify the low support for treatment effects on 
competition coefficients and show that differential uncertainties in 
key quantities could generate artefacts that are capable of explaining 
the observations.

The authors fitted a frequently used model, F =i
λ

α N α N1 + +
i

ii i ij j
, to 

observed seed production rates from a controlled trial, where Fi is the 
per-germinant fecundity of focal species i, λi is the fecundity without 
any competition, αii and αij are the intra- and interspecific competition 
coefficients and Ni and Nj are the number of intra- and interspecific 
competitors. They separately fitted models for each focal species for 
each of the two levels of their water-level treatment. Accurately esti-
mating interactions between species is a well-known and long-standing 
challenge in ecology. The α terms require assessment over a range of 
competitor densities, and their values will almost always be more uncer-
tain than those of the λ terms. This is because λ can be measured directly 
by trials without additional noise introduced by competition, and can 
be informed by all experiments involving that species.

Although the number of trials used was large (1,677), so too was 
the number of ecological parameters to be estimated ((6λ + 62α) × 2 
treatments = 84). In principle, this leaves just under 20 data points 
per parameter. However, because the sampling design depended on 
variable germination rates and there were more observations of mono-
culture trials, the number of observations for some species pairs was 
much lower, with a low of just nine observations in one case (UR focal, 
FE background, ambient water treatment; species codes are defined 
in the footnote for Table 1). The finding by the authors that changes 
between treatments in the α coefficients dominate the reported effect 
of reduced rainfall treatment would be a surprising and important 
advance, but invites a certain degree of scepticism—especially with 
the large degree of noise in the original data (Extended Data Fig. 1).

The authors did not report any statistical assessment to support the 
foundational claim that drought significantly affected the α terms. 
Using the authors’ original data and models, I used standard model 
selection approaches to test whether the differentiation of competi-
tion treatments by drought treatment is supported (Supplementary 
Methods 1). I fitted four sets of models: (1) not including any drought 
treatment differentiation; (2) allowing drought to influence the λ terms; 
(3) allowing drought to influence the α terms; and (4) allowing drought 

to influence both the λ and the α terms (that is, the original model). 
Following the original approach as closely as possible, models were 
separately fitted for each of the six focal species, allowing all available 
data to be used to contribute to the estimation of the λ terms.

Akaike information criterion (AIC) comparisons are shown in Table 1. 
In no case is the original model uniquely well supported by the standard 
threshold of at least a 2 AIC unit improvement. For only one species is a 
treatment effect on α terms confidently supported (Plantago erecta; PL).  
Furthermore, using the Bayesian information criterion (BIC) (that is,  
a log(n)k penalty for introducing additional parameters)—which 
is generally favoured when seeking to make inferences rather than  
predictions3—the original model is never well supported (Extended 
Data Table 1). Although this analysis cannot exclude the possibility 
that individual α terms are affected by the drought, to mitigate the 
threat posed by such multiple comparisons in such an analysis it would 
be necessary to raise the statistical threshold considerably. Because 
small changes to individual α terms can have major effects on predicted 
coexistence, either all uncertainty should be propagated through to 
the end conclusions, or careful statistical support should be developed 
for treatment effects.

Demonstrating that competition is indeed affected by the treatment 
is an essential precursor to subsequent analyses and inferences. There is 
a particular risk that comparisons between the contribution of competi-
tion coefficients relative to demographic potential (Fig. 3 in the original 
paper) will give erroneous results by simply capturing differences in 
uncertainty. In the authors’ original bootstrap samples, the average 
relative standard deviation (σ/μ) of the α terms is more than double 
that of the λ terms (0.74 compared with 0.32). To quantify the potential 
contribution of these effects on the authors’ results, I generated 1,000 
artificial datasets with the same size and underlying variation as that 
of the original data, but without any between-treatment differences  
(Supplementary Methods 2). I did this by taking draws from the predic-
tion posterior of a seed production model with the same structure as 
that of the original model, but without any treatment terms fitted to the 
raw data, using the R package brms (ref. 4). In this simulated dataset, 
there therefore exists no ‘true’ difference between the treatments.  
To assess the potential for differential uncertainty to generate artefacts, 
I then applied the original analysis pipeline: first identifying best-fit 
parameters for each treatment group; then, for each species pair, 
comparing whether the ratios between the competition coefficients 
or demographic potential was higher; and finally conducting a t-test 
across all species pairs. In 48% of cases, the analysis pipeline found that 
the ‘change’ in the competition coefficients was significantly (P < 0.05) 
larger than the apparent change in the demographic potential ratio.

The simulated ‘no treatment’ data can also be used as a reference to 
assess the extent to which the observations show larger changes in the 
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log-ratio of the competition coefficients or the demographic potentials 
after accounting for the different uncertainties. Subtracting the aver-
age change observed in the null model for each log-ratio estimates the 
bias-corrected change. Repeating the paired t-test presented in the 
original Fig. 3 with these values gives a non-significant result (t = −1.061, 
degrees of freedom = 14, P = 0.306; Supplementary Methods 2). Further-
more, comparing the overall cross-species average difference in these 
key ratios with the differences observed in 10,000 draws of the null 
model distribution suggests that the difference is not significantly dif-
ferent from the null expectation (P = 0.116, Supplementary Methods 2,  
section 7). Note that because the direction of changes is uncertain, care 
needs to be taken when handling the uncertainty in fitted estimates 
of changes in these key ratios (Supplementary Methods 2, section 7). 
Hence, the original result identifying the dominant role of changes 
in species interactions over changes to growth rates is likely to be an 
artefact of greater uncertainty in the competition coefficients.

The authors conduct bootstrapping of their original data to assess 
uncertainty in individual parameters, and they present confidence 
intervals (central 66%) around the fitness differences and niche dif-
ferences from this bootstrapping in their Extended Data Fig. 1. The 
largely non-overlapping error bars presented in their Extended Data 
Fig. 1 might suggest that concerns about the statistical significance of 
the treatment effect are unwarranted. However, classic vertical and 
horizontal error bars can be misleading because the shape of the error 
distribution (whether it is a posterior, bootstrap sample or likelihood 
surface) on a coexistence plane is rarely round, owing in part to the 
inherent inseparability of λ and α terms. For this reason, it is best prac-
tice to calculate and present the proportion of the final result that falls 
into each qualitative coexistence outcome5–7.

