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Summary  17

1. Very little is known about how variation in environmental conditions alters the strength and 18

the structure of competitive networks and what are the consequences of this for species 19

coexistence.20

2. We performed a competition experiment with 10 annual plant species to parameterise a 21

population model describing species’ dynamics according to their vital rates and pairwise 22

competitive coefficients. Seeds from all species were sown under two different climatic 23
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scenarios: (i) right before the first major storm of the growing season and (ii) after an imposed 24

fall drought of two months simulating an extreme climatic event of intense aridity.25

3. Species’ demography and competitive responses were used to estimate pairwise stabilising 26

niche differences and average fitness differences. In addition, we used tools from network theory 27

to characterise the structure of multispecies competition from the determinants of species 28

coexistence. Specifically, we evaluated changes in competitive dominance between species pairs, 29

and the prevalence of intransitive competitive relationships for 120 triplets between these two 30

climatic events.31

4. The experimental extreme event significantly reduced fitness differences between species 32

pairs. Such an equalising mechanism promotes coexistence. However, niche differences were 33

also reduced in such a way that the number of species pairs whose niche differences overcame 34

their fitness differences was reduced from six to two.35

5. Contrary to our expectations, the extreme event did not increase the hierarchy of competitive 36

dominance. Instead, and depending on the technique used, the prevalence of intransitivity 37

remained marginally similar (17% to 22%) or significantly increased from 19.4% to 29.8%. This 38

pattern was likely a consequence of the significant changes in competitive dominance between 39

species pairs (26 changes out of 45; 58%). 40

6. Although fitness differences were equalised and intransitive competition promoted, our model 41

predicted a lower likelihood of coexistence under the extreme event for both species pairs and 42

triplets, mainly because competitive interactions did not promote enough niche differences to 43

balance the observed fitness asymmetries in our competitive networks.44

7. Synthesis: We empirically proved that an extreme climate results in communities with reduced 45

niche and fitness differences in which species are less likely to coexist despite the increasing 46

prevalence of intransitive competition.47
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53

Introduction 54

It has been long appreciated that species within natural communities interact with many others 55

simultaneously (Gilpin 1975; May & Leonard 1975; Levine 1976; Goldberg & Landa 1991). 56

However, it has not been until recent times that ecologists have developed techniques to 57

consistently evaluate how diversity is maintained when species are embedded within a larger 58

network of competitive interactions (Allesina and Levine 2011; Soliveres et al. 2015; Gallien et 59

al. 2017; Godoy et al. 2017). This methodological development is critical to start answering60

questions that currently remain unexplored. For instance, very little is known about how 61

variation in environmental conditions might alter the strength and structure of competitive 62

networks and what the consequences of this are for species coexistence. 63

64

Understanding the effects of the environment on the mechanisms of species coexistence 65

is especially important under global change, where climatic conditions are expected to be 66

drastically altered at the planetary scale (Stocker et al. 2013). It is commonly accepted that 67

human alterations of the global climate will lead, in the coming decades, to an increase in the 68

frequency and magnitude of extreme climatic events, such as severe droughts, heavy rainfall,69

cold snaps or heatwaves (Stocker et al. 2013). The exceptional severity of such events highlights 70

the pressing need to better understand the role that climate extremes play in structuring 71
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communities (Smith 2011), and previous work has put strong efforts into understanding the 72

direct species’ responses to these climatic events. For instance, it has been shown that they73

increase individual mortality (Thibault & Brown 2008; Niu et al. 2014) and decrease plant 74

growth (Ciais et al. 2005; Lloret et al. 2016; Ye et al. 2016), which induces changes in 75

ecosystem structure (Kreyling et al. 2011; Matías et al. 2011; Concilio et al. 2016; Copeland et 76

al. 2016) and functioning (White et al. 2001; De Boeck et al. 2011; Schrama et al. 2016; van der 77

Putten et al. 2016). Yet, extreme climatic events can have indirect effects on species persistence 78

and community stability through changes in species interactions (Chase 2007; Smith 2011; Blois 79

et al. 2013). This aspect is equally important but virtually unexplored, and demonstrates our poor 80

understanding about the influence of extreme climatic events on natural communities and the 81

underlying mechanisms being altered (Ma et al. 2015). 82

83

Species interactions are modulated by a range of traits that account for differences in the 84

use of resources, phenology, dispersal, or in their probability to be attacked by natural enemies 85

(HilleRisLambers et al. 2012). Some of these traits promote niche differences which tend to 86

stabilise coexistence between species when intraspecific competition exceeds interspecific 87

competition, while others promote competitive dominance when some species are insensitive to 88

neighbourhood effects (Chesson 2000; Adler et al. 2007). Currently, we lack information on the 89

effect of extreme climatic events on species interactions and thus on the determinants of species 90

coexistence, but some inferences can come from insights obtained from manipulative studies91

simulating climate change predictions. For instance, it has been shown that seasonal changes in 92

water availability reduced species’ fitness in a California grassland but species interactions 93

tended to stabilise community trajectories (Suttle et al. 2007), which suggests that extreme 94

climatic events could impact fitness differences more strongly than niche differences between 95
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species. Nevertheless, it has been shown that climatic variability can change the strength of 96

interspecific competition, which suggests that extreme climatic events could also modify to some 97

extent stabilising niche differences (Adler et al. 2012).98

99

Establishing linkages between extreme climatic events and the determinants of species 100

coexistence is important because we can disentangle which processes are driving species101

extinction. Specifically, we can separate the direct effect of extreme events, as an environmental 102

filter resulting in negative population growth rates, from the indirect competitive effect via 103

increasing fitness differences or reducing the stabilising effect of niche differences. In addition, 104

we can target which species will suffer stronger consequences from the indirect effect of climate. 105

