
Colonization – persistence trade-offs in natural
microbial communities

Vicente J. Ontiverosa, José A. Capitána,b, Emilio O. Casamayorc, and David Alonsoa

aTheoretical and Computational Ecology, Center for Advanced Studies of Blanes (CEAB-CSIC),
Spanish Council for Scientific Research, Accés Cala St. Francesc 14, E-17300 Blanes, Spain

bComplex Systems Group. Department of Applied Mathematics, Universidad Politécnica de Madrid.
Av. Juan de Herrera, 6. E-28040 Madrid, Spain

cIntegrative Freshwater Ecology Group, Centre of Advanced Studies of Blanes (CEAB-CSIC), Spanish
Council for Scientific Research, Accés Cala St. Francesc 14, E-17300 Blanes, Spain

February 19, 2020

Corresponding authors David Alonso / Emilio O. Casamayor
Address Centre for Advanced Studies (CEAB-CSIC)

C. Accés Cala Sant Francesc, 14
17300 Blanes, Catalunya, Spain

Phone / Fax +34 972 33 6101 / +34 972 33 7806
E-mail Vicente J. Ontiveros vicente.jimenez@ceab.csic.es
E-mail José A. Capitán ja.capitan@upm.es
E-mail Emilio O. Casamayor casamayor@ceab.csic.es
E-mail David Alonso dalonso@ceab.csic.es
Type of Article Letter
Running title Colonization – persistence trade-offs
Words Abstract 149
Words Main Text ≈4120
Figures / Tables 4 / 2
References 64
Text Boxes 0

Statement of authorship: EOC and DA conceived the study. VJO conducted bioinformatic analyses. VJO and JAC con-
tributed with scripts and analyses. VJO led the analyses of the data and wrote the first draft. All authors carefully edited,
revised, corrected, critically contributed to, and approved the final version of the ms. All authors contributed to developing
the basic concepts on which this work in based on along several “Bridges” workshops.

Data accessibility statement: The complete genetic datasets are available in GenBank under BioProject record IDs PR-
JNA566370 (Pyrenean lakes), PRJNA429605 (Monegros), and as supplemental material for the Swiss soils (Hartmann et al.,
2014).

1



Abstract1

Fitness equalizing mechanisms, such as trade-offs, are recognized as one of the main factors promoting2

species coexistence in community ecology. However, they have rarely been explored in microbial communities.3

Although microbial communities are highly diverse, the coexistence of their multiple taxa is largely attributed4

to niche differences and high dispersal rates, following the principle “everything is everywhere, but the envi-5

ronment selects”. We use a dynamical stochastic model based on the Theory of Island Biogeography to study6

highly diverse microbial communities over time across three different systems (soils, alpine lakes, and shallow7

saline lakes). Here we report for the first time a colonization-persistence trade-off in natural microbial com-8

munities. We conclude that this trade-off is mainly driven by rare taxa, which are occasional and more likely9

to follow independent colonization/extinction dynamics. Our work also emphasizes the fundamental value of10

dynamical models for understanding temporal patterns and processes in highly diverse communities.11

Keywords: Colonization-extinction dynamics Species coexistence Natural microbial communities Species12

Sorting Neutral Theory Fitness equalization Colonization-Persistence trade-off13
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Introduction14

Contemporary coexistence theory indicates that there are two major classes of mechanisms that promote coexis-15

tence: stabilizing mechanisms that increase negative frequency-dependent selection, and equalizing mechanisms16

that reduce fitness differences among species (Chesson, 2000). Stabilizing mechanisms comprise resource parti-17

tioning, disease, or storage effects (Hillerislambers et al., 2012), while equalizing mechanisms such as trade-offs18

are generally produced by life-history trait evolution in a context of historical contingency (Hubbell, 2001). Al-19

though many examples of trade-offs can be found in macroscopic communities (e.g., Connell (1961), Siepielski20

et al. (2010), Werner & McPeek (1994)), few have been shown for microbes, usually in experimental metacommu-21

nities (e.g., Cadotte et al. (2006), Livingston et al. (2012)). To the best of our knowledge, equalizing mechanisms22

in natural microbial communities have not been carefully evaluated yet. In this paper, our goal is to examine the23

