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Abstract

In a fast-changing world, understanding how organisms adapt to their en-
vironment is a pressing necessity. Research has focused on genetic adaptation,
while our understanding of non-genetic modes is still in its infancy. Particularly,
the host-associated microbiome may strongly influence an organism’s ability to
cope with its environment. The presence of certain microbes in the gut, for ex-
ample, can facilitate the utilization of dietary resources, provide protection from
pathogens, and increase resilience to diverse abiotic conditions. However, the role
that the microbiome may play in species’ adaptation to novel challenges is largely
unexplored, experimentally as well as theoretically. Here, we study the possibility
of such adaptation in invasive species. We present and explore a new hypothesis:
Invasive species may rapidly adapt to local conditions by adopting beneficial mi-
crobes of similar co-occurring native species. Ironically, due to competition, these
native species are also those most likely to suffer from the invaders’ spread. We
formulate a mathematical framework to investigate how the transfer of beneficial
microbes between a native and an introduced species can alter their competi-
tive dynamics. We suggest that, non-intuitively, the presence of a related native
species may facilitate the success of an invasive species’ establishment. This
occurs when the invader’s fitness is strongly influenced by adaptation to local
conditions that is provided by microbes acquired from the natives’ microbiomes.
Further, we show that in such cases a delayed acquisition of native microbes may
explain the occurrence of an invasion lag, and we discuss biological systems that
could lend themselves for the testing of our hypotheses. Overall, our results con-
tribute to broadening the conceptualization of rapid adaptation via microbiome
transfer and offer possible insights for designing early intervention strategies for
invasive species management during their lag phase.

Keywords : Microbiome, microbiome-mediated dynamics, rapid adaptation, non-genetic
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. Introduction

> Invasive species cause annual damages of billions of dollars (Haubrock et al., 2021; Pimentel
s et al., 2005; Paini et al., 2016), and understanding the factors facilitating their adaptation is
4 paramount for mitigating their impact. Early detection and eradication of potential invaders
s has been regarded as the cheapest and most effective control strategy (Epanchin-Niell, 2017),
s where an interesting phenomenon in particular may offer opportunities for early intervention:
7 the occurrence of invasion-related lags (Crooks, 2005; Simberloff, 2003). An invasion lag is
s a prolonged period of time which is sometimes observed between the establishment of an
o alien species and the time point at which it becomes invasive, rapidly increasing in numbers
10 and spreading geographically. This phenomenon has been documented for a large number
1 of invasive plants (Aikio et al., 2010; Leung et al., 2012), invertebrates (Yanygina, 2017),
12 birds (Aagaard and Lockwood, 2014), fishes (Azzurro et al., 2016), amphibians (Toledo and
15 Measey, 2018), and reptiles (Guerrero et al., 2013), with invasion lag times lasting for years or
12 even decades in some cases. To date, the underpinnings of invasion lags are little understood,
15 and accordingly they are not predictable, rendering innocuous species and species that will
16 become invasive indistinguishable (Coutts et al., 2018).

17 Several theories have been proposed to explain the occurrence of invasion lags (Simberloff,
15 2013). For instance, changes in the biotic or abiotic environment can affect the invasion dy-
19 namics (Crooks, 2005). Thus, a herbivore might keep an alien species under control, and its
20 removal might allow it to rapidly spread unchecked (Strauss, 2014). Changes in climate might
21 also affect invaders’ activity and community structure (Stachowicz et al., 2002; Wallingford
2 et al., 2020), and human activity might at some point create conditions which are more favor-
23 able for invasion, allowing a seemingly-benign established alien species to suddenly become
2 invasive (Fausch et al., 2001; Lee et al., 2021).

25 A perhaps more intriguing type of dynamics that can determine the length of an invasion
% lag, facilitating a switch from a low-frequency alien species with a limited spread to an invasive
o7 species with significant impact on the ecosystem, may stem from changes in the invasive
s population itself. One such possibility is via introduction of a new variant of the established
20 species, which is coincidentally better adapted to local conditions or adds to the founder
50 population the genetic diversity necessary to overcoming inbreeding depression (Dlugosch
s and Parker, 2008; Kolbe et al., 2004; Frankham, 2005). However, we now have evidence
52 that variation can also emerge within the founder population itself, which becomes more
3 successful over time as it evolves in the new environment (Prentis et al., 2008). Thus, genetic or
s phenotypic adaptation may provide the necessary fitness advantage to the introduced species,
55 increasing its invasion success (Whitney and Gabler, 2008). This phenomenon has mostly
s been documented in plants (Matesanz et al., 2010; Ayres et al., 2004; Colautti et al., 2009),
57 but it has also been observed in animals (Colautti and Lau, 2015), e.g. cane toads in Australia
55 have evolved increasingly longer legs, accelerating their invasive spread (Phillips et al., 2006),
50 and phenotypic plasticity has been found to contribute to invasion success in social insects
s (Manfredini et al., 2013, 2019).

4 Here, we propose an alternative explanation for the occurrence of invasion-related lags.
22 Namely, we consider the possibility that adaptation in invasive species can be conferred by
»3  the acquisition of beneficial microbes. Beneficial microbes may in principle be acquired from
21 the new environment that the invasive species reach. We suggest that this is unlikely, because
25 environmental microbes would rarely be able to survive within a healthy host, and even if
s they do, these facultative associations are likely to be of secondary importance for fitness
27 compared to co-evolved relationships.

a8 Instead, we suggest that a likely source of beneficial microbes are native hosts. We analyze
20 the case in which invaders become better adapted to local conditions through the acquisition
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50 of mutualistic microbes from the microbiome of phylogenetically and ecologically similar co-
51 occurring native species. Phylogenetic closeness increases the likelihood that microbes that
s> may have co-evolved locally with native hosts are pre-adapted to establishing a similar mutual-
53 istic relationships with introduced hosts. Ecological similarities reflect in similar basic needs
s« of the native and invasive species, and thus in native microbes having a similar adaptive
55 potential for invasive species.

56 It is increasingly recognized that host-microbiome interactions can shape host fitness and
57 evolutionary potential, e.g., by increasing host tolerance to abiotic stress, by allowing the
ss breakdown of local food sources, or by protecting the host from pathogens (Kolodny et al.,
5o 2020; Fontaine et al., 2022; Kikuchi et al., 2012; Kohl et al., 2014; Townsend et al., 2019;
o Fontaine and Kohl, 2020; Chiu et al., 2017; Kolodny and Schulenburg, 2020). Importantly,
61 this response can be extremely rapid. For example, a reduction in microbiome diversity in
e the gut of tadpoles can decrease host fitness and its tolerance to thermal stress within days
s (Fontaine et al., 2022), and the acquisition of a pesticide degrading bacteria can confer on
s« bean bugs immediate resistance to pesticides (Kikuchi et al., 2012). We also know that
65 microbiome transmission is rarely strictly vertical, but can occur horizontally from a host to
o another through different pathways, such as direct contact between individuals, coprophagy
7 (i.e. eating other individual’s feces), predation of younger individuals, or pickup of microbes
s that survive an intermediate phase in the environment outside the host (Robinson et al., 2019;
o Kolodny et al., 2019). Thus, the horizontal transfer of beneficial microbes from natives to
70 invaders may facilitate their rapid adaptation, providing them with a fitness advantage and
71 increasing their competitive ability.