A priori, those species with higher niche differentiation from the rest of the community will 106

likely suffer less from the indirect effect of climate (Adler et al. 2012).107

108

As a result of these modifications of species’ pairwise interactions, extreme climatic 109

events can also produce changes in emergent properties of the community such as the network of 110

competitive interactions. During the last decade, there has been renewed interest in the role of111

competitive networks as drivers of species coexistence (Kerr et al. 2002; Laird & Schamp 2008; 112

Allesina & Levine 2011; Soliveres et al. 2015; Alcántara et al. 2016; Godoy et al. 2017), and 113

information on how such networks are altered under different climate change scenarios has been 114

recently called for. A basic network property that extreme climatic events can change is the 115

degree of prevalence of intransitive competitive relationships. Contrary to the well-documented 116

transitive competition hierarchies (if species A is dominant over B and B is dominant over C 117

then A is also dominant over C; Goldberg & Landa 1991), intransitive competition occurs when 118

there is not a clear best or worst competitor and the maintenance of diversity can be achieved in 119
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a way analogous to the game of rock-paper-scissors: species A excludes B, B excludes C, but C 120

excludes A (Gilpin 1975, May & Leonard 1975). For changes in intransitivity to occur across 121

environmental conditions, species have to differ in their competitive ability (Allesina and Levine 122

2011), which occurs through modifications in demographic rates and competitive responses.123

124

Given that previous work has shown that generally only few species will cope or even 125

take advantage of extreme climatic events (Pérez-Ramos et al. 2017), we hypothesise that the 126

most likely scenario will be a situation of competitive dominance of a few species over the rest 127

of the species in the community. This scenario will likely reduce the presence of intransitive 128

networks. Still, separate to the effect of an extreme climatic event on intransitive prevalence, 129

there remains the question of how the ability of the competitive network to promote coexistence 130

will be reduced. Answering that question requires knowing how strong the fitness asymmetry 131

between competitors is. For both transitive and intransitive networks, coexistence is promoted 132

when the fitness asymmetry between competitors is low and when niche differences buffer such 133

differences in fitness (Godoy et al. 2017).134

135

In sum, distinguishing sources of variation between direct effects (demographic changes) 136

and indirect effect of extreme climatic events (niche differences and competitive networks) is not 137

an easy task. However, we can start exploring these questions with relatively easy to manipulate138

species, from which we can measure their different vital rates and interaction coefficients. Here, 139

we performed an experiment with ten common annual plant species co-occurring in grasslands of 140

Southern Spain for which we field-parameterised a model of species competition, and subjected 141

them to an experimentally simulated extreme dry fall season according with historical climate 142

records for the study area. We selected this type of extreme climatic event as previous work has143
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shown that the timing of first rain storms after summer strongly affects annual plant population 144

dynamics (Levine et al. 2011). Our general goal was to determine how variation in 145

environmental conditions mechanistically affects the maintenance of species diversity. More 146

specifically, we sought to determine how an experimental extreme climatic event determines147

changes in species coexistence through alterations in both pairwise niche and fitness differences 148

as well as in competitive networks. We focused on four main questions: 1) How does the 149

extreme climatic event directly affects species’ fitness? 2) How strongly does the indirect effect 150

of extreme climatic events reduces both niche and fitness differences between species pairs? 3) 151

What are the consequences for the prevalence of intransitive competitive relationships? 4) How 152

do changes in competitive networks affect the maintenance of species diversity? Answering 153

these questions will allow us to quantify the relevance of environmental variability, in the form 154

of an extreme climatic event, for community interactions and to better understand its 155

consequences for species coexistence.156

157

Materials and methods 158

Study site and selected species  159

A common-garden experiment was conducted from September 2014 to June 2015 at La Hampa 160

experimental site (IRNAS-CSIC; 37°16'58.8"N, 6°03'58.4"W; 72 m a.s.l.), Seville, SW Spain.161

The climate is Mediterranean with cool wet winters and hot dry summers (mean precipitation 162

532 mm, mean temperature of the coldest -January-and hottest -July-months are 9.9 °C and 163

25.3 °C, respectively; mean values for the 2001-2016 period). Soils for the 0-10cm depth are 164

loam with pH = 7.7, C/N = 8.7 and organic matter = 1.2 %. We targeted ten common annual 165

plants that naturally co-occur at the study site, covering a wide range of phylogenetic and 166

functional diversity and including six of the most abundant families in the Mediterranean 167
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grasslands of southern Spain (Table 1). Seeds for the experiment were collected from similar 168

habitats, and provided by a commercial supplier (Semillas Silvestres S.L.). To determine the 169

proportion of viable seeds provided by the distributor, we put 200 seeds per species on a moist170

cotton layer in a cold room (10 °C) for five days, and then placed the seeds at room temperature 171

(22 °C) until germination stopped after seven days. Non-germinated seeds were submerged in 172

gibberellic acid for 24 h to stimulate germination and numbers were added. Finally, for those 173

seeds that still did not germinate, their viability was tested by the tetrazolium method (ISTA 174

1999). Stained seeds were added to the previous sum, resulting in total viability (Godoy &175