role of a colonization – persistence trade-off in promoting coexistence across natural microbial communities in24

both terrestrial and aquatic ecosystems.25

The coexistence of a high number of species is a recurring theme in ecology (Hutchinson, 1959). Despite the26

key insight of Chesson (2000), ecologists are unable to predict species coexistence in an open area (Sutherland27

et al., 2013). Metacommunity ecology (Holyoak et al., 2005, Leibold & Chase, 2017) tries to understand species28

coexistence and biodiversity, recognizing the importance of scale and spatio-temporal processes. Metacommunity29

ecology is characterized by four distinct archetypes: species sorting (SS), which focuses on how local environ-30

mental conditions enable some species to coexist; neutral theory (NT), which centers on dispersal limitation and31

demographic stochasticity; patch dynamics (PD), which concentrates on the balance of colonization and extinc-32

tion processes in relatively homogeneous patches; and mass effects (ME), which emphasizes that dispersal may33

outweigh competitive forces in a set of heterogeneous patches. Adler et al. (2007) relate SS and NT with stabiliz-34

ing and equalizing mechanisms, respectively. SS is related to niche differences, while in NT, dispersal limitation35

and stochasticity associated to demographic processes override fitness differences resulting in equalization. In the36

PD archetype, species diversity is maintained by equalizing mechanisms, such as trade-offs in colonization and37

competitive ability (Calcagno et al., 2006, Solé et al., 2004, Tilman, 1994), or survival/fecundity and competition38

(Chave et al., 2002, Muller-Landau, 2010).39

Microbial communities are highly diverse, and their dynamics have been explained traditionally with the40

principle "everything is everywhere, but the environment selects" (Barberán et al., 2014, Becking, 1934). Con-41

sequently, microbial diversity is usually understood appealing to the formation of highly interacting microbial42

associations maintained by niche differences, thus emphasizing that stabilizing mechanisms underlie microbial43

coexistence. This interpretation of the principle neglects the effects of dispersal (Barberán et al., 2014, Nemergut44

et al., 2013), a potential equalizing mechanism. Classical microbial ecology has made almost no mention of45

coexistence-promoting mechanisms when analyzing microbial communities. However, microbial ecologists have46

recently started to talk in terms of general theoretical frameworks in ecology, such as community assembly and47
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metacommunity ecology (Costello et al., 2012, Nemergut et al., 2013). In fact, there has been considerable de-48

bate on whether SS or NT dominates as an assembly mechanism in microbial communities, with a somewhat49

inconclusive result (Lee et al., 2013, Van der Gucht et al., 2007, Woodcock et al., 2007).50

Interestingly, it has been conjectured that the relative importance of assembly mechanisms might differ for51

distinct components of the microbial communities (Langenheder & Székely, 2011, Lindström & Langenheder,52

2012). Along similar lines, Hanski 1982 already proposed the core-satellite hypothesis, framed within the PD53

archetype, where stochastic variation in colonization and extinction rates leads to species falling into two distinct54

categories: core species, abundant and persistent, and satellite species, occasional and rare. Magurran & Henderson55

(2003) extended the relevance of the core-satellite hypothesis into the temporal domain, finding that core species56

display a species abundance distribution compatible with a log-normal distribution, while satellite species follow57

a log-series. These differences were associated with distinct functional roles for these two components. Microbial58

ecologists have also identified core and satellite species (van der Gast et al., 2011). Thus, the maintenance of59

species coexistence in highly dynamic communities, such as the microbial ones, should not be constrained to a60

single dominant mechanism.61

Here we suggest that equalizing mechanisms of coexistence in microbial communities are more important than62

currently acknowledged and that the relative importance of stabilizing vs. equalizing mechanisms is different in63

core and satellite taxa. In this article, we first validate the use of the simplest stochastic model underlying island64

biogeography to estimate colonization and extinction rates from temporal series of microbial metacommunities.65