To quantify the consequences for the uncertainty in the final assess-
ment of change in coexistence outcomes, I propagated forward the 
whole of the authors’ bootstrap multivariate sample through to the 
final prediction of long-term coexistence outcome (Supplementary 
Methods 1, plotted here in Extended Data Fig. 2). For each species pair, I 
calculated the inferred probability from the original bootstrap sample 
of each outcome (coexistence or exclusion of either species) in each 
treatment, and then calculated the inferred likelihood of each possible 
scenario of treatment effect (for example, coexistence under the ambi-
ent treatment but a win for species A under the drought treatment, or 
coexistence under both treatments). Across the ten cases identified 
as changing, the estimated chance of seeing the identified shift had 

a mean of 62% (Table 2) and in several cases was not much larger than 
the probability associated with a scenario in which the outcome was 
unchanged. Selecting a particular threshold to definitively identify a 
change in prediction is a challenge with multivariate results, and in most 
cases a ‘narrative verdict’ describing the probabilities associated with 
each predicted coexistence outcome is likely to be most informative. 
In cases in which the outcomes of interactions are inherently uncer-
tain and near boundaries, there will inevitably be a sizeable identified 
probability of change, even when there is no true treatment effect.  
In the simulated ‘no treatment’ data, species pairs apparently changed 
in their best-fit coexistence outcome between treatments in, on aver-
age, 22.9% of draws (range 1.5% SA–FE, 40% UR–SA; Supplementary 
Methods 2, section 4).

Overall, these reanalyses highlight how the inherent difficulty in 
accurately characterizing competition parameters has cascading 
consequences for interpreting empirical analyses of coexistence.  
In particular, they show that there is not strong evidence in these data 
for the particular mechanistic route identified by Van Dyke et al.2; 
namely, that changes in coexistence are driven by the impact of the 
drought treatment on intra- and interspecific density dependence. 
These challenges are in addition to the questions posed by the funda-
mental uncertainty in the functional form of competition or the extent 
to which other processes, such as higher-order interactions, influence 
coexistence in ‘real’ systems.

Modern coexistence theory has provided bounteous mathemati-
cal insight8–11, but key results and predictions can be highly depend-
ent on accurate parameter values, representative model form and 
the validity of wider assumptions6,7,12. In this context, it is crucial to 
acknowledge and directly address uncertainties in data. Three general 
recommendations are worth reiterating: (1) it is essential to include 
plots of raw data and model fits to gauge the accuracy of model fits; 
(2) when making inferences (rather than just, say, pure predictions13) 
there is always a need for explicit statistical assessment of some kind 

Table 1 | Model comparison to assess the support for 
identifying an impact of the water treatment on the 
coefficients of the seed production model

Model

No 
treatment 
effects

Treatment 
affects 
only λ

Treatment 
affects only 
α terms

Treatment 
affects α and λ 
(original)

Number of 
parameters per 
focal species

7 8 13 14

Focal species n AIC AIC AIC AIC

AC 294 890.6 889.2 890.5 892.1

FE 305 848.8 843.3 853.6 842.4

HO 214 551.5 553.2 553.8 555.4

PL 325 894.9 881.6 868.0 870.0

SA 274 829.1 810.5 810.0 810.3

UR 266 679.2 680.0 678.5 679.8

The best (lowest) AIC and those values that are within 2 AIC of the best supported model  
are underlined. Species codes follow the original paper (AC, Acmispon wrangelianus;  
FE, Festuca microstachys; HO, Hordeum murinum; PL, Plantago erecta; SA, Salvia columbariae; 
UR, Uropappus lindleyi). See Extended Data Table 1 for equivalent results using the BIC.

Table 2 | Fraction of bootstrap samples that support the 
coexistence scenarios for the fifteen species pairs

Most likely scenario Second-most likely scenario

Species 
pair

Ambient Drought Bootstrap 
fraction

Ambient Drought Bootstrap 
fraction

Identified as changing

SA–PL SA wins Coexist 0.714 Coexist Coexist 0.284

UR–SA UR wins Coexist 0.702 UR wins SA wins 0.158

HO–FE Coexist FE wins 0.698 Coexist Coexist 0.203

AC–HO Coexist AC wins 0.698 AC wins AC wins 0.217

SA–AC Coexist SA wins 0.659 SA wins SA wins 0.245

UR–AC UR wins Coexist 0.621 Coexist Coexist 0.159

PL–FE PL wins Coexist 0.548 PL wins PL wins 0.447

AC–PL AC wins Coexist 0.546 Coexist Coexist 0.309

AC–FE Coexist AC wins 0.515 AC wins AC wins 0.415

UR–FE UR wins Coexist 0.493 UR wins UR wins 0.453

Identified as not changing

SA–FE SA wins SA wins 0.984 Coexist SA wins 0.014

UR–PL Coexist Coexist 0.841 UR wins Coexist 0.091

SA–HO SA wins SA wins 0.568 Coexist SA wins 0.425

PL–HO PL wins PL wins 0.557 Coexist PL wins 0.440

UR–HO UR wins UR wins 0.550 Coexist UR wins 0.356

The first ten species were identified as showing a qualitative change in coexistence outcome 
owing to the drought treatment in the original paper, and are sorted by the bootstrap fraction 
that supports the most likely outcome. Species codes follow the original paper and are defined 
in the footnote for Table 1.
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to assess the evidence for the impact of any treatment variable; and 
(3) it can be highly informative to propagate uncertainty as far as 
possible through to the key results5–7,14, whether in Bayesian or fre-
quentist frameworks.

It is undisputed that empirical tests of coexistence theory are hugely 
valuable to enable a better understanding of how ecological communi-
ties might respond to future threats15. Nonetheless, the data require-
ments for building a reliable empirical foundation are high and cannot 
be easily circumvented.

Online content
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Extended Data Fig. 1 | Raw seed production data used to fit the underlying demographic model and best-fit model predictions in both treatment cases. 
Note that seed production is on a log scale, as used in the model fits, and that the x axis differs for each background species.
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Extended Data Fig. 2 | Full distribution of 1,000 bootstrap samples of the 
predicted coexistence outcome. Error bars show the ‘best fit’ model of the 
original paper, calculated from the interval of the 16th to 84th quantile of  

the bootstrap sample of maximum fitness ratio or stabilizing niche difference. 
The right-hand grey region is the region of coexistence. Note the irregular 
shape of the distribution of samples.