Levine 2014).176

177

Mathematical model of competition178

We assembled our experiment in order to parameterise a theoretical model. This model 179

synthesises the demographic parameters of annual plants and their interactions into direct and 180

indirect components of population growth rates (i.e. niche and fitness differences). We described 181

the competitive dynamics of a community of annual plant species as follows:182

(eq. 1)

where  is the number of individuals of species i in year t, and  is the per individual seed 183

production in the absence of neighbours, gi is the germination rate, and si is the survival of seeds 184

in the seed bank. The competitive effects at population scale due to neighbours are described by 185

the term in the denominator, where is the per capita effect of a germinant of species j on the 186

seed production of a germinant of species i (the summation includes the intraspecific interaction 187

as well).188
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189

Experimental design 190

The field experiment designed to parameterise the annual plant model consisted mainly of a 191

density gradient where each species competed against all others including themselves. In 192

September 2014, prior to autumn rains (October 2014), an experimental fenced area of 15 × 25 193

m was mechanically cleared of all vegetation, and 180 rectangular plots (0.65 m × 0.5 m) were 194

established separated by landscape fabric for weed control. Each of the 10 study species was 195

sown in a random plot with four different densities (2, 4, 8 and 16 g cm
-2
 of viable seeds). Plots 196

were replicated twice per density and species. Over this species background, we placed a grid (4 197

rows and 5 columns) that was used to sow seeds of the ten species (with two replicates per each 198

of them). In addition, to determine the performance of each species without neighbours, we 199

sowed 10 plots with the same grid of ten species but without background neighbours (resulting in 200

10 species × 4 background densities × 2 replicates + 10 plots without background competition, 201

90 plots).202

203

Annual species germination occurs after major autumn rains (Levine et al. 2011) and, in 204

Mediterranean ecosystems, extreme droughts are often associated with a delay in the start of the 205

rainy season. Therefore, to assess the effect of extreme climatic events on species’ fitness and 206

competitive interactions, we simulated an extremely dry autumn season by replicating the207

complete experimental design sowing seeds on 10
th
December 2014. We selected that date 208

because according to the climatic records for the study area, the year with the latest first fall rains 209

within the last century occurred on December 8
th
1954 (daily data obtained from Sevilla airport 210

meteorological station for the period 1910-2010). This resulted in a delay of 64 days on the start 211

of the rainy season and a precipitation reduction of 206 mm compared to the control sowing on 212
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September, representing a 38.7 % decrease in annual precipitation for that hydrological year 213

2014-2015.214

215

We estimated species’ vital rates as follows. Germination of viable seeds (gi) was 216

quantified by counting the number of seedlings emerged in at least four experimental plots per 217

species (minimum one plot per density). The number of emerged seedlings was divided by the 218

total number of viable seeds sown, and this fraction was averaged across plots for inclusion as 219

the species’ germination term in the model. To determine the specific fecundities in the absence 220

of neighbours (λi), and the per capita effect of each species on itself and their competitors (the 221

interaction coefficients ’s), we measured the seed production per plant (Fi) of all focal 222

individuals in the 180 plots (counting the total number of fruits produced, dividing by the mean 223

number of seeds per fruit, and correcting for viability). To quantify the competitive environment 224

of each focal plant, we counted the number of competitor individuals within a 7.5 cm radius after 225

germination (Godoy et al. 2014). At the end of the experiment, we used maximum likelihood 226

methods to fit both λi, and αij (bounded to be positive) according to the following function:227

(eq. 2)

where Nj,t was the number of germinated competitor individuals of species j surrounding focal 228

individuals of species i. For each target species i, we fit a separate model jointly evaluating its 229

response to individuals of all other species and itself. This approach fits a single per germinant 230

fecundity in the absence of competition, λi for each species i. To obtain the seed bank survival (si231

in eqn. 1), we followed the method detailed in Godoy & Levine (2014), burying seeds on the 232

surrounding area from September 2014 to August 2015 and determining their viability by the 233

same method previously described above.234
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235

Estimation of niche and fitness differences and building up of competitive networks 236

Once the model is field parameterised for both climatic events, we can estimate the stabilising 237

niche difference, which determines the per capita growth rate advantages that species gain when 238

rare, and the average fitness difference, which determines the degree to which one species is 239

favoured over the other in competition. According to Godoy & Levine (2014), niche overlap, ,240

between any pair of species is:241

(eq. 3)

This equation reflects the average degree to which species limits themselves compared to how 242

they limit other competitors. Niche overlap is 1 when species limit individuals of their own 243

species and their competitors equally, and coexistence is not possible unless species are identical 244

in their average fitness. Niche overlap is 0 when there are no interspecific effects. The stabilising 245

niche difference is 1-. For example, an extreme drought may reduce the availability of 246

resources. This could increase interspecific competition reducing niche differences between 247

species. Finally, because we have no a priori hypotheses for how priority effects modulate 248

coexistence in competitive networks, we set stabilising niche difference to zero (complete niche 249

overlap) for subsequent analyses in those species pairs where the interspecific effects exceeded 250

intraspecific effects.251

252

The average fitness ratio between any pair of species (j ∕i ) determines which species 253

wins if there is complete niche overlap (=1) (Godoy & Levine 2014).254
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(eq. 4)

where j is the annual seed production per seed lost from the seed bank due to death or 255

germination ( ) and and are the per capita effect of a germinant of species i and 256