Then we report a novel colonization – persistence trade-off characterizing these metacommunities coherently at66

different taxonomical levels. Moreover, we found that this trade-off is mainly driven by satellite species, the rare67

component of the community. The identification of core and satellite taxa allowed us to conclude that the relative68

influence of coexistence promoting mechanisms is different for these two components. Recognizing the impor-69

tance of equalizing mechanisms may render a better understanding of the functioning of highly diverse microbial70

communities.71

72

Materials and Methods73

Data samples74

We analyzed temporal samples from (i) the water column of four high altitude lakes in the Spanish Pyrenees,75

monthly followed during one year (Auguet et al., 2011, 2012), (ii) 12 shallow saline lakes in the Spanish Monegros76

desert plateau, monthly sampled along three years and covering different dry-wet periods (Triadó-Margarit et al.,77

2019), and (iii) two sites in Switzerland, after a soil compaction experiment lasting four years (Hartmann et al.,78

2014). Microbial communities were studied after NGS 16S rRNA amplicons analyses, clustered at 97% OTU79
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identity, and transformed to presence-absence data. Sequences processing and genetic data analyses were carried80

out as reported in the original studies where additional ecological and environmental information are also available.81

The complete genetic datasets are available in GenBank under BioProject record IDs PRJNA566370 (Pyrenean82

lakes), PRJNA429605 (Monegros), and as supplemental material for the Swiss soils (Hartmann et al., 2014).83

Colonization and extinction rates84

Throughout this work, we applied the simplest stochastic model underlying TIB (Alonso et al., 2015, Simberloff,85

1969, Simberloff & Wilson, 1969). This dynamic model explains the average level of richness and its variation in a86

study site (or island) in terms of colonization and extinction processes, on the one hand, and the total number of po-87

tentially colonizing species in the regional pool, or metacommunity richness, on the other hand. As Hanski (2001)88

showed, this model can be derived from an ensemble of single-species models of presence-absence dynamics,89

under the assumptions of both species independence and equivalence (Alonso et al., 2015). So, we can estimate90

the model parameters for the dynamics of the whole community from presence-absence temporal data, and, there-91

fore, we characterize the entire microbial community by a single colonization-extinction pair. Alternatively, we92

can subdivide the community in guilds, relaxing the equivalence assumption, and estimate a distinct and charac-93

teristic colonization-extinction pair for each of them (Alonso et al., 2015, Ontiveros et al., 2019). To calculate94

colonization (c) and extinction (e) rates from the observed presences and absences, as the microbial communities95

were sampled following an irregular sampling scheme (samples separated by unequal time intervals), we used96

the functions irregular_single_dataset and irregular_multiple_datasets from R package97

‘island’ (Ontiveros et al., 2019).98

As a way to assess the applicability of the method to microbial communities, we started estimating colonization-99

extinction rates for several independent sites. For the Pyrenees dataset, we compared three lakes from the same100

basin (Lakes Llebreta, Llong and Redó d’Aigüestortes, Auguet et al. (2011)) and one in a different basin (Lake101

Redó, Auguet et al. (2012)). We followed a model selection procedure, based on the Akaike Information Criterion102

and the weight of evidence, wi (Burnham & Anderson, 2002), to develop a series of models with different sets of103

partitions of the four lakes, and estimate, for each of these partitions, a pair of colonization and extinction rates.104

Besides, we used data from the Swiss soils to test the precision of the method when confronted with replicates of105

the same community. Once we assessed the correct performance of the method, we subdivided whole communities106

into different taxonomic levels, which we considered as ecologically equivalent guilds, for the three habitats under107

study. Note that the estimation of colonization-extinction rates for very labile taxa might be biased. Therefore, we108

excluded, from subsequent analyses, those taxa with an estimated persistence value, defined as the inverse of the109

extinction rate (pi ≡ 1/ei ), much shorter than the minimal inter-event sampling time (less than approximately a110

quarter of this time).111
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Core and satellite members of the community112

Multiple methods have been applied to distinguish between core and satellite members of a community. While113

core species are abundant and persistent, satellite species usually show up at lower abundances and are occasional114

or even accidental. These two components of ecological communities feature distinct functional characteristics.115