7 Although the field of microbial ecology is growing rapidly, the current literature has fo-
73 cused on understanding how the presence or absence of certain microbes may affect host fitness
72 (Fontaine et al., 2022; Kikuchi et al., 2012; Kohl et al., 2014; Fontaine and Kohl, 2020), with-
75 out explicitly considering the ecological consequences of this fitness advantage. Only few
76 studies have explored the influence of microbiome-related dynamics on multi-species commu-
77 nities (Martignoni et al., 2023, 2020; Daybog and Kolodny, 2022), where studies considering
75 how variations in microbial communities may affect invasion have primarily dealt with the
7o transmission of pathogens, rather than with the exchange of mutualistic microbes (Gruber
s et al., 2019; Faillace et al., 2017). Here we present a theoretical framework to investigate the
s possibility that microbiome sharing, between and within species, would alter the dynamics
52 of invasion by conferring rapid ecological adaptation to invaders. In particular, we analyse
s3  how different characteristics of the native and invasive populations, such as their growth rate,
s carrying capacity and competitiveness, interplay with the probability of acquiring beneficial
s microbes to determine invasion success. We will discuss the role of microbiome transfer in
ss determining lag times in biological invasion, and we will provide concrete directives on how
s7 our hypotheses may be tested in simple experimental settings.

88 In this study we focus on the transmission of beneficial microbes, however if invasive hosts
g0 can acquire beneficial microbes from natives, we hould expect that native hosts would also
o0 be able to acquire microbes from invasive hosts. Additionally, the transferred microbes may
o1 not be necessarily beneficial, and could be neutral or harmful to their new host (Dickie et al.,
oo 2017; Bahrndorff et al., 2016; Henry et al., 2021; Goss et al., 2020). Full treatment of these
o3 dynamics is beyond the scope of the current paper and are treated in a separate manuscript
oo (Martignoni et al., in preparation).
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» Model and Methods

o6  We formulate an ordinary differential equation model to study the coupled dynamics of a
o7 mnative population N competing with an introduced population I, whereby interactions are
s modelled according to the competitive Lotka-Volterra equations (Gilad, 2008). The popula-
9 tions experience logistic growth until reaching a certain carrying capacity, where competition
10 between species can reduce or even reverse the growth (see supplementary information, section
01 A for a complete mathematical analysis of the Lotka-Volterra equations).

102 We consider that a beneficial microbiome can be transferred from native to introduced
103 individuals and we explore the system’s dynamics under a range of parameters that govern this
104 process. We consider that horizontal transmission can occur directly, through contact among
105 individuals, or indirectly, with transmission mediated by the environment. This may include,
106 for example, cases in which individuals of the invasive species utilize roosts or shelters that
107 were previously occupied by native hosts, cases of coprophagy, or situations where birds of the
s different species share sites of sand or water bathing. We also posit that, once acquired, the
100 microbiome may be vertically and horizontally transferred within the introduced population.
110 In our study we do not differentiate between microbes, nor between their locations within
111 the host. Rather with ‘microbiome’ we mean any collection of symbiotic microorganisms that
112 increases fitness in its host. For simplicity we treat the transmission of the microbiome as a
113 single event which may or may not occur, although in reality we expect transmission of only
114 few microbial species - but with potentially large effects on fitness.

115 We model this scenario of interest by splitting the introduced population I into two sub-
16 groups: the subpopulation that has not acquired microbes from native hosts (Ip) and the
117 subpopulation that has acquired microbes from native hosts ([,,). Individuals can move
s from Iy to I, by acquiring native microbes through interaction with natives (N), or through
119 interaction with introduced individuals that have already acquired native microbes (I,,). Sub-
120 populations Iy and I,,, compete for space, as the overall size of the introduced population is
121 limited by a fixed carrying capacity. Mathematically, we write:

dN N
122 E =r,N (1 — I{n) —ain N1y — apn N1y, , (1&)

logistic growth

-
competition with I

dly Iy + 1,
123 = = "ilo (1 - K’") - aylgN - Ay — A , (1b)
competition with N microbial transfer = microbial transfer
logistic growth N = Io Im — Io
dl, 1 1
124 = — T 1 1-— m — AnmIm N + A, + A, , (IC)
dt K,, ——— —_——

competition with N microbial acquisition

logistic growth

125 The ability of a population j to outcompete population w depends on its growth rate (),
126 on its carrying capacity (K;), and on the competitive effect of population w on j (o). With
127 ‘competitive ability’ we refer therefore to the set of traits of a population (in our model, the
125 set of parameters r;, K; and o,;) that characterize the growth of population j in the presence
120 of population w, with populations j and w being the native and introduced populations. The
130 population that outcompetes the other is referred to as the ‘superior competitor’.

131 If the waiting time for a microbiome transfer event to happen is exponential, as commonly
132 assumed in modelling, microbiome transfer can be simulated as a Poisson process with a rate
133 which depends on the density-dependent microbiome transfer rate from natives to introduced
132 individuals (Ay,), and on the size of the native and introduced populations (N (t) and Iy(t)
135 respectively). This implies that the number of introduced individuals that acquire native

5
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135 microbes in the time interval (¢,t 4+ dt] through interspecific contact is a Poisson random
137 variable A, (t), with rate v, (t) = A\, N (t)Io(t), such that:

A ~ Pois(AoN (t)Io(t)dt) . (2)

130 The density-dependent microbiome transfer rate \,, may depend on the factors which underlie
120 the biology of transmission and host-microbe interactions. For instance, ecological similarity
11 or phylogenetic relatedness between native and invasive hosts may increase the likelihood that
12 native microbes may establish in an invasive host (Rojas et al., 2021; Parker et al., 2015).
13 Parameter A, may also depend on the mode of transmission: Direct contact between hosts,
s e.g., through predation, may increase the likelihood of microbial acquisition by a new host,
15 while indirect contact, e.g. through the use of the same sand or water for bathing or digging,
s may lead to a lower rate of microbial acquisition. Finally, A, may depend on the microbes
147 themselves, as not all microbes are equally likely to be transmitted or acquired (Moeller et al.,
s 2018).

149 Once acquired, the microbiome can be transferred horizontally from I,,, to Iy through the
150 same modalities described above, at a rate which depends on the density-dependent micro-
151 biome transfer rate among introduced individuals (A,,) and on the size of subpopulations I
152 and I,. Again, as for A\, the value of parameter A,, should also depend on the mode of
153 transmission and on the characteristics of the transferred microbes. The number of individu-
152 als that acquire native microbes through intraspecific contact can be described by a Poisson
155 random variable Ay, (t), with rate v, (t) = A (t)Io(t) such that

Auy ~ Pois(Am I () Io(t)dt) (3)

Table 1: Brief description of the variables and parameters of the system of equations in (1).