species j on the seed production of a germinant of species j, respectively.257

258

With the estimation of niche and average fitness differences between species pairs, we 259

followed two different approaches (see details in Godoy et al. 2017) to build a competitive 260

network in order to assess the frequency of transitive (i.e. species arranged along a competitive 261

hierarchy) versus intransitive competition (i.e. species arranged in a non-hierarchical loop) 262

among the 10 focal species considered under the two climatic scenarios. The first approach 263

consisted in evaluating the average competitive fitness differences (eq. 4) between all pairs to 264

determine the superior species in the absence of pairwise niche differences. The second approach 265

used instead linear algebra techniques (Godoy et al. 2017) to calculate equilibrium abundances 266

between species pairs for determining pairwise dominance in terms of higher population size at 267

equilibrium. The advantage of the first approach is its close relationship to a strict definition of 268

intransitive competition based only on fitness differences, and results obtained serve to make 269

them comparable with the degree of intransitivity found in previous studies (Godoy et al. 2017). 270

Meanwhile, the second approach has the advantage of matching previous theoretical work on 271

how intransitive competition operates (Allesina & Levine 2011). It also makes it possible to 272

evaluate the combined effect of niche and fitness differences on the prevalence of intransitive 273

competition. In both approaches, we estimated an adjacency matrix for each climatic scenario 274

assigning a value of 1 to the superior competitor within each pair and a value of 0 to the inferior 275

competitor. For the second approach, we removed pairs where both species attained non-zero 276
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abundances at equilibrium since an intransitive loop based on pairwise competitive exclusion 277

cannot contain pairs of species that coexist in isolation (Godoy et al. 2017).278

279

Next, we calculated the proportion of transitive and intransitive triplets for all 280

combinations of three species (a total of 120). We then compared transitive and intransitive 281

proportions between both climatic scenarios to test whether the extreme climatic event changes282

the prevalence of intransitive dominance in competitive networks. We also compared transitive 283

and intransitive proportions to those predicted by a binomial distribution that assigns competitive 284

dominance randomly within a species pair (which generates an expectation of 25% of triplets 285

being intransitive and 75% of triplets being transitive; Shizuka & McDonald 2012). Finally, we 286

compared whether the structure of the competitive superiors within species pairs changed under 287

the experimental extreme event by comparing the number of changes in competitive superiority288

in the adjacency matrices to that predicted again by a binomial distribution, which assumes a 289

random probability of change of 50% (either the competitor superiority changes or remains the 290

same within a species pair).291

292

In the last step of the analyses, we assessed the combined effect of indirect competitive 293

effects and pairwise niche differences on the maintenance of species diversity. For that, we 294

algebraically solved for the unique equilibrium of species abundances for all combinations from 295

3 to 10 species (a total of 1012 assemblages) under the two climatic conditions. Following 296

techniques developed in Godoy et al. (2017) we used a matrix inversion approach applied to the 297

model in equation 1 parameterised with the empirically observed vital rates and interaction 298

coefficients in order to determine which species assemblages were feasible (i.e. assemblages 299

showing positive abundances of all members at equilibrium). Then, we targeted which of the 300
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feasible assemblages were also stable by computing whether the maximal eigenvalues (in 301

absolute value terms) of the Jacobian matrix for the annual plant model was less than one. One 302

limitation of these techniques is that they allow the evaluation of coexistence under a fixed 303

equilibrium point but they do not capture potential coexistence promoted by intransitive 304

structures with heteroclinic cycles (see Stouffer et al. 2018 for recent developed methods). To 305

partially solve this limitation, we took another approach in which we evaluated whether 306

transitive and intransitive triplets differed in the time to which the first species become extinct, 307

starting from a population of 10,000 seeds. These differences under the two climatic conditions 308

were evaluated using a one-way ANOVA for unbalanced sample size. All analyses were 309

conducted in R (version 3.3.1; R Development Core Team 2016). All data 310

311

Results 312

We found in our experiment a wide range of pairwise niche and fitness differences under control 313

precipitation conditions. Both types of species differences were reduced by the imposed two-314

month delay in the first rain storm (Fig. 1), although this effect was only significant for fitness 315

differences and marginally significant for niche differences (paired t-test, t = 2.3564, df = 44, P = 316

0.0230 and t = 1.7493, df = 44, P = 0.0872, respectively). Of the three vital rates describing the 317

demographic component of the fitness differences (i, the annual seed production per seed lost 318

from the seed bank due to death or germination), the extreme climatic event significantly 319

reduced seed production in the absence of competition (λi, paired t-test, t = 2.3868, df = 9, P = 320

0.0408) , but not seed germination (si, t = 0.1223, df = 9, P = 0.9053) or seed survival in the soil 321

bank (gi, t = 1.2215, df = 9, P = 0.2529). Moreover, intraspecific competition was similar in the 322

two climatic scenarios (paired t-test, t = 1.3135, df = 9, P = 0.2215) but the sensitivity of each 323
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species to competition significantly increased under the extreme climatic event (t = 2.3976, df = 324

44, P = 0.0208). 325

326

Based on the methodology to estimate the prevalence of intransitive competition from 327

species fitness differences (eq. 4), we found that under control climate only 20 of the 120 328

possible triplets composing the competitive network of ten species (17%) showed intransitive 329

competition based on the pairwise fitness differences, and this proportion increased although not330

significantly under the extreme climatic event to 26 (22%) (χ2 = 0.67, df = 1, P = 0.4122). 331