E14  |  Nature  |  Vol 632  |  29 August 2024

Matters arising
Extended Data Table 1 | Model comparison as per Table 1, but using the Bayesian (or Schwarz) information criterion 
(log(n)k − 2log(L))

Models within two units of the lowest are underlined. The models that include treatment effect on the alpha terms are consistently assigned considerably worse (higher) values.
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To remain modern the coexistence program 
requires modern statistical rigour

David W. Armitage1 ✉

arising from: M. N. Van Dyke et al. Nature https://doi.org/10.1038/s41586-022-05391-9 
(2022).

A 2022 study by Van Dyke et al.1 paired experimental drought manipula-
tions with demographic models and trait data to project major shifts in 
coexistence among a number of annual plant taxa. A reanalysis of these 
data that includes comparisons of alternative competition models 
reveals that the authors’ original conclusions are strongly sensitive to 
model choice. Furthermore, propagating error in model parameters 
into coexistence predictions results in relatively weak support for 
the majority of coexistence shifts that were predicted by the authors’ 
original model. These results suggest that there is a need for increased 
statistical rigour when treating binary predictions of species coexist-
ence as observed experimental outcomes.

Forecasting the effects of precipitation change on plant communities 
is a major challenge. The theoretical framework of modern coexistence 
theory has been used to predict the joint contributions of niche and 
fitness differences (ND and FD, respectively) to competitive outcomes 
and species coexistence under future precipitation projections1,2. By 
tracking the demographic rates of plants in experimental communities 
receiving either reduced or ambient precipitation over a single grow-
ing season, Van Dyke et al.1 use this framework to argue that moderate 
decreases in water availability will substantially change the predicted 
coexistence outcomes of 10 out of the 15 pairs of annual plant spe-
cies under study, and that these shifts are more likely in functionally 
diverse communities. Such a finding is noteworthy because functional 
diversity is anticipated to contribute to the maintenance of ecosystem 
services and is therefore often a desired outcome of restoration and 
conservation projects3.

However, the authors’ results depend heavily on the key assumption 
that species pairs that satisfy the inequality ρ < kj/ki < 1/ρ (where ρ 
denotes niche overlap and kj/ki fitness differences) will stably coexist4.  
In the absence of independent data to benchmark the empirical accu-
racy of this inequality, it is imperative that the estimates of ND and FD 
are statistically robust. To this end, Van Dyke et. al1 omit some impor-
tant statistical analyses, such as model selection and error propagation, 
and this affects their conclusions of substantial drought-mediated 
shifts in coexistence and relationships between trait and fitness  
differences.

The first issue is that of model specification. There are many ways to 
write phenomenological competition models that are nearly equiva-
lent in both assumptions and complexity, but which assume slightly  
different functional forms of density dependence5. Following the 
authors’ previous work6,7, Van Dyke et al. assume that a simple form 
of the Beverton–Holt (BH) competition model best describes the 
dynamics of their system. Given that the output of the analysis is a 
theoretically motivated prediction (coexistence or competitive exclu-
sion), and there is no a priori basis to strongly favour the BH model 
over similar alternatives5, then it follows that the model with the best 

predictive accuracy on withheld data should be the one that is most 
trusted to generate the parameter estimates used in subsequent pre-
dictions and analyses.

To investigate the sensitivity of model choice on the results, I used 
a Bayesian approach to sample the posterior distributions of competi-
tion (αij), growth rate (λi) and treatment effect parameters for seven 
different alternative competition models of similar complexity.  
For each focal species, and using weakly informative priors with the 
same constraints as those used by the authors (with model 7’s 

Nθ μ σ a b( = 1, = 0.5, = 0.6, = 1.4)i trunc  where a and b specify the trun
cation interval), I ran eight Markov chains of length 10,000, discard
ing the first 50% as warm-up samples. After confirming Markov chain 
Monte Carlo convergence and that the posteriors and resulting ND 
and FD estimates of the BH model matched those from Van Dyke et al.1, 
I fitted six alternative model forms, which have been advocated else-
where5,6,8, to the same data. Comparing models using the Watanabe–
Akaike information criterion (WAIC)—a complexity-penalized measure 
of a model’s out-of-sample predictive performance9—I identified three 
models that predicted withheld data better than does the BH model 
of Van Dyke et al.1 (Table 1). An exponentiated BH model (no. 7) offered 
the best improvement in predictive ability and stability compared 
with other high-ranking models, which either underperformed in 
leave-one-out prediction or resulted in inflated, unrealistic population 
equilibria. This model is a generalized form of the standard BH model 
with an additional parameter, θ, that accommodates a more flexible 
response-surface shape5.

Using 1,000 posterior draws of λi, αii, αij and θi from model 7, I cal
culated FD and ND (replacing λi with λi

θ1/ i in the new model’s ND for
mula) for each species pair, and assessed whether these draws  
satisfied the aforementioned coexistence inequality (Fig. 1). Performed 
over the set of posterior draws for each species pair, this process  
generates a distribution of coexistence probabilities conditioned on 
the model, priors and data. It is important to note, however, that the 
Bayesian posteriors of model 7 can generate zero-net-growth equili
bria (that is, seed carrying capacities) up to six times higher than those 
of the standard BH model (Extended Data Table 1). Because coexistence 
is predicted using invasion analysis at these equilibria, it is important 
to acknowledge the potential trade-off between models’ predictive 
performance on observed data (affecting estimates of λ and α), and 
realism when these are used to extrapolate carrying capacities. As Van 
Dyke et al.1 did not conduct competition experiments at abundances 
near either model’s predicted equilibria, it is currently not known which 
equilibria are more realistic, nor how well either model would perform 
when fitted to data collected at the relevant densities.

I then calculated the probability that a switch in coexistence out-
comes had occurred between treatments. This probability, p(switch), 
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is defined as p(Ci ∩ Ej), i ≠ j, where p(Ci) is the probability of coexist-
ence in the precipitation treatment i with the highest coexistence 
probability, and p(Ej) is the probability of exclusion (= 1 − p(Cj)) of the 
other treatment, j. Two key findings emerged. First, that coexistence 
predictions for most species pairs are highly sensitive to slight varia-
tions in model form, which presents a danger when choosing among 
phenomenological models with equivalent fit statistics. Second, of 
the original ten species pairs that were predicted to have switched 
coexistence outcomes between treatments, only four such switches 
are now predicted at probabilities greater than 0.5 (Fig. 1), including 
for two species pairs that were scored as not having switched in the 
original analysis.

