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A2022study by Van Dyke et al.' paired experimental drought manipula-
tions withdemographic models and trait data to project major shiftsin
coexistence among a number of annual plant taxa. Areanalysis of these
data that includes comparisons of alternative competition models
reveals thatthe 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 isaneed forincreased
statistical rigour when treating binary predictions of species coexist-
ence as observed experimental outcomes.

Forecasting the effects of precipitation change on plant communities
isamajor 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 projections'?. By
tracking the demographicrates of plantsin experimental communities
receiving either reduced or ambient precipitation over a single grow-
ingseason, Van Dyke et al.' 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 afinding is noteworthy because functional
diversityis anticipated to contribute to the maintenance of ecosystem
services and is therefore often a desired outcome of restoration and
conservation projects>.

However, the authors’results depend heavily on the key assumption
that species pairs that satisfy the inequality p < k/k; <1/p (where p
denotes niche overlap and k;/k; fitness differences) will stably coexist*.
Inthe absence of independent datato benchmark the empirical accu-
racy of thisinequality, itisimperative that the estimates of ND and FD
are statistically robust. To this end, Van Dyke et. al' omit some impor-
tant statistical analyses, such asmodel selection and error propagation,
and this affects their conclusions of substantial drought-mediated
shifts in coexistence and relationships between trait and fitness
differences.

Thefirstissueis 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 dependence®. Following the
authors’ previous work®’, 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 analysisis a
theoretically motivated prediction (coexistence or competitive exclu-
sion), and there is no a priori basis to strongly favour the BH model
over similar alternatives®, 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,  used
aBayesianapproachtosample the posterior distributions of competi-
tion (a;), growth rate (1)) 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
6; ~ Niunct =1,0=0.5,a=0.6, b=1.4) where a and b specify the trun-
cationinterval), 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.’,
Ifitted six alternative model forms, which have been advocated else-
where®*®%, to the same data. Comparing models using the Watanabe-
Akaike information criterion (WAIC)—a complexity-penalized measure
ofamodel’s out-of-sample predictive performance’—lidentified three
models that predicted withheld data better than does the BH model
of VanDyke et al.!(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 ininflated, unrealistic population
equilibria. Thismodelis ageneralized form of the standard BH model
with an additional parameter, 6, that accommodates a more flexible
response-surface shape®.

Using 1,000 posterior draws of A, a;, a;and 6, from model 7, I cal-
culated FD and ND (replacing A; with /1}/9" 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 isimportant to note, however, that the
Bayesian posteriors of model 7 can generate zero-net-growth equili-
bria (thatis, seed carrying capacities) up to six times higher than those
of the standard BH model (Extended Data Table1). Because coexistence
is predicted usinginvasion analysis at these equilibria, itisimportant
to acknowledge the potential trade-off between models’ predictive
performance on observed data (affecting estimates of A and a), and
realismwhenthese are used to extrapolate carrying capacities. As Van
Dyke et al.! did not conduct competition experiments at abundances
near either model’s predicted equilibria, it is currently notknown which
equilibria are more realistic, nor how well either model would perform
when fitted to data collected at the relevant densities.

Ithen calculated the probability that a switch in coexistence out-
comes had occurred between treatments. This probability, p(switch),
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Table 1| Comparison of various competition models of
density-dependent fecundity, F; using the WAIC

Model (WAIC) (SEWAIC) (AWAIC)
(1) Fi=A; 488117 16.6+4.9 108.0+63.9
(2) F=A-a;Ni-a;N; 423481 19.3+37 424212
(3) F=A;e i~y 423481 19.3+£3.7 42.5+213
(4 F=A/(+aN+a;N) BHmodel) ~ 392:68 21.0+5.4 12.0+10.1
(5) F;= A, @ CilogNi+)-cjlog(nj+1) 383169 215+5.3 2721