Compared to a random assignment of competitive dominance to each pair, these changes in the 332

proportion of intransitive competition shifted from lower intransitivity that expected by chance 333

under control conditions (P = 0.0086) to marginal differences under the extreme drought (P = 334

0.0610).335

336

If we used instead predicted species abundances at equilibrium to build the competitive 337

network, we found a significant trend toward higher intransitivity under extreme climatic 338

conditions (χ2= 3.90, df = 1, P = 0.0483). Specifically, the number of intransitive triplets under 339

control climate was 14 (19.4% of a total of 72 triplets), and under extreme climatic conditions 340

was 31 (29.8% of a total of 104 triplets). These changes in proportions shifted from marginally 341

significant to significant the degree of intransitivity of the competitive matrix compared to a 342

random competitor dominance assignment (P = 0.0631 and P = 0.0461, respectively; Fig. 2). We 343

also observed changes between treatments in competitive dominance in several species pairs and 344

this resulted in a significant change in overall intransitivity (as calculated with the second 345

approach). Specifically, a total of 26 changes of dominance between species pairs occurred346
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(58%), a proportion significantly higher than expected if changes in competitive superiority 347

within a species pair were randomly assigned (P < 0.0001).348

349

Although the extreme event significantly equalised fitness differences and reduced the 350

competitive hierarchy between species within the network, which would tend to increase the 351

number of coexisting species, our analyses predicted a reduction in the number of coexisting 352

pairs and triplets. Specifically, six pairs (out of 45) and one transitive triplet were found to have a 353

feasible and stable equilibrium under control climatic conditions, whereas we predicted a 354

feasible and stable equilibrium only for two pairs under the extreme event (Fig. 3). Only one pair 355

of species is predicted to coexist under both climatic scenarios (M. polymorpha (MEPO) and S. 356

alba (SIAL)), although the competitive dominance changed from S. alba under control climatic 357

conditions to a dominance of M. polymorpha under the extreme climatic event. As expected, this 358

species pair coexists under both climatic conditions because observed niche differences 359

overcame their differences in fitness. The maintenance of this pair occurred because the delay of 360

the first major rain reduced fitness differences more strongly than niche differences. 361

Surprisingly, we did not predict any intransitive triplet to reach equilibrium with all members at 362

positive abundances, and this result was also true for assemblages of 4, 5, …, 9, 10 species 363

regardless of their network structure and regardless of whether these assemblages include species 364

pairs that coexist in isolation. Finally, we did not observe that transitive and intransitive triplets 365

differ in the way they maintain transient coexistence. The time to extinction of the first species 366

within triplets was similar for the two groups under the climate control (time transitive = 6.40 ± 367

0.26 yr, time intransitive =5.58 ± 0.64 yr, F =1.94, P = 0.1665) and under the extreme climatic 368

event (time transitive = 6.24 ± 0.30 yr, time intransitive =6.65 ± 0.35 yr, F =0.5127, P = 0.5338).369

370
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Both direct and indirect effects accounted for the overall reduction in the probability of 371

species coexistence between climatic scenarios. First, the extreme event had a direct effect in 372

reducing the fitness of three species below positive population growth rates (i.e. (B. 373

officinalis (BOOF), D. erucoides (DIER), and C. arvensis (CAAR)) through changes mainly on 374

the seed production in the absence of competition, and seed germination rates (Table 1). This 375

means that the extreme climatic event can act as an environmental filter for the exclusion of 376

these three species without the further effect of competitive interactions. Second, although the 377

overall indirect effect of the extreme climatic event through reducing niche differences was not 378

significant, these differences were reduced in such way that most coexisting species pairs under 379

control climatic conditions move out of the coexistence region under the extreme climatic event380

(Fig. 1). 381

382

Discussion 383

Although several studies have shown that changes in environmental conditions, and particularly 384

extreme climatic events, can profoundly impact ecological communities (White et al. 2000; 385

Thibault & Brown 2008, Smith 2011; Wernberg et al. 2013), how variation in environmental 386

conditions might alter the strength and structure of competitive networks, the degree of 387

intransitive competition and what the consequences of this might be for species coexistence are 388

poorly understood (Smith 2011; Alexander et al. 2015). By combining a field competition 389

experiment with a manipulation of the timing of the first rains, we found that our extreme 390

climatic event strongly modified species’ fecundity and their responses to competition. 391

Importantly, our study is the first to provide evidence that these modifications bring along 392

changes in how species differentiate in their niches and their fitness. In our experiment, 393

communities became less differentiated in the determinants of species coexistence under the 394
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extreme climatic event because both niche and particularly fitness differences were reduced (Fig. 395