Carrying the posterior means of model 7’s niche and fitness differ-
ences forward through the remaining analyses results in the loss of sta-
tistically significant differences between competition and demographic 
differences between treatments (Extended Data Fig. 1). Furthermore, 
and perhaps most importantly, changes in FD between treatments are 
no longer significantly positively associated with the functional trait 
differences between species pairs (Extended Data Fig. 1). We are left 

Table 1 | Comparison of various competition models of 
density-dependent fecundity, Fi using the WAIC

Model 〈WAIC〉 〈SE.WAIC〉 〈ΔWAIC〉

(1) Fi = λi 488 ± 117 16.6 ± 4.9 108.0 ± 63.9

(2) Fi = λi − αiiNi − αijNj 423 ± 81 19.3 ± 3.7 42.4 ± 21.2

(3) F λ ei i
αiiNi αijNj= − − 423 ± 81 19.3 ± 3.7 42.5 ± 21.3

(4) Fi = λi/(1 + αiiNi + αijNj) (BH model) 392 ± 68 21.0 ± 5.4 12.0 ± 10.1

(5) = − + − +F λ ei i
αii Ni αij Njlog( 1) log( 1) 383 ± 69 21.5 ± 5.3 2.7 ± 2.1

(6) = + +F λ N N/(1 )i i i
α

j
α

ii ij 382 ± 70 21.5 ± 5.2 1.6 ± 1.9

(7) = + +F λ α N α N/(1 )i i ii i ij j
θi 382 ± 70 21.4 ± 5.4 2.4 ± 2.6

Values shown are mean ± s.d. over all species × treatment combinations. Models 5, 6 and 7 
have a better predictive ability than the authors’ BH model (no. 4) does. Comparisons with 
the corrected Akaike information criterion (AICc) and the Bayesian information criterion 
(BIC) on maximum likelihood fits return quantitatively similar results. SE.WAIC values are 
the within-treatment standard error of each WAIC score averaged over species × treatment 
combinations. ΔWAIC denotes the model’s average WAIC difference from the top model for 
a species × treatment combination. For all three metrics, lower values indicate better model 
performance and stability across treatments.
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Fig. 1 | Error-aware predictions of coexistence outcomes for 15 species pairs 
under the best-fit alternative model. Points falling inside of the shaded region 
are those that satisfy the coexistence inequality. Coloured points represent 
posterior draws from model 7 (n = 1000). Solid coloured shapes are median 
posterior estimates from this model and black shapes are the authors’ estimates 

from the BH model. For each panel, the probability that a switch between 
coexistence and exclusion has occurred is also shown. Asterisks denote species 
pairs that were predicted to have experienced coexistence shifts in the original 
analysis. AC, Acmispon wrangelianus; FE, Festuca microstachys; HO, Hordeum 
murinum; PL, Plantago erecta; SA, Salvia columbariae; UR, Uropappus lindleyi.
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to conclude that under a competition model with a better fit to the 
observed data than the standard BH, many of the major conclusions 
concerning drought-mediated shifts in coexistence disappear.

It could be argued that despite support for better-performing mod-
els, the standard BH model has been so widely used, that it should be 
considered the preferred model for standardized comparisons across 
studies. However, even in the rare cases in which these studies pre-
sent error estimates for ND and FD, decisions concerning predicted 
coexistence outcomes are rarely evaluated with the same standards 
of statistical confidence as are used elsewhere in the analyses. This 
inconsistency is found throughout the analyses of Van Dyke et al.1. 
Most of the authors’ analyses present statistical evidence in the form 
of null hypothesis tests with a type I error tolerance of 5%. However, 
this is abandoned in one key area—decisions about whether or not a 
species pair is scored as coexisting. Instead, the authors use median 
values of ND and FD from a nonparametric bootstrap to assign binary 
outcomes to the predictions with an error tolerance of 50%. Although 
error bars are provided in a supplementary figure, many clearly tran-
sect the coexistence boundary defined by ND and FD, yet this massive 
uncertainty is ignored by the authors in assigning outcomes to their 
treatments and concluding that ‘substantial shifts’ in coexistence have 
occurred. Although there are no agreed-upon methods for what a null 
hypothesis test of coexistence predictions should entail, I suggest that 

propagating error either through the nonparametric bootstrap samples 
or through posterior draws of parameters can quantify the degree of 
support for these competitive outcomes without the need for setting 
an arbitrary accept or reject criterion.

I illustrate this by using posterior draws from the original BH model 
to propagate error through to ND and FD estimates. Median values 
of these draws closely matched the authors’ maximum likelihood 
estimates. I then used the authors’ coexistence criterion to generate 
a posterior distribution of predicted competitive outcomes for each 
species pair × treatment combination. Bayes factors were used to 
assess the relative statistical evidence for the point null hypothesis 
f(ND, FD) = 0, where f(ND, FD) = ND − (1 − FD−1) versus the alternative of 
f(ND, FD) ≠ 0. Support for this null value indicates that a particular sce-
nario could not reliably be classified as coexistence or exclusion, but 
rather somewhere in-between10. To quantify this support, Bayes factors 
were calculated using the Savage–Dickey density ratio with a uniform 
prior bounded from −2 to 1. Using the standard evidence-based inter-
pretation of Bayes factors11, the alternative hypothesis of f(ND, FD) ≠ 0 
is only supported by the data for 9 of the authors’ 30 original predic-
tions (Fig. 2). Instead, most of the data support a boundary scenario 
in which neither coexistence nor exclusion of either species can be 
assigned with confidence, but rather both are plausible at non-trivial 
probabilities. In other words, the predictions of coexistence or 
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exclusion being made under an experimentally parameterized BH 
model are not particularly strong, and, as such, many of the authors’ 
predicted shifts between coexistence and exclusion could—under an 
error-aware reading—be more fairly characterized as shifts between 
one uncertain and one higher-confidence outcome (for example, the 
PL–FE and SA–HO species pairs) or as two slightly offset distributions 
both occupying a region of high uncertainty (for example, the AC–FE 
and SA–AC species pairs).