Symbol Description
N Native population
Iy Introduced population (without native microbes)
I, Introduced population (with native microbes)
rj, with j =n,i,m Growth rate of population j
K;, with j =n,i,m Carrying capacity of population j
Qv With wj = ni,in, mn, nm | Competitive effect of population w on populationj
Aj, with j =n,m Density-dependent microbiome transfer rate from
population j
* Subindex n refers to the native population N, subindex ¢ refers to introduced population
without native microbes (subpopulation Ij) and subindex m refers to the introduced population
with native microbes (subpopulation I,,,).

157 We will look at the situation in which a small number of introduced individuals are released
155 into the environment while the native population is at its carrying capacity, and we will discuss
150 scenarios in which the introduced population is poorly adapted to local conditions before
160 acquiring native microbes, and better adapted after. Mutualistic microbes can increase host
161 access to new food resources, increase host growth, or decrease its mortality, e.g., by protecting
12 the host from pathogens (Qu et al., 2020; Raymann and Moran, 2018). We characterize
163 therefore the subpopulation that has acquired native microbes ([,,,) by a higher carrying
16+ capacity and/or a higher growth rate with respect to the subpopulation that has not acquired
165 native microbes (Iy), and consider all the possible emerging dynamics. The mathematical
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166 analysis of scenarios A-C is presented in the supplementary information, sections B and C.
167 Simulations are run in MATLAB2022b using the Euler’s Method, and the code is publicly
168 available at https://github.com/nanomaria/microbiometransfer.

150 Scenario A: The timing of microbiome acquisition affects invasion lag times

170 Prior to microbiome transfer, the native and the introduced population have reached an
171 equilibrium of stable coexistence (i.e., K, < 7;/ay; and K; < r,/ay), whereby introduced
172 individuals are few with respect to natives (Fig. S2, scenario A). This scenario is realized
173 in the model when the introduced population has a lower carrying capacity than the native
172 population, but a higher growth rate or a strong competitive effect on natives (i.e., r; > ry, or
175 Qi > Q). The acquisition of a native microbes leads to an increase in the carrying capacity of
176 the introduced population, which becomes competitively superior and grows larger, displacing
177 (or reducing the size of) the native population. If we consider that invaders and natives can
178 coexist for a long time before microbiome is transferred from a species to the other, analysis
170 of this scenario provides insights into the possible role of microbiome-mediated adaptation
10 in driving a lag in biological invasion, and into the impact of horizontal microbiome transfer
151 between and within species on the invasion lag time.

12> Scenario B: The establishment of an introduced species is made possible by transfer
153 of microbes from native species

15« The introduced population cannot stably establish in the new environment and experiences
155 a population decline after introduction, due to not being able to attain positive population
155 growth (modelled as considering r; < 0 and dly/dt = r;Iy, see supplementary information, sec-
17 tion D), or due to competition with well-adapted natives (i.e., K, > 7;/an; and K; < r, /).
155 We consider that the adoption of native microbes leads to an increase in the growth rate
1.0 and/or carrying capacity of the introduced population, rescuing it from extinction. Analysis
100 of this scenario provides insights into the probability that an introduced population will adapt
101 and stably establish in a new environment thank to the transfer of microbes from natives.
102 Ironically, after having acquired native microbes, the now adapted introduced population in-
193 creases in size, causing the native population to decline, or even go extinct (Fig. S2, scenario
194 B)

15 Scenario C: The presence of natives facilitates adaptation

106 Introduced individuals are superior competitors, and in the presence of an introduced pop-
197 ulation natives are driven to extinction (i.e., K; > r,/a;, and K, < r;/ay;). However, the
195 introduced population also has a low carrying capacity (Fig. S2, scenario C), due to being
100 poorly adapted to the local conditions. Adaptation can occur through the acquisition of native
20 microbes, which in our simulations causes an increase in the carrying capacity of the intro-
200 duced population. This means that if introduced individuals acquire the microbiome from
202 natives before displacing them through competition, the introduced population will thrive,
203 otherwise their population size will remain small. Analysis of this scenario provides insights
204 into the interplay of competitive ability, patch size, and population densities in determining
205 the circumstances under which microbiome-mediated adaptation is most likely to occur.
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. Results

207 Scenario A: The timing of microbiome acquisition affects invasion lag times

20 If competition between natives and introduced individuals is weak, stable coexistence is ob-
200 served, whereby the size of the introduced population is small due to being poorly adapted
210 to local conditions. A situation of stable coexistence is maintained until the first microbiome
211 transfer event between species occurs, and a new subpopulation I, is created, which is better
21> adapted and has a higher competitive ability than the introduced subpopulation Iy (Fig. 1a).
13 In this simulation we consider vertical transmission of microbes to occur faithfully between
14 parent and offspring, and we set horizontal transmission to zero. Thus, growth in the compet-
215 itively superior I,,, population through reproduction leads to the exclusion of natives. Given
16 that the overall size of the invasive population is limited by a fix carrying capacity, the better
217 adapted subpopulation I,,, will eventually also displace subpopulation I through competition
218 for space.

219 We call ‘invasion lag time’ the time interval occurring between species introduction and
20 the inflection point in the population growth of the introduced species, which depends on
21 the time of the first microbiome transfer event. The lower the rate of microbiome transfer
2> from natives to introduced individuals, the longer the invasion lag time, where horizontal
223 microbiome transmission among introduced individuals can speed up the spread of beneficial
224 microbes within a population, and decrease the invasion lag time (Fig. 1b). This effect is
25 particularly prominent when the growth rate of the introduced population is low compared to
26 the rate of horizontal transmission (Fig. 1c). In this case it will take longer for the subpopu-
227 lation with native microbes (1,,,) to competitively displace the subpopulation without native
s microbes (Iy). Thus, subpopulation Iy will still be largely represented in the total introduced
20 population, slowing down the population growth of the introduced population as a whole,
230 unless horizontal microbiome transfer among introduced individuals leads to a quick spread
231 of native microbes, and to a direct conversion of I into I,,.
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Fig. 1: (a) A native population N (orange curve) coexists with a much smaller introduced population
Iy (blue curve). Microbiome transfer from native to introduced individuals leads to adaptation of the
introduced population (formulated in the model as the creation of a new subpopulation I,,,, where
I, + I represents the total introduced population I), which becomes competitively superior and
invasive, and displaces the native population. The invasion lag time is shaded in yellow, and it is
defined as the time interval from species introduction to when the population growth of the introduced
species reaches its inflection point. Grey dotted lines correspond to the results of 500 stochastic
realizations of Eq. (1), while the orange and blue solid curves correspond to their mean average. (b)
The invasion lag time increases when microbiome transfer events from natives to introduced individuals
are rare (i.e., when the density-dependent microbiome transfer rate A, is small, light blue curve) and
decreases when events are more frequent (i.e., when A, is large, dark blue curve). The occurrence of
horizontal microbiome transfer among introduced individuals (i.e., between the subpopulations Iy and
I,,, parameter \,,) can decrease the invasion lag time. (c) Percent reduction in invasion lag time as
a function of the horizontal microbiome transfer rate among introduced individuals (),,), for different
growth rates of the subpopulation I, (7). The contribution of horizontal microbiome transfer in
reducing the invasion lag time is larger when the growth rate r,, is small. Note that figures (b)-(c)
consider the solutions corresponding to the mean average of a large number of stochastic realizations
of Eq. (1).