1).396

397

Contrary to our expectations, changes in the determinants of species coexistence did not 398

increase the competitive hierarchy among species. In fact, our results show just the opposite. The 399

prevalence of intransitive competitive interactions increased under the extreme event, related to400

changes in the competitive dominance between species pairs within the network (Fig. 2). Our 401

results therefore suggest that the effect of extreme climatic events on biodiversity loss 402

documented in prior work (Matías et al. 2011; Harrisons et al. 2015) does not occur because a 403

few species become better competitors by taking advantage of these particular environmental 404

conditions. Rather, species within communities have lower chances to be differentiated in their 405

niches, which results in the dominance of slightly better competitors over the rest of the 406

community.407

408

Extreme climatic events change the architecture of competitive networks. 409

We found a strong modification of pairwise niche and fitness differences under the extreme 410

climatic event, which resulted in significant changes in competitive dominance across species 411

pairs. So far there is no a priori expectation in the literature on whether changes in competitive 412

dominance associated with environmental variation should increase or decrease the degree of 413

intransitivity in competitive networks. In our study, these changes in competitive dominance 414

caused a higher prevalence of intransitive competition under the extreme climatic event, yet not 415

all mechanisms driving changes in competitive dominance were predictable. The reduction in 416

species’ fecundity was somehow expected as species had less time for growing, and prior work 417

has consistently shown that shorter phenology implies reduced fitness (Godoy & Levine 2014;418
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Kraft et al. 2015). Less clear is why species were more responsive to interspecific competition 419

but their responses to intraspecific competition remained similar. It is difficult to speculate,420

without further information, on what mechanisms might be driving these differences in intra-and 421

inter-specific responses, but a possible explanation might be related to interspecific differences422

in functional traits. The shift in the timing of the first rain was associated with a 40% of 423

reduction in total rainfall, and this decrease in the amount of water available could make species424

less tolerant to interspecific competition (Tsialtas et al. 2001; White et al. 2001; Jucker et al. 425

2014). However, this mechanism would explain an overall increase in the species’ sensitivity to 426

competition and not the differential results found between intra- and interspecific competitive 427

responses. Possibly other abiotic factors not manipulated here such as nutrient availability, and 428

biotic factors operating at larger scales such as specialist pathogens, pollinators, and herbivores429

could explain these differences (Tilman 1994; Olff & Ritchie 1998; Pauw 2013; Parker et al. 430

2015). Finally, it was completely unexpected why changes in interspecific competition were 431

related to an increase in the prevalence of intransitive competitive interactions. In other words, 432

the extreme climatic event reduced the competitive dominance of all species in general, except 433

for the case of the legume Vicia sativa (VISA) and the grass Bromus madritensis (BRMA), 434

which were competitively superior and dominated 6 out 9 interactions and 5 out 9 in current and 435

extreme climate, respectively (Fig. 2). We speculate that the ability to obtain soil resources under436

water limited conditions could be involved in explaining these changes in specific pairwise 437

responses. Regardless of the mechanisms, our results show that we are still far from a solid 438

understanding of what environmental factors control the structure of competitive networks. 439

Fruitful avenues of future research would need to include both factors operating at different 440

specific levels (intra versus interspecific competition) and at different scales (local abiotic 441

resources versus regional biotic resources). 442
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443

Do limiting factors promote intransitive competition?  444

Our experiment was an extreme manipulation in which changes in species’ fitness and responses 445

to competition become significant. Still, our results, together with previous work, can serve to 446

discuss the role of environmental variability as a promoter or limiting factor for intransitive 447

competition. Theoretically, the greater the number of limiting factors in a system, the more likely 448

it is for intransitive competition to emerge (Huisman et al. 2001, Allesina & Levine 2011). The 449

few published studies support this view, despite the disparity in the methods used to select the 450

number of species comprising the competitive networks and the techniques to estimate the 451

prevalence of intransitivity. At one extreme, there is Shipley (1993)’s review who found that 452

intransitive competition was virtually non-existent in experiments conducted largely in a453

greenhouse where we can assume that environmental variation is generally low. Another very 454

similar study to the one performed here, which was also conducted under field conditions and455

within a single location found that the proportion of intransitive competition for a competitive 456

network comprised of 18 species was between 15-19% (Godoy et al. 2017). This is a proportion 457

significantly lower than expected by chance and similar to what we found here when the timing 458

of the first major storm event was not manipulated (17-22%). We only found a higher prevalence 459

of intransitive competition than expected by chance when we imposed an extreme autumn 460

drought, which agrees with previous findings in heterogeneous landscapes on the widespread 461

presence of intransitivity in plant networks of grasslands and global drylands and the finding of 462

more intransitivity in more arid sites (Soliveres et al. 2015). In consequence, it seems reasonable 463

to expect a higher prevalence of intransitivity under stressful conditions which limit growth, as 464

could be caused by drought.465

466
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It is difficult to determine whether communities with reduced niche and fitness 467

differences would also be more intransitive as there is no similar study to compare and we lack 468

of theoretical expectations. It is more reasonable to think that lack of clear competitive 469

dominance across species pairs (i.e. random assignment of competitive dominance) is related to 470

an increase in the prevalence of intransitivity. Although we found these patterns under the 471

extreme event, there are no theoretical expectations that both properties are positively correlated. 472

We hypothesise that the degree of correlation will depend on which parameters are being 473

modified by the environment. If species’ vital rates (fecundity, seed germination and seed soil 474

survival), and hence, species fitness and their demographic differences are affected, we could 475

expect a change in the prevalence of intransitivity without changing the range of pairwise niche 476

differences. However, if competitive interactions are altered by the change in the environment, 477

then correlative patterns could be detected as the interaction coefficients defining pairwise niche 478

differences also define the fitness component of competitive response differences (the eq. 3 and 479

the second component of the eq.4 include the four coefficients of competitive interactions 480

between a species pair, although their arrangement is different).481

482

Separating the prevalence of intransitive competition from its promotion of species diversity. 483

Previous theoretical and observational work has suggested (Kerr et al. 2002; Laird & Schamp 484