Looking forward, researchers are encouraged to move from binary, 
all-or-nothing predictions of species coexistence to probabilistic, error- 
inclusive metrics more transparent in their predictions10,12. Crucially, 
since coexistence predictions made from pairwise experiments have 
yet to be sufficiently vetted with independent data13,14, practitioners 
should exercise caution when using the approach employed herein 
to forecast the effects of climate change on communities. Spatial and 
temporal replication of experiments beyond a single site and single 
generation would help resolve some of this uncertainty. Likewise, 
moving beyond phenomenological competition models of species 
interactions to more mechanistic formulations15 will reduce the need 
for bias-prone model selection and permit an explicit accounting of the 
various limiting factors that give rise to niche and fitness differences 
between competitors.
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Extended Data Fig. 1 | An alternative competition model removes the 
predicted effects of trait differences on coexistence mechanisms. a–e, Using 
coefficients of model 7 has the effect of removing statistically significant trends 
in the relative magnitudes of treatment differences in demographic potential 
and competition coefficients (t = − 1.68, p = 0.10) (a). This also has the 

consequence of removing the positive associations between functional  
trait distances and absolute changes in FD between treatments (b), absolute 
changes in ND between treatments (c), and overall fitness differences (d) and 
overall niche differences (e). ND results remain unchanged from the original 
analysis.
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Extended Data Table 1 | Comparisons of predicted equilibria

Comparison of equilibrium abundance predictions by model 4 (BH) and model 7.
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M. N. Van Dyke et al. reply

Mary N. Van Dyke1,2 ✉, Jonathan M. Levine3 & Nathan J. B. Kraft2

replying to: J. C. D. Terry Nature https://doi.org/10.1038/s41586-023-06859-y (2024)

replying to: D. W. Armitage Nature https://doi.org/10.1038/s41586-023-06919-3 (2024)

In our paper1, we fitted a population dynamic model to annual plant 
demographic data, enabling us to predict the competitive outcome 
between 15 species pairs and how these change with a rainfall manipu-
lation. Both Terry2 and Armitage3 raise several questions about how 
modern coexistence theory can be best used to make predictions about 
changes to the outcomes of species interactions. Their concerns focus 
primarily on model selection and how uncertainty in the estimated 
parameters in our competition model is used and interpreted. While 
our analyses1 closely follow or expand on existing conventions in our 
field4–12, the issues Terry2 and Armitage3 raise are important to address 
going forward, especially as statistical methods continue to evolve, 
and we appreciate the opportunity to contribute to the discussion of 
these topics.

Terry’s2 first concern relates to model selection and the fact that we 
fit models that included a low-density fecundity term and interaction 
coefficients that varied with rainfall treatment. When fitting models to 
data from different treatments to assess the coexistence implications 
of treatment, there are two approaches in the literature. The more 
common approach, and the one that we used, involves fitting models 
to data in the different treatments and then propagating the error in 
the fitted parameters through to the competitive outcomes8,10,12. An 
alternative, advocated by Terry13 is to first test for treatment effects 
on the fitted parameters and then make projections that include 
only treatment-specific parameters when a hypothesis test supports 
doing so. Terry2 used Akaike information criterion (AIC) estimates to 
show that, for some of our study species, simpler models in which 
rainfall affected only a subset or none of the parameters might fit 
our data better.

While this is interesting context to provide, AIC support for con-
sistent rainfall effects on all interactions affecting a given species in a 
multispecies population dynamic model does not address our central 
question of whether the coexistence of species pairs changes with 
rainfall. This is because coexistence is determined by ratios of sev-
eral parameters1 and, therefore, to answer our question, we need to 
determine whether rainfall differentially affected the parameter ratios 
between species that determine coexistence, not the individual param-
eter estimates themselves. For example, it is the fact that intraspecific 
and interspecific interaction coefficients differentially respond to 
rainfall that causes the stabilizing niche differences to change. How-
ever, none of Terry’s2 three alternative models allow rainfall treatment 
to differentially affect the competition coefficients experienced by 
a species, and they therefore cannot accurately predict changes in 
coexistence outcomes. Treatment does not need to have a significant 
effect on a species’ overall sensitivity to neighbours (Terry’s α terms)2 
to alter the ratios of the key interaction coefficients and drive coex-
istence changes. Rather, only some of the competition coefficients 
need to be affected by rainfall, and such a response may not generate 
a lower AIC when comparing models in which all parameters can vary 

with treatment or none can vary. To most accurately follow Terry’s2 
suggestion in the context of our stated goals, one would have to allow 
all combinations of the seven estimated parameters (six interaction 
coefficients and one lambda) to vary by treatment or not, resulting in 
128 different potential models for each focal species.

However, even if that approach was taken, we disagree with Terry2 
that using a simpler model with common parameter estimates across 
treatments for some of the species but not others, as his AIC results 
would suggest, generates a more biologically accurate or defensible 
prediction. His assessment would argue, for example, that when model-
ling the interaction between Hordeum murinum and Plantago erecta, 
estimated parameters should be rainfall dependent when P. erecta is 
the focal receiving competition from H. murinum, but rainfall inde-
pendent when H. murinum is the focal receiving competition from  
P. erecta. This inconsistency is problematic, especially if we make the 
sensible assumption that the plants are competing for the same water. 
We argue (as Terry2 also suggests) that the issue is best addressed by 
using the more-complete model and propagating uncertainty in the 
fitted parameters through to the predicted outcomes, as we did in our 
original analysis with nonparametric bootstrapping1 (Extended Data 
Fig. 1). This reflects the fact that some interaction coefficients change 
with rainfall for some species and not for others, while still providing 
the information necessary to predict coexistence outcomes and the 
uncertainty in those predictions.

Armitage3 raises separate concerns about model selection—what 
he sees as insufficient justification for the use of the Beverton–Holt 
(BH) competition model. He asserts that more complex competition 
models better fit our data, and that these models generate different 
coexistence outcomes. Armitage3 argues that “there is no a priori basis 
to strongly favour the BH model over similar alternatives”. In fact, this is 
not correct. A 2009 study of coexistence in this same annual plant study 
system4 assessed all seven of the competition models14 that Armitage3 
suggests and found that the BH model had the lowest AIC. Moreover, 
in a later paper in the same system15, BH parameter fits were used to 
generate invasion growth rates for nine competitive pairings. The 
invasion growth rates from this study perfectly lined up with the pre-
dicted competitive outcomes, including one case of coexistence, from 
a purely empirical approach based on a replacement series design15. 
A more recent study assessed several models of annual-plant popula-
tion dynamics and found that the BH model is the phenomenological 
model that most consistently aligned with his preferred mechanistic 
generative model16. Thus, the BH model has been supported by past 
model selection efforts and generated predictions that were empiri-
cally validated to the extent possible.