The fact that persistent members of the community usually follow a log-normal abundance distribution, while116

accidental species follow the log-series (Magurran & Henderson, 2003), can be potentially used as a method to117

sort out the community core from the rest. However, when processing sequence data from microbial samples, it118

is common practice to discard OTU sequences appearing only once to minimize potential errors. Therefore, the119

log-series is difficult or impossible to assess since it requires to record all real singleton species possibly observed120

in the sample. Instead of using abundance distributions directly, we have applied Chow tests to identify structural121

breaks in the relation between logarithmic maximum abundances and occupancy (defined as the probability that a122

species appears in the community over time). The Chow test (Chow, 1960) aims to identify unexpected changes123

in the parameters of linear regression models along the range of the independent variable. We first identified the124

intermediate breakpoint with the highest Chow test’s statistic, this leading to two different slopes in the abundance-125

occupancy relation. Then we estimated the mean occupancy between consecutive ends of the two regression lines.126

We defined as core members of the community those OTUs with occupancy values higher than the aforementioned127

mean occupancy. OTUs with occupancy values below this threshold were identified as satellite members of the128

community. We performed Chow tests using the R package ‘strucchange’ (Zeileis et al., 2003) and log-normal129

fits for the core sub-community using the R package ‘vegan’ (Oksanen et al., 2019).130

Results131

A colonization - persistence trade-off132

Trade-offs in ecology arise due to multiple mechanisms, such as competition, perturbations, or physiological133

constraints. Trade-offs tend to equalize fitness across species. In the context of colonization-extinction models,134

the colonization to extinction ratio can be regarded as a good measure of species fitness (Solé et al., 2004). In135

fact, it represents the number of new colonization events during the average time a species remains present in the136

system before extinction. If two species share this number, they should reach the same importance in the system,137

either measured in terms of average abundance or average presence. This is true when species follow Levin’s138

metapopulation dynamics (Solé et al., 2004), or simple colonization-extinction independent dynamics, as we used139

in this paper. Under the assumption of species dynamics independence, species metacommunity dynamics can be140

formulated as141

dπi

dt
= ci (1 − πi ) − eiπi , (1)
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where (ci , ei ) stands for the colonization-extinction rate pair for species i belonging to a pool of size SP (i =142

1, 2, ... , SP), and πi is the probability that species i is found in a community (i.e., the occupancy of that species).143

Therefore, the probability of species i being present at equilibrium can be written as144

π?i =
ki

1 + ki
, (2)

where ki = ci/ei is the colonization to extinction ratio. Now we assume that equalizing mechanisms drive com-145

munity dynamics, hence we expect that species fitness tends to equalize among species, k1 ≈ k2 ≈ · · · ≈ kSp .146

Therefore, the probability π?i , which is also called expected occupancy at stationarity, tends to equalize for those147

species that share the same dimensionless colonization to extinction ratio, k . Conversely, if steady-state occu-148

pancies π?i are assumed to be roughly equal across species, then Eq. (2) trivially implies that all colonization to149

extinction ratios (ki ) will tend to be constant across species. Henceforth, we defined persistence as the inverse150

of the extinction rate (pi ≡ 1/ei ). Because the hypothesis of equalizing mechanisms implies that all ratios ci/ei151

are approximately constant, ci/ei = cipi ≈ k , we find the following persistence-colonization fitness-equalizing152

trade-off:153

pi = k c−1
i . (3)

A generic colonization – persistence trade-off can be conceptualized as154

pi = k cαi , (4)

with exponent α < 0. Therefore we conclude that if a community of equivalent species is close to performing155

colonization-extinction independent dynamics, the exponent α of the generic colonization – persistence trade-156

off above [Eq. (4)] should be -1. This is our theoretical prediction, the one we have checked across the three157

different microbial communities. Throughout this work, we have represented colonization and persistence axes on158

a logarithmic scale. This leads us to conclude that a trade-off between colonization and persistence compatible with159

independent colonization-extinction dynamics should display a slope equal to -1 on a log scale, as it is deduced160

from the equation: log pi = K − log ci .161

The species equivalence assumption162

Under this assumption, all species in the community are described by the same colonization-extinction pair. This163

approximation allowed us to explore whole community dynamics for microbes in lakes of the Pyrenees and soils164

in Switzerland. For the lakes in the Pyrenees (Fig. 1A), we found that the dynamics of the three lakes in the same165

basin were so similar that they accumulated a weight of evidence of 89% (summing over all models considering166