2008; Soliveres et al. 2015; Alcántara et al. 2016) that intransitive competition strongly 485

promotes species diversity in natural systems. However, our apparent contradictory results of 486

lower predicted coexistence under higher prevalence of intransitive competition challenge this 487

view. The idea that effects of intransitive competition on coexistence are weaker than commonly 488

expected has been recently suggested, and discrepancies between studies can be related to how 489

they have estimated the unevenness of competitive dominance in intransitive networks (Godoy et 490
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al. 2017). We estimated such unevenness of competitive dominance using two different sources 491

of information: fitness differences or differences in species abundances at equilibrium. The 492

fitness differences approach is useful for separating the roles of niche differences and intransitive 493

competition in maintaining species diversity. As we discuss below, this approach helps to 494

mechanistically understand why intransitive structures of fitness differences in isolation might 495

poorly maintain diversity in natural communities without the additional stabilising effect of 496

niche differences. Meanwhile, the second approach can be considered a more general 497

approximation that suits better to study the prevalence of intransitive competition when niche 498

and fitness differences cannot be estimated due to logistic or methodological limitations. 499

500

The important common factor to both approaches is that they estimate the configuration 501

of intransitive loops in a quantitative way. This is a substantial difference compared to almost all 502

previous theoretical work, in which intransitive competition is estimated from an adjacency 503

matrix composed of ones and zeros, which treats competitive dominance in a qualitative way 504

(either a species wins or loses; e.g. Laird & Schamp 2008; Alcántara et al. 2016). Our approach 505

serves to show that the asymmetry of competitive dominance is quite broad across species pairs. 506

In our study, the pairwise fitness differences (the Eq. 4 values) ranged from a minimum of 1.01507

to a maximum of 74,198.71 ± 11,551.21 (mean ± SD) under control climatic conditions, and 508

these values were reduced by an order of magnitude from a minimum of 1.17 to a maximum of 509

1,222.89 ± 269.68 (mean ± SD) under the extreme climatic event. This variation in fitness 510

differences between species pairs reduces the ability of intransitive networks to maintain 511

diversity for one important reason. Intransitive competition maintains diversity if there are even 512

fitness differences between species. If, in contrast, fitness differences are highly uneven, as 513

occurred in our experiment, then intransitive competition will not promote coexistence unless 514
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there are also enough niche differences to stabilize such fitness asymmetries. Niche differences 515

did occur in our experiment but they were so weak under the extreme climatic event that they 516

could not counteract the competitive dominance effect of fitness asymmetry between species517

(although fitness differences themselves were reduced an order of magnitude compared to the 518

standard climatic conditions; Fig. 3). This imbalance of pairwise competitive dominance with 519

respect to the stabilising niche differences was driven by a common source of variation in our 520

experiment, this was, changes in species responses to interspecific competition under the 521

extreme climatic event. On the one hand, species became more sensitive to interspecific 522

competition, resulting in reductions of pairwise niche differences (the Eq. 3 values represented in 523

Fig. 1). On the other hand, these changes in the sensitivity to competition did not occur in any 524

particular direction, significantly increasing the prevalence of intransitivity. In sum, our results 525

suggest that intransitive competition has a limited role for promoting coexistence under extreme 526

climatic events. Yet, we should also take into account that our experiment did not incorporate 527

spatial or temporal heterogeneity in the availability of other resources than water, so we could be 528

underestimating niche differences and the amount of intransitivity likely arising in more complex 529

systems (Allesina & Levine 2010; Soliveres et al. 2015). 530

531

Limitations 532

Although our study is the first to evaluate direct and indirect effects of an experimental extreme 533

climatic event on species coexistence through the network of competitive interactions, our 534

methodological approach is not free of limitations. First and foremost, our approach predicts535

coexistence but does not measure it directly in the field. Our predictions are based on the 536

empirical parameterisations of the annual plant model which accounted for two contrasted 537

conditions, either a control or an extreme delay on the timing of the first major rains. Therefore, 538
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we did not evaluate the effects of periodically extreme climates on coexistence. Our aim was to 539

show the consequences of an extreme climatic event for the balance of niche and fitness 540

differences and the network structure of competitive interactions rather than to simulate future 541

biodiversity scenarios in response to climate change. Since the experimental treatment did not 542

modify seed germination and seed soil survival rates, seeds could buffer the negative 543

consequences of the extreme event (i.e. storage effect) likely promoting a higher number of 544

coexisting species than predicted. This consideration does not modify how an extreme climatic 545

event changes the properties of the competitive network but implies that annual communities are546

likely more resilient to extreme climatic changes than reported here. Second, our interactions are 547

fundamentally pairwise. This means that we ignore the effect that a third species can have on the 548

per capita effect of one species on another. Including such “high order interactions” in 549

competitive networks is paramount as recent work has shown that they can have great potential 550

to alter coexistence dynamics either increasing the degree of competition or facilitation between 551

species (Mayfield & Stouffer 2017). Finally, the phenomenological nature of our approach 552

limited our ability to distinguish the sources of abiotic and biotic variation that increased the 553

prevalence of intransitive competition under the extreme climatic event. 554

555

Conclusions 556

Extreme climatic events can profoundly alter the dynamics of species coexistence through direct 557

changes in demography and indirect changes in species responses to competition. However,558

empirical evidence for these modifications and their effects on the properties of competitive 559

networks had not been analysed until now. By combining an experimental approach with 560

mathematical tools from niche and network theories, we found that an extreme delay in the561

timing of the first major rains significantly reduces the fecundity of ten annual plant species and 562



25

increases their sensitivity to competition. Both direct and indirect effects reduced the species’ 563

ability to be differentiated in their niches and in their fitness. As a consequence, these 564

communities with reduced niche and fitness differences exhibit a low ability to promote 565

coexistence despite an increase in the prevalence of intransitive competition. Since our approach566

was mostly phenomenological, understanding the abiotic and biotic sources of the effects of 567

extreme climatic events on coexistence dynamics is an important task that deserves more 568

attention in future work.569
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Table 1: Species names and codes and their demographic vital rates (mean ±SE) used in this experiment under the two climatic scenarios: 

control climate (CC) and extreme climatic event (ECE).  