This is not to discount Armitage’s3 result that the Watanabe– 
Akaike information criteria (WAIC) for his model 7—the exponenti-
ated Beverton–Holt (EBH)—is lower than for the simple BH model on 
which our results are based. However, WAIC is just one of multiple 
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considerations that should go into model-selection decisions. For 
example, candidate models should reproduce observed behaviours of 
the system of interest and accurately reflect the way that system oper-
ates17–19. In this context, there are first principles, as well as theoretical 
and empirical reasons to believe that predictions from the EBH model 
are less trustworthy than those from the BH. The following arguments 
focus on the EBH model but are also true for Armitage’s3 other two 
models that have lower WAIC than the BH (Armitage’s models 5 and 6).

The BH model was derived for annual plant populations previ-
ously20, where it was recognized that a population dynamic model 
could be expressed that reproduces the ‘law of constant yield’. The 
law of constant yield is the canonical observation21 that, as the den-
sity of sown plants increases, so too does the total yield (biomass or 
seeds), but the yield eventually levels off such that further increases 
in sowing density generate no increase in biomass or total seed pro-
duction (Fig. 1a). This ‘law’ also makes mechanistic sense because 
the pool of soil resources to make plant material and seeds is finite. 
While the simple BH model always follows the law of constant yield 
due to its derivation, the EBH (and Armitage’s3 suggested models 
5 and 6) does not (Supplementary Information 1). When the expo-
nential in the denominator (θ) is less than 1, there is no limit to the 
amount of seeds produced as sowing density increases (Fig. 1b). 
Critically, if one conducts a classic model comparison with our data 
and lets the fitting algorithm determine the best-fit parameters, the 
exponential in the denominator is always less than 1 (Extended Data 
Table 1), meaning a violation of the law of constant yield (Supple-
mentary Information 1). In what follows, we present the problems 
arising from following a classic model-selection approach, which 
leads to the adoption of an unconstrained EBH, and then show that 
the problems remain even after arbitrarily constraining the EBH as  
Armitage3 did.

Violating the law of constant yield by selecting the EBH implies 
inexhaustible resources, which is problematic from a first-principles 
standpoint. Moreover, doing so also generates unrealistic coexistence 
predictions. This is because these predictions, and all modern coexist-
ence theory metrics, are derived from the invasion condition—the state 
in which one species is invading the other at its single-species carrying 
capacity. One rarely has enough seed to assess the single-species car-
rying capacities directly. Instead, one needs to extrapolate beyond the 
range of sown species densities to equilibrium conditions. While the 
EBH does fit our data better than the BH within the range of competitor 
densities sown, because it never saturates, it makes wildly unrealistic 
predictions when extrapolated to the density at which species reach 
equilibrium.

The single-species equilibrium for a species can be seen on the  
density–yield plots of Fig. 1 by identifying the intersection of the yield 
curve with the 1:1 line (the density at which seed production equals the 
seed density sown). For Uropappus, under reduced rain, our BH model 
predicts an equilibrium density of 2,988 seeds per competitive neigh-
bourhood (a circle with a 10 cm radius; Table 1). Given that a Uropappus 
seed is approximately a 1-mm-diameter by 10-mm-long cylinder, this 
corresponds to almost a monolayer of seed if evenly spread, a high 
but not wholly unrealistic scenario for an equilibrium density. By con-
trast, the fitted EBH predicts an equilibrium density of approximately 
2,949,299 seeds per competitive neighbourhood (Table 1), an increase 
of three orders of magnitude over the BH. To put this massive equilib-
rium density in perspective, 2,949,299 Uropappus seeds per competi-
tive neighbourhood corresponds to over 1,000 stacked monolayers of 
Uropappus seed, which, if they could be stacked within the area, would 
correspond to a column of seed over 1 m in height above the surface of 
the soil. Not only is this wildly unrealistic, so too would be the invasion 
growth rate of a competitor introduced at low density into this 1 m high 
pile of seeds. Note also that, although both model forms require an 
uncomfortable degree of extrapolation from the sown densities to the 
equilibrium value (compare the purple shaded regions to equilibrium 
point in Fig. 1), it is egregious with the EBH (Fig. 1b; see Extended Data 
Fig. 2 for all other species). In summary, while the EBH model does offer 
marginally better fit than the BH model over the range of the data for 
some of the species, it is unsuitable for extrapolating to the equilibrium 
densities required for coexistence analyses.

To avoid the problematic carrying capacities produced by the EBH3,22, 
Armitage arbitrarily constrains θ to be greater than 0.66, essentially 
constraining his EBH to be closer to the BH (where θ = 1). If he did 
not constrain θ, as would be the natural model-selection approach 
(and matched his original critique22), 5 out of the 12 estimated thetas 
would be below 0.66 (Extended Data Table 1). Importantly, there are 
no first-principles reasons to constrain the fit of θ to be greater than 
0.66, as that value still allows unbounded seed production with increas-
ing sowing density (Fig. 1c), and still requires particularly egregious 
extrapolation from the data to get carrying capacities (Fig. 1c). In brief, 
the problems with the unconstrained EBH remain with Armitage’s3 con-
strained EBH. In practice, the constraint on θ reflects the investigator’s 
choice to weigh two considerations—low WAIC versus realism. While 
the unconstrained EBH has the lowest WAIC, the BH follows from first 
principles, was validated in past studies in the system, and its carrying 
capacities and invasion growth rates require the least extrapolation. 
Depending on how the investigator wishes to weigh WAIC versus real-
ism, they can let θ be unconstrained at one extreme, or constrained to 
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Fig. 1 | Density yield plots for Uropappus lindleyi monocultures in the 
reduced rain treatment, based on three fitted models. a, The relationship 
expected when using the BH model1. b, The relationship expected when using 
EBH model (with unconstrained θ). Note the 1,000-fold difference in scales  
on both of the axes3. c, The relationship expected when using Armitage’s3 

preferred EBH with the constrained θ > 0.66. The shaded pink area indicates 
the range of neighbourhood densities, which were sown in our experiment  
(it is almost invisible in b). The expected equilibrium density is found where the 
1:1 dotted line crosses the yield curve, corresponding to the density at which 
seed production equals the seeds sown.
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1 at the other. Any choice in between, and especially one made after 
seeing model predictions, reflects the investigator’s arbitrary choice.