at least two of the three lakes as having the same colonization and extinction), as opposed to the model with all167

lakes with different rates, which had only a weight of evidence of 11% (see Tab. S1 in Supporting Information).168
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In the case of the soils in Switzerland (Fig. 1B), the distance among replicas within the same soil type and site in169

colonization and extinction rates was smaller than between sites, showing that the replicas had similar dynamics170

on each site.171

Relaxing the equivalence assumption172

Next, we relaxed this assumption and considered the different taxonomic groups in these two bacterial commu-173

nities, plus the metacommunity in saline lagoons in the Monegros desert. We found that colonization-persistence174

patterns were coherent as we descended to lower taxonomic levels. So, the distances of genera and families within175

phyla, classes, or orders (intra-group) were lower than distances between different higher taxonomic levels (inter-176

group) in the three communities (Kruskal-Wallis test, all p-values < 0.1 in the Pyrenees and < 0.01 in saline lagoons177

and soils). Moreover, our estimates of colonization and persistence were negatively related conforming to a generic178

trade-off. An increase in colonization rates led to decreases in persistence, and this relation was maintained across179

taxonomic levels for the three communities (Tab. 1). Also, the slope of the linear models relating the logarithms180

of colonization and persistence was very close to -1. We recall here that a slope of -1 would correspond to a181

colonization–persistence trade-off resulting from fitness equalization between different taxonomic groups, under182

the assumption of colonization-extinction independent dynamics.183

However, the assumptions underlying a colonization – persistence trade-off with exponent -1 might be too184

severe to apply to whole communities. It is well-known that core members of a community may display different185

dynamics from the satellite components of it (Magurran & Henderson, 2003). Satellite species tend to be rare186

and accidental. Sometimes they are observed, sometimes they are not. These species may be good candidates187

to show a kind of behavior consistent with colonization-extinction independent dynamics, and, therefore, the188

satellite subcommunity should tend to show, accordingly, a colonization – persistence trade-off with exponent -1.189

Instead, the core members of the community tend to be more abundant, and therefore the relative strength of niche190

processes, such as interactions and niche segregation, would be higher than in the case of satellite species. Then,191

core species would not necessarily show a trade-off with exponent -1 if they show any at all.192

To test this hypothesis, we first identified the core and the satellite members of our communities. As abundance193

enhances occupancy, following a similar argument as in Magurran & Henderson (2003), we represented the linear194

relation among maximum abundance and occupancy at the Genus level. However, we used a Chow test analysis195

instead to separate the core from the satellite members of the community by identifying structural changes in the196

linear relation among maximum abundance and occupancy. Fig. 2 shows the structural changes found in the three197

studied communities. The point with the biggest statistic allowed us to infer an occupancy threshold that separated198

the core from the satellite members of the community. As reported for macroscopic communities, the abundance199

distribution of the core sub-communities followed a log-normal distribution closely.200

In sum, the distinction between core and satellite members of the community allowed us to examine the201
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relationship between colonization and persistence separately for these two components, as shown at the family202

taxonomic level (Fig. 3). These two components presented significantly different slopes, as shown by testing the203

hypothesis that satellite and core species share the same slope of the linear model (in logarithmic axes) relating204

colonization and persistence. Moreover, the satellite component of the communities showed slopes very close to205

-1, while slopes were lower for the community core, except in the case of soils, where both core and satellite sub-206

communities showed exponents close to -1 (see Tab. 2). These results were maintained across taxonomic levels,207

up to the lowest one, the Genus. However, as we go up in the taxonomy, losses in statistical power blur these208

relationships.209

Discussion210

In this study, we have shown that occasional and persistent taxa in microbial communities are characterized by211

colonization – persistence trade-offs. Across the three systems analyzed, we found that microbial taxa conform212

to an almost perfect colonization – persistence trade-off, especially for the occasional members of the commu-213

nity. The existence of this trade-off is consistent with the satellite component following, in a close approximation,214

colonization-extinction independent dynamics near to a steady-state. This trade-off also implies the existence of215

fitness equalization, which may be more important than previously recognized in microbial communities, par-216

ticularly for the functioning of the satellite sub-community. Satellite members would remain in the community217

by either evolving higher colonization rates but persisting shorter periods or developing the ability to stay longer218

in the community along with lower colonization rates. Examples of life-history trade-offs can be found easily219

among macroorganisms and experimental settings of microbes (Jessup & Bohannan, 2008), but, to the best of our220

knowledge, this is the first time that such a trade-off is reported in highly diverse natural microbial communities.221