»»» Scenario B: The establishment of an introduced species is made possible by transfer
»:: - of microbes from native species

23 If the introduced population is poorly adapted to the local conditions, it may experience a
235 decline in its population size after introduction, due to its own inability to sustain a positive
23 population growth or due to competition with better adapted natives. Microbiome transfer
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»57 - from natives can facilitate the adaptation of the introduced species (by increasing its growth
s rate and/or carrying capacity) and ease its establishment. Thus, under this scenario, the
230 stably establishment of an introduced population is made possible by transfer of microbes
20 from native species (Fig. 2a).

241 Interestingly, the same native population that facilitates the establishment of an intro-
22 duced species is subsequently likely to suffer from its spread. Indeed, after establishing the
23 now adapted introduced population experiences a rapid population growth, which may co-
22 incide with a reduction in the population size of natives (Fig. S2, scenario B). If population
25 growth occurs only after a long lag time, the resulting dynamics of invasion is similar to the
26 lagged invasion discussed in scenario A (cfr. Fig. la and Fig. S4a).

247 Increasing the number of introduced individuals increases the probability that a timely
22 microbiome transfer event will occur and facilitate the establishment of the introduced pop-
20 ulation (Fig. 2b). There are two reasons for this increase: (i) if the number of introduced
50 individuals is large, it will take longer to the poorly adapted introduced population to die
51 out, which increases the probability that a microbiome transfer event will occur in time to
252 confer adaptation to local conditions to the introduced population before its extinction; and
253 (ii) a large introduced population increases the rate of possible encounters between natives
52 and introduced individuals, making a microbiome transfer event more likely to occur.

255 In the supplementary information (section D), we derive a condition to determine under
56 which circumstances microbiome exchange can facilitate the establishment of a poorly adapted
257 introduced population. We obtain:

i Ky —1;

) Ay > —n
v "~ Knioln(ig) ’

for Ky, > ri/an;, (4)
50 where A\, represents an approximation for the minimal density-dependent microbiome transfer
260 rate required, on average, for the establishment of the introduced population. Note that
61 if the introduced population experiences a negative population growth even in the absence
22 of competition with natives, Eq. 4 can be rewritten considering a,; = 0 and r; < 0 (see
263 supplementary information, section D).

264 Eq. (4) tells us that increasing the number of introduced individuals iy or the growth
25 rate of the introduced population r; increases the probability that the introduced species
266 will establish, while increasing the competitive effect of natives on introduced individuals a,;
7 will decrease it (Fig. 2b). Increasing the carrying capacity K, may increase or decrease the
265 probability of establishment, depending on the strength of competitive interactions between
260 natives and invaders and on the microbiome transfer rate. On the one hand, a large native
70 population increases the probability that native microbes will be transfer to the introduced
71 species in time to confer adaptation; on the other hand a large highly competitive native
7> population may cause the extinction of the introduced population before microbial acquisition
273 (cfr. Figs. Sbb and S6).
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Fig. 2: (a) A poorly adapted introduced population fails to establish if it does not timely acquire
beneficial microbes from co-occurring natives (red curve). The transfer of beneficial microbes from
natives to introduced individuals can confer adaptation to local conditions to the introduced population
and rescue it from extinction (blue curve). (b) The probability of establishment of an introduced
population (computed as the mean of 500 realizations) increases with increasing number of introduced
individuals ig, and with increasing density-dependent rate of microbiome transfer between the native
and introduced population \,,. The black curve represents the deterministic approximation derived
in Eq. (4). Increasing the competitive effect of natives on introduced individuals «;, reduces their
probability of establishment, while a larger growth rate of the introduced population r; increases it.

-« Scenario C: The presence of natives facilitates adaptation

275 Let us consider a certain patch in which a native population is present. Consider then that
76 some highly competitive individuals of an invasive population are introduced to the patch. If
77 introduced individuals have a higher competitive ability then natives, but are poorly adapted
73 to local conditions, they may outcompete natives but remain present at low density after
279 the invasion. If, however, invaders are conferred local adaptations through the acquisition of
50 native microbes, their population may reach higher densities after the invasion. Thus, if the
51 native population is displaced by the invaders before microbiome transfer can occur, invaders
22> will remain in low numbers, otherwise their final population size will be larger (Fig. 3). Note
233 that if the microbiome transfer rate is low, the increase in size of the invasive population is
20 expected to be observed only after a lag time (Fig. S4b).

285 The probability of acquiring microbes from natives will depend on the population densi-
256 ties of natives and invaders within a patch, on the nature of their interactions, and on the
27 patch size. In the supplementary information (section E), we show that microbiome-mediated
255 adaptation may occur when the minimal average density-dependent microbiome transfer rate
280 A\ satisfies

2 D;(
290 \/ TZ Qi n) for K,, < T’i/Oém'. (5)

Aziij

200 Eq. (5) tells us that the transfer of native microbes is more likely to occur when the average
202 densities of natives n and invaders ] in a patch are large, when patch size Az is large, and
203 when natives can slow down the growth of the invasive population through competition (i.e.,
204 Quy; 1s large enough, with a,; < r;/K,). Under these circumstances, it will take longer for
205 the invaders to outcompete natives, increasing their chance of acquiring native microbes and
206 becoming locally adapted. Assuming that invaders disperse randomly within the patch, an
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207 increase in their intrinsic dispersal ability D; will also lead to a faster displacement of natives,
203 and thus to a lower probability of acquiring their microbiome.

invasion -
no transfer
of native microbes
! ! mvasnon
transfer of
native microbes

Fig. 3: Conceptual representation of scenario C, of the mathematical results presented in Fig. S7. A
native population (brown lizards) is competitively excluded by the introduction of a similar invasive
species (green doted lizards). Patch A is smaller and presents a low density of natives, and the invaders
displace the native population before the transfer of beneficial microbes from native to invaders can
occur. In patch A, the invasive population remains therefore poorly adapted to the new environment,
and in low density. Patch B presents a larger patch size and a higher density of natives, which increase
the likelihood that native microbes will be transferred to the invaders before natives are driven to
extinction. The acquisition of native microbes confers local adaptation to the invaders, and their
population in patch B grows larger than in patch A. The findings represented in this figure are based
on Eq. (5). The lizards here illustrate the possibility of such dynamics in species of animals or plants
among which microbial sharing may occur. A conceptual representation of this figure is presented in
Fig. 3.