Species

(Family)

Code Seed production in the 

absence of competition 

(

Germination rate (g) Seed survival in the seed bank 

(s)

CC ECE CC ECE CC ECE

Borago officinalis

(Boraginaceae)

BOOF 133 ± 15 10 ± 6 0.016 ± 0.009 0.018 ± 0.008 0.091 ± 0.035 0.154 ± 0.06

Bromus madritensis

(Poaceae)

BRMA 20 ± 6 51 ± 18 0.057 ± 0.023 0.082 ± 0.024 0.167 ± 0.084 0.151 ± 0.064

Calendula arvensis

(Asteraceae)

CAAR 174 ± 26 22 ± 13 0.086 ± 0.015 0.021 ± 0.012 0.171 ± 0.101 0.173 ± 0.086

Capsella bursa-pastoris

(Brassicaceae)

CABU 118 ± 30 102 ± 42 0.04 ± 0.019 0.016 ± 0.006 0.289 ± 0.147 0.304 ± 0.094

Diplotaxis erucoides

(Brassicaceae)

DIER 836 ± 164 107 ± 33 0.006 ± 0.004 0.001 ± 0.001 0.324 ± 0.136 0.291 ± 0.102

Matricaria chamomilla

(Asteraceae)

MACA 355 ± 83 129 ± 47 0.005 ± 0.002 0.010 ± 0.005 0.319 ± 0.104 0.468 ± 0.157

Medicago polymorpha

(Fabaceae)

MEPO 1317 ± 251 261 ± 64 0.087 ± 0.022 0.056 ± 0.018 0.213 ± 0.098 0.171 ± 0.08

Papaver rhoeas

(Papaveraceae)

PARO 668 ± 65 501 ± 158 0.013 ± 0.009 0.045 ± 0.020 0.031 ± 0.009 0.175 ± 0.098

Sinapis alba

(Brassicaceae)

SIAL 2272 ± 584 772 ± 196 0.073 ± 0.024 0.028 ± 0.020 0.269 ± 0.082 0.253 ± 0.116

Vicia sativa

(Fabaceae)

VISA 41 ± 8 34 ± 13 0.186 ± 0.082 0.275 ± 0.096 0.216 ± 0.088 0.218 ± 0.121
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Figure 1 Relationship between pairwise niche and fitness differences for the two climatic 

scenarios considered: (a) control climatic scenario for the study area where the first major rains 

after the drought period occurred in October, and (b) an extreme climatic event where first major 

rains came in December causing a 2-month delay in seed germination. Note that each point is a 

pair of species, and there are provided error bars for niche and fitness differences calculated from 

propagating the standard error of each parameter of the annual plant model that was obtained 

from field conditions or maximum likelihood estimations. The red solid line separates the region 

where the condition for coexistence is met (ji ) from the competitive exclusion region. Six 

species pairs fall in the coexistence region under control climatic conditions and two under 

extreme climatic conditions (see Fig.3 for identities of the coexisting species pairs). For the rest 

of the species pairs, average fitness differences exceed stabilising niche differences. 
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Figure 2: Illustration of the competitive network for the ten species included in our experiment 

under control climatic conditions (a) and under the experimentally-induced extreme climatic 

event (b). The direction of the arrow points to the worst competitor within each pair of species 

and the arrow width is defined by differences between species pairs in their population size at 

equilibrium obtained following a matrix inversion approach of Yodzis (1988), which considers 

together the effect of species demographic parameters and pairwise competition coefficients on 

determining such species population sizes. Changes in arrow direction indicate changes in 

dominance between climatic scenarios. This figure shows that the extreme climatic event 

significantly reduced differences in population sizes across species (compare the width of the 

lines between a) and b). In addition, the extreme climatic event reduced the dominance of a few 

competitors which likely increase the degree of the intransitivity in the competitive network. For 
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instance, Calendula arvensis (CAAR) was an overall superior competitor under climate control 

(only loses two times) but became less competitive under the extreme climatic event (loses four 

times). Conversely, Medicago polymorpha (MEPO) was an overall inferior competitor under 

climate control (loses seven times) but became a better competitor under the extreme climatic 

events (loses four times). Species codes are provided in Table 1.
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Figure 3: Illustration of the 6 species pairs and one transitive triplet that produced a feasible and 

stable equilibrium under control climatic conditions (a), and the 2 species pairs with the same 

properties under extreme climatic conditions. Note that for both climatic conditions, we did not 

predict any intransitive triplet with a feasible and stable equilibrium. Black arrows denote the 

magnitude of fitness differences, and their direction of determines the best competitor within 

species pairs or triplets. Pairwise niche differences (between 0 and 1) are provided numerically 

for each species pair. Species codes are provided in Table 1.  