We have conceptualized the relationship between persistence and colonization in Fig. 4. This pattern is remi-222

niscent of the one reported by Cadotte et al. (2006). However, the main difference with figure 1 from Cadotte et al.223

(2006) is that here we identify core and satellite taxa. The identification of core and satellite species is not new224

in microbial ecology (van der Gast et al., 2011), although similar terms have arisen to refer to the less abundant225

component, such as the rare biosphere (Lynch & Neufeld, 2015), or conditionally rare taxa (Shade & Gilbert,226

2015, Shade et al., 2014). While satellite taxa would follow the trade-off as a result of fitness equalizing mecha-227

nisms, core taxa would be driven by stabilizing mechanisms tending to maintain similar persistence across them,228

but higher than for satellite taxa. Conversely, within the satellite sub-community, in the presence of equalizing229

mechanisms, any increase in colonization (or persistence) ability would be followed by decreases in persistence230

(or colonization) ability. Moreover, core taxa are common, abundant species following a log-normal abundance231

distribution (Magurran & Henderson, 2003). As Cadotte et al. (2006) pointed out, in principle, other kinds of taxa232

could potentially exist: Hutchinsonian "demons", that would competitively exclude other taxa, and evolutionary233

"losers", that would not colonize nor persist in the community. The microbial communities we have analyzed ap-234
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pear to be compatible with this conceptual view. The three studied communities showed a log-normal abundance235

distribution for the core component, as expected, and our observation of ecological coherence in colonization and236

persistence within taxonomic levels might well indicate niche differences (Philippot et al., 2010) produced by sta-237

bilizing mechanisms. Furthermore, the satellite component of the aquatic communities under study showed a slope238

of approximately -1 compatible with a colonization – persistence trade-off under species colonization-extinction239

independent dynamics. Conversely, the soil community showed a similar trade-off (with a slope close to -1) for240

both core and satellite taxa. This might be due to the way a soil compaction experiment affected this microbial241

community. While the microbial aquatic communities might be considered at a seasonally-driven steady state, the242

soil community was intentionally poised out from its natural steady state. For instance, soil compaction may have243

led to increased anaerobiosis driving the community out of and far away from a previous natural colonization-244

extinction equilibrium. Furthermore, the relaxation time to the new steady-state in response to this disturbance245

may have also differed for the different treatments (Hartmann et al., 2014).246

In the context of metacommunities, stabilizing forces have been associated with SS, while equalizing forces247

to NT (Adler et al., 2007). SS and NT have been proposed alternatively as the major mechanisms controlling248

microbial community assembly. In fact, the importance of SS has been evaluated against other metacommunity249

archetypes as NT (Langenheder & Székely, 2011, Lee et al., 2013) or mass effects (ME) (Souffreau et al., 2014,250

Van der Gucht et al., 2007) with contrasting results. Also, NT has been tested and proposed as the dominant force251

structuring communities (Ofiteru et al., 2010, Woodcock et al., 2007). The dichotomies niche – neutral (Dumbrell252

et al., 2010, Ferrenberg et al., 2013) or stochastic – deterministic (Caruso et al., 2011, Wang et al., 2013, Zhou &253

Ning, 2017) are similar to the SS – NT divide, and are often used as synonyms. The most accepted view seems to254

be that initial steps in community assembly are dominated by neutral processes, while SS characterizes later stages,255

but this view is rarely put in the context of coexistence mechanisms. Our work adds to this discussion the fact that256

are precisely satellite species the ones governed by fitness equalization. In the light of our findings, this important257

component of natural communities would be integrated by ecologically equivalent, rare species, at the lower end of258

the abundance spectrum, undergoing a type of temporal dynamics consistent with simple colonization-extinction259

independent dynamics.260

Equalizing mechanisms can evolve in species-rich communities with strong dispersal and recruitment limita-261