Instead of forcing parameters to desired values post hoc when dis-
satisfied with the predicted dynamics, a better solution is to be con-
sistent for all species and use the model that more accurately reflects 
the dynamics of the system, as we did in our original paper1. In this 
context and given that an inappropriate choice of model for extrapola-
tion will naturally generate different predictions than a more realistic 
one, we are unsurprised by the different coexistence outcomes and 
modern coexistence theory metrics derived from Armitage’s3 EBH 
model versus our own (the same goes for the trait correlations with 
the EBH-based metrics3).

In addition to both author’s model selection concerns, Terry2 ques-
tions our finding that reducing rainfall changed the log-ratio of the com-
petition coefficients to a greater degree than it changed the log-ratio of 
the demographic potentials. These log-ratios are the two determinants 
of the invasion growth rate, which determines species coexistence (see 
Fig. 3 of the original paper1). To our knowledge, this is the first use of 
this type of analysis in the literature, and getting it right is important 
for advancing studies that decompose treatment effects on species 
coexistence. Terry2 correctly shows that, if there is more uncertainty 
in the estimates of competition coefficients than in the estimates of 
demographic potentials, this pattern of unequal uncertainty alone 
could cause the log-ratio of competition coefficients to change more 
than the log-ratio of the demographic potentials, all else being equal.

Although Terry’s2 concern about significance testing given this phe-
nomenon is important (for example, what is the correct null hypothe-
sis?), the key question is whether we observed rainfall treatment effects 
over and above the effects of differences in uncertainty. To answer 
this, Terry2 assumes that the average difference between the ratios in 
his simulated data (with no treatment effect) is solely a measure of the 
effect of differences in uncertainty and can therefore be subtracted 
from the observed ratios of these parameters to better estimate the 
true effect of rainfall. However, Terry’s2 ‘corrected’ t-test is inconsistent 
in how it propagates uncertainty in his simulated data versus the real 
data (Supplementary Information 2). In fact, even if we accept Terry’s2 
subtraction method and use it to correct the mean changes in parameter 
ratios from the bootstrap samples in a manner that is consistent with 
his null model approach, the analysis results in a significant t-test. The 
log-ratios of the competition coefficients change more between treat-
ments than the log-ratios of the demographic potentials (P = 0.054; 
Supplementary Information 2). Regardless of this result, we believe 
that there is a better way to compare across treatment the changes in 
the ratios of parameters that have different uncertainties, and thank 
Terry2 for motivating this follow-up.

A conventional alternative to Terry’s2 subtraction approach involves 
generating traditional standard effect size (SES) estimates from classic 
ecological null model approaches. These estimates enable us to test the 
hypothesis that our observed changes in the ratios of the demographic 
and competitive parameters with rainfall (Fig. 3 of the original paper1) 
are different from what would be expected assuming no treatment 
effect (based on Terry’s2 randomizations). When using the mean esti-
mates from the 1,000 bootstraps of our original data, we find that the 
changes in both the log-ratios of demographic potentials and log-ratios 
of competition coefficients (Fig. 2a,b) are larger than expected based 
on the differential uncertainty alone (SES = 2.66, P < 0.05, SES = 3.77, 
P < 0.05, respectively). Importantly, the effect of rainfall treatment 
on the log-ratios of competition coefficients is almost one and a half 
times its effect on the log-ratios of demographic potentials (3.77 ver-
sus 2.66), supporting our original claim. Moreover, we find that the 
observed mean difference between the treatment-induced change in 
the log-ratio of competition coefficients and the change in log-ratio 
of demographic potentials is greater than expected (at P < 0.05) based 
on Terry’s2 simulated data with no treatment effect (Fig. 2c and Sup-
plementary Information 2; Terry obtains P = 0.095 for this difference 
using a slightly different method). Together, these analyses are now 
more robust and strongly support our original assertion that reduced 
rainfall had greater effects on the log-ratio of competition coefficients 
than on the log-ratio of demographic potentials. Still, both changes 
probably contributed to the changes in coexistence outcomes that 
we found—a valuable addition to our original analyses.

Finally, both Terry2 and Armitage3 assert that we did not use appro-
priate statistical rigour when drawing conclusions about changes in 
competitive interactions in our experiment. They argue that using 
the median value of stabilizing niche and fitness differences from the 
bootstrapped analyses to determine coexistence somehow misrep-
resents our experimental results because it does not account for the 
uncertainty in the coexistence outcomes. We completely agree that 
presenting uncertainty in these outcomes is important, hence our 
decision to carry uncertainty through to our calculations of stabilizing 
niche and fitness differences as presented in Extended Data Fig. 1 of our 
original paper1, analogous to Fig. 1 of Armitage’s paper3 and Extended 
Data Fig. 2 of Terry’s paper2. Both authors suggest propagating error 
through the nonparametric bootstrap samples, which is in fact what we 
did to create the error bars in Extended Data Fig. 1 of our original paper1 
(also shown here in Extended Data Fig. 1). Yet, both responses suggest 
that pairs for which coexistence changed with treatment in >50% of the 
bootstrapped outcomes did not change enough to constitute a shift in 
coexistence outcome. This critique raises the interesting philosophical 
question for the field to grapple with of how much change in coexist-
ence outcome is substantial (as in the title of our original paper) or how 
much ecologists find biologically meaningful.

The answer is not clear. Consider the case in which a pair lies exactly 
on the border of the coexistence region, and therefore has a 50% chance 
of coexistence with any uncertainty in the underlying parameters. If we 
chose, for example, a critical threshold of 95% change in coexistence 
outcome to be significant (or even 51% change), no force in nature can 
significantly affect the coexistence of the pair, which seems unreason-
able. Clearly, we need to establish conventions for this in the field. 
Returning to our data, we have plotted the probability of coexistence 
change with treatment for each pair based on our bootstrapped esti-
mates of the competitive outcome (Fig. 3 and Extended Data Fig. 1). Each 
of the ten pairs for which the median coexistence outcome changed 
with treatment in our original paper1 has a minimum probability of 
competitive outcome change with treatment of 50%. What should be 
the correct threshold? One option is to use precedent. A recent paper 
found an approximately 40% change in coexistence outcome, and 
treated that shift as a substantial effect of the tested factor11. If we use 
40% change with treatment as a threshold here, then 12 pairs showed 
meaningful effects of rainfall treatment on coexistence, more than 