PATCH A

PATCH B

. DDiscussion

w0 Scenario A: The timing of microbiome acquisition affects invasion lag
s« times

;2 It is increasingly recognized that rapid evolution can alter invasion dynamics, where lags in
503 biological invasion can emerge as a result of the time needed for evolutionary adaptation to
500 take place in a new environment (Crooks, 2005; Whitney and Gabler, 2008). So far research
505 has focused on genetic adaptation, while the evolutionary potential of non-genetic modes has
500 begun to be explored only recently (Moran et al., 2021; Marin et al., 2020). The microbiome
507 has been proposed as a non-genetic mode of conferring adaptability to host species (Kolodny
s et al., 2020; Henry et al., 2021), however the consequences of this adaptation for community
50 dynamics have remained largely unexplored.

310 We propose that the adaptation of an introduced population to local conditions can be
;i1 mediated by the acquisition of beneficial microbes which may have co-evolved locally with
;12 phylogenetically close natives. We also suggest that if the acquisition of microbes from the
513 microbiome of native hosts increases the competitive ability of the introduced species, invasion
;14 can follow as a result. Thus, a lag in biological invasion may be observed because of the time
515 required for an introduced species to acquire native microbes, where the duration of the lag
316 time is determined by the rates of microbiome transfer between natives and invaders, and
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517 within the invasive population itself.

318 The idea that invaders may benefit from established mutualistic associations between
;19 native hosts and their microbes has already been formulated in plant ecology, where the
320 establishment of an introduced plant and its expansion in a new range can be facilitated by
221 the presence of pre-existing mycorrhizal networks (Dickie et al., 2017; Shipunov et al., 2008;
52 Dawkins and Esiobu, 2016; Parepa et al., 2013). However, this concept is new to animal
33 ecology, where inter-species horizontal transmission of mutualist microbes remains largely
2+ unexplored (Robinson et al., 2019; Bahrndorff et al., 2016). Research that links microbiome
225 acquisition and host adaptation in animals is promising (Rennison et al., 2019; Fontaine et al.,
w6 2022; Kikuchi et al., 2012), but still in its infancy, and the problem of what is cause and what
37 18 consequence in host-microbiome relationships is unresolved in most cases. Going forward,
38 it will be important to consider the intricate details of the mechanisms of host-symbiont
320 interactions, both to better understand microbe’s role in fitness determination and in order
530 to understand how specific these relations are.

331 There is no doubt that there are ample opportunities for microbial exchange to take
32 place. Exchange of microbes can be brought about, for example, through predation of native
533 individuals or through eating of their feces, a behaviour documented in invasive lizards (Norval
s et al., 2012a,b). Alternatively, environmentally mediated exchange could occur at sites of
535 bathing in sand or water that are shared, e.g. between the invasive Indian myna (Acridotheres
536 tristis) and many native species in the mynas’ sites of sunning, feeding grounds, and shelter.
;37 Our understanding of microbiome sharing among animal host species is currently limited
135 (Bahrndorff et al., 2016), and the extent to which such exchange may result in the successful
;30 establishment of the natives’ microbes in the invasive species is unknown. Exploration of
30 this topic is accordingly paramount to understanding the proposed scenario of microbiome-
;1 mediated adaptation.

342 The complementary tenet of this scenario is that inter-species sharing may provide signif-
23 icant adaptive value to the invasive species. As explained earlier, it seems highly likely that
;4 some microbial species that co-evolved over thousands of generations with a native host pro-
35 vide an adaptive value that may carry over to another host species that is related to it, such
36 as a scenario in which a microbe that facilitates a certain carbohydrate’s breakdown in the
;a7 gut of a native detritivore is picked up by a host species that belongs to the same ecological
;s guild. These observations highlight multiple paths of empirical exploration that may provide
30 major insights regarding microbiome-mediated adaptation in invasive species.

350 It is expected that if invaders can form novel mutualistic associations with microbes from
;51 the microbiome of natives, then hosts may also share pathogen strains (Dickie et al., 2017;
552 Bahrndorff et al., 2016). In our work we choose to specifically focus on the case in which
553 microbiome transfer has a positive impact on fitness, given that this scenario has received sig-
554 nificantly less attention than the sharing of parasites or pathogens. The exchange of pathogens
555 may also affect invasion dynamics, by reducing competitiveness in natives or in invaders. One
356 prominent such example is in the case of the invasive grey squirrel, whose spread in Europe has
557 been facilitated by infection of the native population of red squirrels with squirrelpox: a highly
;55 pathogenic disease carried by grey squirrels, which appear to be immune to it (Schuchert et al.,
550 2014). We have recently outlined another interesting scenario along these lines as possibly
30 having played a role in the spread of modern humans and the replacement of Neanderthals
560 (Greenbaum et al., 2019). Future work may further consider how different combinations of
s> mutualistic and parasitic/pathogenic interactions between microbes and a newly introduced
563 host may affect species’ competitive dynamics and invasion success (Martignoni et al.).
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+ Scenario B: The establishment of an introduced species is made possible
« by transfer of microbes from native species

36 In the previous section, we have already discussed how the presence of native mycorrhizal
57 fungi in the soil may facilitate the establishment of newly introduced plants (Dickie et al.,
se - 2017; Becknell et al., 2021; Parepa et al., 2013). Experimental work is in progress to explore
30 how specific microbiome can contribute not only to soil health and plant fitness, but also
;70 to animal reproductive success and in increasing their resilience against environmental stress
s (Peixoto et al., 2021; Comizzoli and Power, 2019), uncovering promising new venues for the
572 successful management of reintroduced populations (Trevelline et al., 2019; Redford et al.,
573 2012; Bahrndorff et al., 2016). Here we propose that in cases where the establishment of
372 an introduced population is desired, such as the reintroduction of wildlife populations, the
375 transfer of beneficial microbes from similar native species may increase establishment success
376 by helping the introduced species to become better adapted to local conditions.

377 Founder populations have been often found to suffer from a lack of diversity that makes
575 them more susceptible to demographic and environmental stochasticity (Drake and Lodge,
579 2006; Simberloff, 2009), and more likely to suffer from inbreeding depression (Drake and
550 Lodge, 2006). The microbiome can influence the host phenotype in several ways (Fontaine
s et al., 2022; Kohl et al., 2014; Townsend et al., 2019), and phenotypic plasticity has been found
22 to help founder populations with low genetic diversity to maintain high fitness (Richards et al.,
53 2006; Davidson et al., 2011; Estoup et al., 2016). The extended phenotypic response provided
;3¢ by the acquisition of native microbes may therefore compensate for this lack in diversity and
;55 mediate the establishment success of small founder populations, particularly if native microbes
;36 are then efficiently transmitted among introduced individuals.