tion (Hubbell, 2006), although microbial communities are unlikely affected by these limitations. However, experi-262

mental settings have repeatedly shown that microbial trade-offs evolve easily in controlled, species-poor microbial263

experiments (Huang et al., 2017, Yawata et al., 2014), and might be key in microbial communities (Litchman264

et al., 2015). A potential equalizing mechanism might be horizontal gene transfer, as it has been proposed that265

it produces highly flexible gene pools associated with specific habitats (Polz et al., 2013), that would equalize266

fitness and increase niche overlap. Also, nonlinear responses to fluctuating environments can act as equalizing267

or stabilizing mechanisms (Chesson, 2000). Stabilizing mechanisms are widespread in microbial communities,268
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e.g., resource partitioning, dormancy (Jones & Lennon, 2010), or cross-feeding (Goldford et al., 2018), although269

the processes underlying these mechanisms are rarely studied or understood at trait or biochemical levels. The270

strength of these stabilizing mechanisms may well allow the satellite members of the community to coexist in the271

presence of the core component.272

The purpose of this study was to examine the importance of equalizing mechanisms for microbial coexistence.273

Our results rely on a dynamic stochastic model, rooted in classic ecological theory. Although its assumptions are274

drastically simplifying (species equivalence and species independence), it should be viewed as an approximation to275

the actual underlying dynamics of the community or its components (when relaxing the equivalence assumption).276

We used this model to estimate extinction and colonization rates from temporal datasets (Alonso et al., 2015,277

Ontiveros et al., 2019). However, the accuracy of these estimates should be assessed carefully. First, very rare278

species may be there, but under detectability levels (MacKenzie et al., 2003, 2006, Ontiveros et al., 2019). Second,279

when persistence times are too short compared to inter-sampling times, these estimates may not be reliable. If taxa280

go in and out from the system too rapidly, their estimated rates may be biased. This possible bias is the reason why281

some labile taxa (less than 13 % in all cases) were removed from our analyses. The exclusion of these taxa did not282

change the overall patterns reported in this study.283

The relevance of equalizing mechanisms for coexistence might have been overlooked in natural microbial284

communities. However, they may be relevant in highly diverse ecosystems, especially acting on occasional taxa,285

as previously suggested (Langenheder & Székely, 2011). Here we argue that, as a result of fitness equalization,286

occasional taxa should show a persistence–colonization trade-off with slope -1 in logarithmic axes. For satel-287

lite species, this pattern may well hold beyond the microbial world, which would be worth exploring in the future.288

Long-term temporal studies are needed to improve our knowledge of coexistence mechanisms. We hope that fram-289

ing this discussion in the context of equalizing vs. stabilizing mechanisms would add clarity to current knowledge290

on the forces maintaining high microbial diversity on Earth ecosystems.291
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Figure Captions and Tables512

Figure 1. Colonization and extinction rates precisely differentiate dynamics. In panel A, we pooled the three

consecutive Pyrenean lakes from the same basin together while a different colonization-extinction pair characterize

the fourth lake from another basin. Lake a, Llebreta, b, Llong, c, Redó d’Aigüestortes, d, Redó. In panel B, two

groups of soil samples cluster together around similar colonization-extinction values. These groups correspond to

replicates from the same site. Colonization and extinction rates and their error bars were calculated with function

irregular_single_dataset from the ‘island’ R package.

Figure 2. The core members of the community follow a log-normal distribution. A) Lakes in the Pyrenees, B)

Soils, C) Shallow saline lakes in Monegros. Left, blue dashed lines represent the linear relationship between the

highest abundance and occupancy at the Genus level, which presents structural changes, determined by a Chow

test with maximum values for the statistic in the grey shaded area. We have considered as core Genus (squares)

those that presented values of occupancy higher than the mean occupancy of the point with maximum structural

change, while those with a lesser occupancy were considered satellite members (circles). Right, the core members

of the communities present a log-normal distribution (solid blue line). Pyrenees deviance = 1.063; soils deviance

= 0.666; Monegros deviance = 4.042. Log-normal distributions were fitted using function rad.lognormal of

the R package ‘vegan’.