() F;=A,/(1+ N+ N2Y) 382170 215452 1.6+1.9

(D F=A,/(1 +aN;+ aN)o 382+70 214254  24:26

Ui

Values shown are meanzs.d. over all speciesxtreatment 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 (AIC,) 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 x treatment
combinations. AWAIC denotes the model's average WAIC difference from the top model for
a species x treatment combination. For all three metrics, lower values indicate better model
performance and stability across treatments.

is defined as p(C;n E), i # j, where p(C)) is the probability of coexist-
ence in the precipitation treatment { with the highest coexistence
probability, and p(E)) is the probability of exclusion (=1- p(C))) 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 mostimportantly, changesin FD between treatments are
no longer significantly positively associated with the functional trait
differences between species pairs (Extended Data Fig. 1). We are left
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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
arethose thatsatisfy the coexistenceinequality. Coloured points represent
posterior draws frommodel 7 (n=1000). Solid coloured shapes are median
posterior estimates from this model and black shapes are the authors’ estimates
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from the BH model. For each panel, the probability that aswitch between
coexistence and exclusion has occurred is also shown. Asterisks denote species
pairsthatwere predicted to have experienced coexistence shiftsinthe original
analysis. AC, Acmispon wrangelianus; FE, Festuca microstachys; HO, Hordeum
murinum; PL, Plantago erecta; SA, Salvia columbariae; UR, Uropappus lindleyi.
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Fig.2|Posterior distributions of coexistence predictions for15species
pairsunder the authors’ original model. Values greater than zero predict
coexistence; values below zero predict exclusion. Grey regions of each
distribution fall outside the 89% highest density interval. Bayes factors
comparing the observed datato the point null of 0—indicating anundetermined

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.’.
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 anonparametric bootstrap to assign binary
outcomes to the predictions with anerror 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 whatanull
hypothesis test of coexistence predictions should entail, I suggest that

coexistence or exclusion classification—are shown next to each plot. Values
lessthanoneindicate oddsinfavour of the point null. Forexample, the value
of 0.15in the first panelindicates the dataare 1/0.15= 6.66 times more likely
under the null hypothesis of undetermined outcome over the alternative of
coexistence or exclusion.

propagatingerror 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
anarbitrary accept or reject criterion.

lillustrate 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
aposterior distribution of predicted competitive outcomes for each
species pair x treatment combination. Bayes factors were used to
assess the relative statistical evidence for the point null hypothesis
fIND, FD) = 0, where f(ND, FD) =ND - (1 - FD™) 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-between'’. To quantify this support, Bayes factors
were calculated using the Savage-Dickey density ratio witha uniform
priorbounded from-2to 1. Using the standard evidence-based inter-
pretation of Bayes factors", the alternative hypothesis of fAND, FD) # O
isonly 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
oneuncertainand one higher-confidence outcome (for example, the
PL-FE and SA-HO species pairs) or as two slightly offset distributions
both occupyingaregion of high uncertainty (for example, the AC-FE
and SA-AC species pairs).

Looking forward, researchers are encouraged to move frombinary,
all-or-nothing predictions of species coexistence to probabilistic, error-
inclusive metrics more transparent in their predictions'®?. Crucially,
since coexistence predictions made from pairwise experiments have
yet to be sufficiently vetted with independent data', 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 formulations® will reduce the need
for bias-prone model selection and permitan explicitaccounting of the
various limiting factors that give rise to niche and fitness differences
between competitors.
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Code availability

Code to replicate this analysis is available at https://doi.org/10.5281/
zen0do.7460881
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Extended Data Table 1| Comparisons of predicted equilibria

Ambient rain

Reduced rain

Species
M.4 M.7 M.7/M.4 M4 M.7 M.7/M.4
ACWR 8,065 28,132 3.5 4,766 18,579 3.9
FEMI 3,619 8,921 2.5 2,665 10,144 3.8
HOMU 776 1,746 2.3 1,481 8,473 5.7
PLER 1,530 3,136 2.1 645 719 1.1
SACO 6,722 31,617 4.7 3,962 18,360 4.6
URLI 6,166 12,402 2.0 2,988 8,076 2.7

Comparison of equilibrium abundance predictions by model 4 (BH) and model 7.
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