+ Scenario C: The presence of natives facilitates adaptation

;s Relatedness between invasive species and the recipient community have been found to be weak
550 predictors of invasion success (Pantel et al., 2017; Leffler et al., 2014; Diez et al., 2008; Divisek
500 et al., 2018). On the one hand, similarities with natives may increase the likelihood that an
501 invader’s traits will match the new environmental conditions. On the other hand, an invader
500 may be more likely to suffer from direct competition with natives in such a case, due to niche
303 overlap. Here we propose that, non-intuitively, invasion may be facilitated by the presence
500 of co-occurring native species if the acquisition of beneficial pre-adapted microbes from the
305 microbiome of natives can boost invaders’ fitness.

396 Particularly, even when invaders are superior competitors, the acquisition of native mi-
307 crobes may confer local adaptations to an invasive population and facilitate its population
508 growth and spread. On the other hand, if invaders displace natives before being able to
300 acquire their microbiome, invaders may fail to adapt to the new environment and remain
a0 localized in certain patches or regions. Eventually, due to being poorly adapted, environmen-
a1 tal disturbance may cause their disappearance after what seemed to be a successful invasion,
22 a phenomenon that has been observed in several cases, some of them not fully understood
s (Simberloff, 2013). Such an example is the spread of Indian palm squirrels (Funambulus pen-
w00 nati) in Israel and their eventual disappearance, perhaps because of a cold spell during winter
w5 (Yom-Tov, 2013).

406 Our hypothesis could be tested experimentally in controlled conditions that emulate in-
a7 vasion scenarios, comparing the invaders’ fitness when faced with local conditions, with and
208 without exposure to native species that may act as potential microbiome sources for local
200 adaptation. Perhaps more interestingly, it may also be explored in invasive species that were
210 introduced independently multiple times to sites which are disconnected. An example of
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a1 such introduction is that of the marbled crayfish (Procambrus virginalis) in different places
212 around the world. This species has been introduced in some cases to multiple wetlands in
213 the same region that are characterized by similar environmental conditions, but that differ in
214 the native crustacean hosts that occur in them and that may function as native microbiome
a5 ‘donors’. Comparing the crayfishes’ fitness and invasive success among these sites, and linking
216 them to the microbiome site composition of the native and invasive crustaceans, may thus be
217 highly informative. We have recently detected and have begun to study such a situation in
s Israel, where the marbled crayfish was recently detected at several sites (a report of this set
210 of invasions and their eradication attempts is in preparation).

420 The number of studies comparing the microbiome of native and invasive species in plants
w21 is growing rapidly (Coats and Rumpho, 2014; Aires et al., 2021), but only a few studies have
22> focused on comparing the microbiome of native and invasive animals (Chiarello et al., 2022;
23 Santos et al., 2021). In a recent study, Chiarello et al. (2022) found that native mussels shared
24 a substantial fraction of their microbiome with the co-occurring invasive species Corbicula
w5 fluminea, indicating that invasive mussels may host microbial communities that are obtained
26 locally. Additionally, a few more studies have compared the microbiome of invaders in their
27 native and invasive range (Cardoso et al., 2012; Bansal et al., 2014), or in the population core
s and at the edges of their expansion range (Dragicevié¢ et al., 2021; Wagener et al., 2021). We
20 suggest that such studies are necessary for the understanding of the possible importance of
230  microbiome-mediated adaptation in general, as well as for testing the proposed hypothesis of
231 adaptive microbiome pickup from native hosts as a mode of rapid adaptation. In a rapidly
232 changing world in which connectivity and opportunities for the spread of invasive species are
233 consistently increasing, these may turn out to be key to understanding and predicting species’
134 invasion success, and in turn to considering the mode and timing of mitigation efforts.

+ Conclusion

236 The need for developing theoretical frameworks to predict invasive potential when invaders
557 evolve in their environment has been highlighted in several instances (Coutts et al., 2018;
se - Whitney and Gabler, 2008), however this call has largely remained unanswered. Here we
130 present a mathematical model that sheds light on possible dynamics occurring if invaders
w0 evolve after their introduction, and we focus on the situation in which evolution is driven by the
a1 transfer of beneficial microbes from the microbiome of similar co-occurring native species. Our
w2 work presents a simple framework which sets the basis for broadening the conceptualization
243 of microbiome-mediated dynamics, and opens the door to further theoretical exploration and
a4 scientific discoveries.
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« Supplementary information

« A Two-species competition model

705 Consider the competitive Lotka-Volterra equations to describe the competitive dynamics be-
706 tween a native population (V) and an introduced population (Ip):

dN N
7 — =r,N (1= ) —aiuNI,
70 di T < Kn> (0% 0 (6&)
1 1
708 % == ’I“iIO (1 - [g) - OzniloN, (6b)

700 where 1, and r; are the intrinsic growth rates of the native and introduced populations, K,
70 and K; are their carrying capacities, and «;, and «ay; quantify the competitive effect of the
711 introduced species on natives, and viceversa. A description of model parameters is provided
712 in Table 1.

713 Linear stability analysis and phase plane analysis (Kot, 2001) show that the dynamics of
714 the system of equations in (6) can result in the four different scenarios described below. The
715 phase planes corresponding to each of these scenarios are shown in Fig. S1.

716 (a) Coexistence of natives and introduced species

717 Coexistence of the native and introduced populations is observed when growth rates and

718 competition rates between natives and introduced species are low, and their carrying

719 capacities are high (i.e., when K,, < r;/ay; and K; > r,/aip, see Fig. Sla). Under this

720 scenario, the coexistence steady state (N*, I) is stable, with

721 N* = nrz(rn Yin Z) (7&)
Tl — Qi K K

- rx = Hiralri = aniltn) (7b)
TnTi — ainaniKnKi

73 Thus, if competition between native and introduced species if low, species coexists at

724 an equilibrium value that is lower than their respective carrying capacity.

725 (b) Competitive exclusion (bistability)

726 When both natives and introduced species are strong competitors, such that K; >

727 Tn/in and K, > 1/, coexistence cannot occur and competitive exclusion of natives

728 or introduced species is observed. In this case, both steady states (N*,0) and (0, I;),

720 with N* = K, and I = K;, are stable, and which species will competitively exclude the

730 other will depend on model parameters (determining the size of the basin of attraction

731 of each of the steady states), and on the initial conditions (Fig. S1b).