Figure 3. Microbial communities show a colonization–persistence trade-off at the family level. Three dif-

ferent habitats, alpine lakes (A), soils (B), and shallow saline lakes (C), display a linear relationship close to the

theoretical expectation under a perfect colonization–persistence trade-off (not shown). The trade-off is maintained

throughout the phylogeny, from Phylum to Genus. However, core (squares) and satellite (circles) members of the

community show different relationships between persistence and colonization, being the satellite members closer

to the theoretical expectation. The two legs indicate the -1 slope.
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Figure 4. Relationship among colonization and persistence. The relative importance of coexistence promoting

mechanisms allows us to distinguish several components in microbial communities. The dotted line indicates

a perfect persistence – colonization trade-off, where equalizing mechanisms such as trade-offs lead to similar

fitness among groups. Any attempt of the satellite taxa to increase their performance would likely result in a

corresponding decrease due to life-history constraints. However, in core taxa stabilizing mechanisms dominate

and niche differences are high, due to e.g. resource partitioning. Hutchinsonian "demons" would represent very

persistent species with great colonization abilities, that would outcompete all other taxa, which is unlikely in

microbial communities. Evolutionary "losers" stand for species with low fitness and low colonization abilities that

would likely represent accidental dispersers not adapted to the environmental conditions of the community.
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Table 1. The logarithms of colonization and persistence in the three communities studied are related. p-
values refer to Spearman’s ρ.

Community Level Slope Lower C.I. Upper C.I. Spearman’s ρ p-value n

Pyrenees

Phylum -3.455 -5.288 -1.623 -0.736 0.0058 13
Class -2.156 -3.778 -0.533 -0.643 0.0016 22
Order -1.906 -3.109 -0.702 -0.548 0.0010 34
Family -1.636 -2.678 -0.593 -0.507 0.0008 41
Genera -1.619 -2.687 -0.552 -0.516 0.0007 41

Soils

Phylum -1.402 -2.192 -0.611 -0.468 0.0148 27
Class -1.088 -1.582 -0.593 -0.411 0.0009 63
Order -1.023 -1.377 -0.669 -0.427 1e-05 100
Family -0.815 -1.102 -0.528 -0.441 3e-07 127
Genera -0.807 -1.087 -0.527 -0.424 4e-07 136

Monegros

Phylum -1.072 -1.445 -0.700 -0.709 5e-05 27
Class -0.989 -1.300 -0.678 -0.609 3e-06 52
Order -0.929 -1.199 -0.660 -0.557 8e-09 95
Family -0.907 -1.142 -0.673 -0.480 2e-10 160
Genera -0.820 -1.038 -0.602 -0.437 1e-10 202
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Table 2. Core and satellite sub-communities show differential relationships for colonization and persistence.

A slope of -1 would correspond to a perfect trade-off between colonization and persistence. We have tested the

hypothesis that the slope of the linear model for satellite taxa is equal to the slope obtained for core species

(Student’s t-test), which was rejected in all cases. Associated p-values and t-scores are shown. Additionally, we

report data for fitted slopes and their 95% confidence interval. ns, p-value higher than 0.1, ∗∗∗, p-value lower than

0.001.

Community Tax. p-value t-score Component Slope Lower C.I. Upper C.I. n

Pyrenees
Family 8e-05 -5.513

Core -0.168ns -1.651 1.315 25
Satellite -1.149∗∗∗ -1.531 -0.767 16

Genera 3e-05 -5.913
Core -0.103ns -1.637 1.430 25

Satellite -1.148∗∗∗ -1.527 -0.769 16

Soils
Family 0.0012 3.366

Core -1.038∗∗∗ -1.314 -0.762 49
Satellite -0.688∗∗∗ -0.895 -0.482 78

Genera 0.0004 3.697
Core -1.056∗∗∗ -1.319 -0.792 51

Satellite -0.683∗∗∗ -0.883 -0.482 85

Monegros
Family 2e-05 -4.432

Core -0.621∗∗∗ -0.905 -0.336 60
Satellite -1.081∗∗∗ -1.288 -0.875 100

Genera 0.0001 -4.032
Core -0.662∗∗∗ -0.938 -0.385 79

Satellite -1.038∗∗∗ -1.223 -0.853 123
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