Table 1 | Equilibrium single-species density predictions

Species Ambient rainfall Reduced rain

BHa EBHb EBHb 
constrained

BHa EBHb EBHb 
constrained

ACWR 8,055 35,414 31,984 4,766 21,531 21,215

FEMI 3,619 9,239 9,197 2,665 17,209 11,835

HOMU 776 1,721 1,657 1,481 19,906 9,913

PLER 1,530 3,450 3,437 645 731 718

SACO 6,722 54,592 37,650 3,962 60,097 22,757

URLI 6,166 1,415,381 13,761 2,988 2,949,299 9,159

Equilibrium single-species density predictions (seeds per competitive neighbourhood, 
10-cm-radius circle) for each species under each rainfall treatment using median parameters 
estimated from the BH model1, the EBH3 and the EBH3 with constrained θ > 0.66. Species’ 
acronyms are the same as in our original paper1: ACWR, Acmispon wrangelianus; FEMI, Festuca 
microstachys; HOMU, H. murinum; PLER, P. erecta; SACO, Salvia columbariae; URLI, U. lindleyi. 
aBH: equilibrium seeds of species i per competitive neighbourhood = (λi − 1)/αii. 
bEBH: equilibrium seeds of species i per competitive neighbourhood = −λ α( 1)/ iii

θ1/ i .
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the 10 pairs suggested by the bootstrapped medians in our original 
paper1 (Fig. 3 and Extended Data Fig. 1). Our general point is not that 
40% is the correct threshold, but rather that continued discussion of 
this issue is required for the field to establish conventions. In this case, 
identifying these probabilities (Fig. 3) and presenting the results with all 
the bootstrapped outcomes as Terry2 and Armitage3 suggest provides 
additional useful context (Extended Data Fig. 1).

Terry2 also questions our conclusions by showing that, with his 
simulated ‘no treatment’ data, pairs changed coexistence outcomes 
on average 22.9% of the draws due to uncertainty in parameters and 
proximity to the coexistence region. However, to put this expected 
change in context, we can again examine SES values drawn from eco-
logical null model analyses, using Terry’s2 simulated data as the null 
expectation. We find that our observed average change of 52% (among 
all 15 pairs) is highly unlikely to be due to chance alone (Extended Data 
Fig. 3a; SES = 2.8, P < 0.05), indicating that the effects of water treatment 
on coexistence outcomes far outweigh any effect from species pairs’ 
uncertainty in their stabilizing niche and fitness differences.

In conclusion, we welcome the efforts of both Terry2 and Armitage3 
to make the field application of modern coexistence theory more 
robust. However, even in light of their concerns, the BH model still 
appears to be the best choice that we have for prediction in this sys-
tem, and the statistical models proposed by Terry2 are not adequate 
to test how coexistence metrics change with rainfall. As we stated in 
our original paper1, moving towards more mechanistic models of 
competition will bring us more clarity, and our research groups are 

working towards that end23,24. Terry2 also raised excellent points about 
how differences in parameter uncertainty may affect our conclusions, 
and addressing them has provided a better test of how rainfall affected 
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Fig. 2 | The distributions of average changes in the determinants of invasion 
growth rates from the null model draws compared with the mean from 
bootstraps of the real data. a–c, The distributions of the average changes in 
the two determinants of invasion growth rates for 15 species pairs based on 
10,000 draws from Terry’s2 simulated datasets with no true treatment effects 
(grey) and the average change from 1,000 bootstrap samples of the real data 
(solid black line). The dashed lines show the means generated from the simulated 
data. a, The distribution of average changes in the log-ratios of the demographic 

potentials. b, The distribution of average changes in the log-ratios of the 
competition coefficients. c, The distribution of the average difference between 
the two log-ratio changes for each simulated dataset. Assuming that the mean 
of the changes in the log-ratios generated from the bootstrap samples of our 
real data represents the observed change with rainfall treatment and the 
simulated data represent the null distribution, we can calculate SES values and 
two-tailed P values. We find that the observed mean is significantly greater 
than expected for all three panels.
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Fig. 3 | The probability of a species pair changing competitive outcomes 
with rainfall treatment. The probabilities of a changed outcome between 
treatments are based on outcomes from all bootstrap samples1. The solid 
black line represents the 50% threshold. Species pairs on the x axis are 
indicated by the first two letters of their acronyms as defined in our original 
paper1: AC, ACWR; FE, FEMI; HO, HOMU; PL, PLER; SA, SACO; UR, URLI.
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the determinants of invasion growth rates and coexistence. We also 
agree with both authors that proper error propagation is essential for 
understanding competitive interactions. Although questions about 
how to interpret changes in competitive outcomes with uncertainty 
will need further attention from the field, the results of our origi-
nal paper remain unchanged. Small changes in rainfall substantially 
altered coexistence for most species pairs—effects that are mediated 
by changes in species’ interaction strengths. This finding is conse-
quential for understanding how communities and species ranges will 
be affected by global change.

Reporting summary
Further information on experimental design is available in the Nature 
Portfolio Reporting Summary linked to this Article.

Online content
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Extended Data Fig. 1 | Predictions of competitive outcomes for the 15 species 
pairs. Points represent stabilizing niche and fitness differences calculated 
from non-parametric bootstrap samples. Points lying inside the grey shaded 
region indicate coexistence, and outside indicate competitive exclusion. 

Median predictions are where the error bars (+/− 1 SD) cross. p(switch) in each 
panel reports the probability that pair switched coexistence outcome with 
treatment.
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Extended Data Fig. 2 | Density yield plots for each species monocultures under both treatments. The BH model estimates are shown in orange1 and the EBH 
model estimates are shown in blue3. The shaded pink area indicates the range of neighbourhood densities which were sown in our experiment for each species.
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Extended Data Fig. 3 | Distributions of the proportion of pairs that switched 
coexistence outcomes in the null model draws compared to the mean  
from the bootstraps of the real data. Panel (a) shows the distribution of the 
proportion of pairs found to switch coexistence outcomes in Terry’s simulated 

‘no treatment’ data and the mean proportion from the bootstrap samples of 
the real data (solid black line) when we include all 15 pairs, and panel (b) shows 
the proportion when we only include the ten pairs our original paper found 
switched coexistence outcomes.
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Extended Data Table. 1 | Estimated thetas from the 
unconstrained EBH model

Five of the twelve estimated thetas are below the 0.66 threshold set by Armstrong3.
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