72 (c) Competitive exclusion of the introduced species

733 If natives are superior competitors, only the steady state (N*,0) with N* = K, is

734 stable, and natives will competitively exclude the introduced species (Fig. Slc). This

735 scenario may occur if the carrying capacity and growth rate of the introduced species,

736 and if the competitive effect of natives on the introduced population are low, while the

737 carrying capacity and growth rate of natives and the competitive effect of introduced

738 species on natives are high, such that K,, > r;/ay,; and K; < 1y, /qn.
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70 (d) Competitive exclusion of natives

740 If the introduced species is a superior competitor, only the steady state (0, [}) with
741 I = K; is stable and the introduced population will competitively exclude natives
742 (Fig. S1d). This scenario may occur if the carrying capacity and growth rate of the
743 introduced species, and its competitive effect on natives are high, while the carrying
744 capacity and growth rate of natives, and their competitive effect on invaders are low,
745 such that K; > r,/a;, and K, > r;/ap,.
(a) Coexistence (b) Competitive exclusion (bistability)
rn [ din |

(N*1o¥)

(N*,0)
Di
N Kn ri [ ani N rifoni Kn
(c) Native population only (d) Introduced population only

(N%0)

] S
N ri [ ani Kn N Kn ri [ oni

Fig. S1: Phase planes of the system of equations in (6). Nullclines are represented in orange (dN/dt = 0)
and blue (dIy/dt = 0). The horizontal axis represents the native population, while the vertical axis
represents the introduced population. Stable steady states are represented with a red square. We
observe that depending on the competitive effect that natives and introduced species have on each
other, their carrying capacity, and their growth rates, different scenarios can be observed, namely (a)
coexistence between the native and the introduced populations, (b) competitive exclusion of one of
the two populations, where which population survives will depend on model parameters and initial
conditions, (c¢) competitive exclusion of the introduced population, and (d) competitive exclusion of
natives.

« B Dynamics of competition and microbiome transfer

727 The transfer of beneficial microbes from the native to the introduced population can lead
75 to an increased competitive ability of the introduced population. We model this scenario by
720 splitting the introduced population I in two subpopulation, i.e., the subpopulation without
750 native microbes Iy and the subpopulation with native microbes I,,, (Eq. (1)). Once the first
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751 microbiome transfer event from natives to introduced individuals occurred, a new subpopula-
752 tion I, is created. We model the increase in competitive ability due to the presence of native
753 microbes by allowing the I,, subpopulation to have for example a higher carrying capacity
754 than Iy (i.e., K, > K;) or a higher growth rate (i.e., r,, > 7;). The biological reasons for this
755 choice are explained in the main manuscript.

756 Looking at the phase plane of the two-species competition model (Fig. S1) can help us
757 visualize the impact of creating a new subpopulation with superior competitive ability on the
755 competitive dynamics. We would like to use a phase plane representation to understand the
75 impact that microbiome transfer can have on the competitive dynamics in scenarios A, B and
760 C, described in the main manuscript.

71 Scenario A: The timing of microbiome acquisition affects invasion lag times

762 Prior to the transfer of native microbes, the introduced species coexists in low density with
763 a much more abundant native population. Microbiome transfer from native to introduced
76« individuals causes an increase in the carrying capacity of the introduced population. This
765 increase constitutes a competitive advantage for the introduced population, that eventually
76 leads to the competitive exclusion of natives, or to a significantly reduction in their population
767 size (Fig. S2, scenario A).

s Scenario B: The establishment of an introduced species is made possible by transfer
o of microbes from native species

770 Natives are competitively superior to the introduced species, and if microbiome transfer from
771 natives does not occur the introduced population would fail to establish. If microbiome
772 transfer occurs before the extinction of the introduced population, it may lead to an increase
773 in the carrying capacity, and eventually in the growth rate, of the introduced species, and the
774 consequent competitive exclusion of natives (Fig. S2, scenario B).

775 Scenario C: The presence of natives facilitates adaptation

776 The introduced species is competitively superior than natives, however despite its high com-
777 petitive ability, it has a low carrying capacity and growth rate. If microbiome transfer does
778 not occur, the introduced population displaces the native population, but its population size
770 remains small. Microbiome transfer increases the carrying capacity of the introduced popula-
70 tion, and allows it to reach a higher population size after the displacement of natives (Fig. S2,
751 scenario C).
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Table S1: Default parameters used to simulate scenarios A, B and C. The corresponding phase planes
are provided in Fig. S2.

Parameter | Scenario A Scenario B | Scenario C
K, 100 90 100
K; 20 60 20
K,, (b) 70 (c¢) 90 | (b) 60 (c) 90 80
T 1.5 1.5 1.5
T 1.5 1.5 1.5
T 1.5 2.5 1.5
i 0.01 0.02 0.01
in 0.02 0.02 0.2
O 0.01 0.02 0.01
O 0.02 0.02 0.2
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Fig. S2: Phase plane representation of the two-species competition model of Eq. (6), where a native
population competes with an introduced population that has not acquired native microbes (1y), or that
has acquired native microbes (I,,). Scenario A: (a) Coexistence between the native and introduced
populations is observed prior to the transfer of native microbes, where the introduced population is
present in small numbers. Microbiome transfer leads to an increase in the carrying capacity of the
introduced population (from K; to K,,, > K;), and a consequent (b) reduction or (c) extinction of the
native population. Scenario B: (a) the native population is competitively superior to the introduced
population. Microbiome transfer causes (b) an increase in the growth rate (from r; to rn, > 74),
and eventually (c) an increase in the carrying capacity of the introduced population (from K, to
K,, > K;), which leads to the (b) reduction or (¢) extinction of the native population. Scenario C:
(a) The introduced population is competitively superior, and its introduction leads to the exclusion
of the native population. (b) Microbiome transfer leads to an increase in the carrying capacity of the
introduced population (from K; to K, > K;). The parameters used to simulate these three scenarios
are provided in Table S1.

27


https://doi.org/10.1101/2023.08.28.555072
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.28.555072; this version posted December 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

« C Stochastic realizations and deterministic approximation

7z The ordinary differential equation system of Eq. (1) includes two Poisson random variables,
7« namely A, and A,,, defined in Egs. (2) and (3). These two random variables representing
75 microbiome transfer from natives to introduced individuals (A,) and among introduced indi-
6 viduals (A,y,), where the expected population increase of I,,, due to microbiome transfer Al

757 1S ‘

788 AI:,LZ =A,+ A, (8)
0 Conditioning on I™(t), we have that:

E(IM(t 4+ At) — IM(4)|I7(t)) = A\nNIoAt 4 AL IoAt . (9)

701 Dividing Eqs. (9) by At and letting At — 0, we obtain:

dImi(t)
E m
( dt

795 what corresponds to the the deterministic version of the model of Eq. (1). Thus as long
704 as E(A,) and E(A,,) are large enough, we expect the mean average of a large number of
705 stochastic realizations of Eq. (1) to approach the deterministic solution.

796 In Fig. S3 we plot 500 stochastic realizations of Eq. (1), and compare the mean average
707 of these realizations with the corresponding deterministic solution of Eq. (1), for which the
78 random variables A,, and A,, are substituted by their expected values. We can see that for
790 scenario A, for A, and A, large enough, the mean average of a large number of realizations
so0  approaches the deterministic solution.

Iﬁf(t)) = M NIy + AnIm o, (10)

100 T T T T T T T T T
80 - -
§ 60 deterministic trajectory (N) 7
© mean of stochastic trajectories (N)
a deterministic trajectory (I)
n? 40 - mean of stochastic trajectories (I) |
20 - =
0 | 1 | | | L E !
0 5 10 15 20 25 30 35 40 45 50

Time [arbitrary unit]

Fig. S3: Stochastic realizations of Eq. (1) (grey curves) are computed under the scenario A, in which
the introduced species coexists with the native population prior to the transfer of native microbes (cfr.
Fig. 1a). The mean of 500 realizations is represented as dotted line and the deterministic solution is
represented as a solid line, for the native (orange) as well as for the introduced population (blue). Note
that the mean of a large number of stochastic realizations approaches the deterministic solution.

- D Establishment in the presence of natives

502 Consider the situation in which the native population is competitively superior to the intro-

s0s duced population Iy (Fig. S2, scenario B). In this case, microbiome transfer can contribute to

S
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g4 increase the competitive ability of the introduced population, and rescue it from extinction
s (Fig. S4a).

806 We are interested in deriving an approximation for the minimal microbiome transfer rate
207 needed to avoid the extinction of the introduced population. For this purpose, we look at
s0s  the equation describing the growth rate of the introduced population Iy prior to the first
s00 microbiome transfer event, namely Eq. (1b), for I,,, = 0:

0 o) (1- 50 ) — N ). (1)

810

si1 Let us assume that only a small number of individuals iy is introduced, such that Iy < Ky
s and N(t) = K,,. We obtain:

dlp(t
813 25 ) ~ 7’]]0(15) — Ozm[o(t)N, (12)
g1« which has solution
615 Ip(t) ~ igelmi—amifn)t, (13)

sic - We know that for the scenario considered K,, > r;/apn; (Fig. S2, scenario B(a)), i.e., r; —
517 i K, < 0 and the population [y(t) declines exponentially. We define ¢y as the time needed
s1s to drive the introduced population to extinction. Note that Iy(t), as approximated in Eq. (13),
s10 never reaches zero, while in the two-species competition model (Eq. (6)) the native population
s20 N competitively exclude Iy. This is a limitation due to considering N (t) as a constant. We
g1 approximate therefore ¢ty as the time needed for the introduced population to reduce to a
22 single individual:

In(io)

—_— {i K : ;. 14
P or n > T/ Qi (14)

823 to >~

22« Eq. (14) can serve as a good approximation to understand how model parameters can affect the
25 minimal microbiome transfer rate needed to rescue the introduced population from extinction.
226 Note that if we consider that the introduced population has a negative population growth even
27 in the absence of competition (i.e., ; < 0, and Eq. (12) becomes dIy/dt = r;1), the introduced
225 population will decline even in the absence of a native population.

829 The expected value of the microbiome transfer rate between native and introduced indi-
50 viduals (Eq. (2)) is
831 E(An) = Mo N(t)Ip(t). (15)

s> We define ¢, as the average time needed for the first microbiome transfer event to occur.
33 Assuming a constant native population K, and an initial introduced population iy, we obtain
s« a lower and a upper bound for ¢,, during the exponential decay of population Iy(t) from ig to
35 1, namely:

<tp <

836

_— . 16

s37 Thus, the larger the number of introduced individuals, the shorter the expected time ¢,, till
35 the occurrence of the first microbiome transfer event. A reduction in the size of the introduce
s30 population Iy(t) also implies a reduction in the likelihood of transferring native microbes, i.e.,
80 an increase in t,,.

841 Using Egs. (14) and (16) we can understand how the minimal density-dependent micro-
s> biome transfer rate A, needed to avoid extinction of the introduced population relates to other
23 model parameters, i.e., the situation in which ¢, < t3. We obtain the following approximation
a4 for the lower and upper bounds for the minimal density-dependent microbiome transfer rate

845 An:
aniKn -7 aniKn -7

e " K, In(ip)

ioKn ln(io) for K, < Ti/Oém;. (17)
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27 Eq. (17) holds best when iy < K; and when the native population is little affected by the
ss presence of an introduced species. Eq. (17) be used to identify key parameters affecting
g0 the competition dynamics under scenario B, and determine how their variation affects the
50 establishment success of the introduced population.
851 Plots of the upper bound of the minimal A, as a function of the size of the introduced
52 population ig, the growth rate of the introduced population r;, the competitive effect of the
53 native on the introduced population «,,; and the carrying capacity of the native population
ss K, are shown in Fig. S5. Numerical simulations investigating the probability of establishment
s5 as a function of A, and i are shown in the main manuscript (Fig. 2b). Note that increasing
sso the initial population of the introduced species (parameter ig), or increasing its growth rate
ss7 1; leads to population establishment for a lower microbiome transfer rate A, (Fig. S5 (a) and
g5 (d)). A higher microbiome transfer rate A, is required for the establishment of the introduced
sso - population when the size of the native population is large (higher carrying capacity K,) or
sso - when the competitive effect of the native on the introduced population c,; is high (Fig. S5
ssr (b) and (c)).
862 Note that if the introduced population experiences a population decline even in the absence
s3  of competition with natives, the denominator a,;K, — r; of Eq. (17) can be substituted by
see  —T;, with r; < 0 representing the rate of decline in the size of the introduced population, and
s Bq. (17) becomes

—T; —T;
WKan(io) ~ " < Kym(i) |

567 In this case, the upper bound of the minimal A, increases as a function of the carrying capacity
s of the native population K, (Fig. S6), while the influence of other parameters will remain
seo  similar. Indeed, the larger the native population, the higher the probability that introduced
s70  individuals will acquire native microbes, and thus in the absence of competition a large native
s71 population will only be beneficial for the introduced population.

for r; <0. (18)

866

(a) (b)
, N | L N |
100 | (no microbiome transfer) 100 | (no microbiome transfer)
= | (microbiome transfer) = | (microbiome transfer)
80 [ 1 80+
= c
2 S
® 60 ® 601
= 3
Q o
o] o]
o 40| o 40 +
20 al 20 /
0 . . 0 . ;
0] 5 10 15 20 0 5 10 15 20
time [arbitrary units] time [arbitrary units]

Fig. S4: Growth of the native (N, orange curve) and introduced population (I, blue curve) over time
when microbiome transfer from natives does not occur (thin blue curve), and when it does (thick blue
curve). (a) When natives are superior competitors (scenario B) microbiome transfer can facilitate
the establishment of an introduced species. If the number of introduced individuals is large enough,
and if the rate of microbiome transfer is small, the establishment of the introduced population may
occur after a lag time. (b) If the invaders are superior competitors, natives are displaced by their
introduction (scenario C). The transfer of beneficial microbes can facilitate the rapid adaptation of
invaders and increase their carrying capacity. If the rate of microbiome transfer is low, the increase in
carrying capacity may be observed after a lag time.
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Fig. S5: Upper bound of the minimal density-dependent microbiome transfer rate (\,) needed for
the establishment of an introduced population, when the native population is competitively superior
(Eq. (17)). Parameter )\, is plot as a function of (a) the initial size of the introduced population i,
(b) the size of the native population, assumed to be at carrying capacity K, (c) the competitive effect
of natives on introduced species a,;, and (d) the growth rate of the introduced population r;. In all
figures, the blue region represents establishment of the introduced species, while red region represents

its extinction.
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Fig. S6: Upper bound of the minimal density-dependent microbiome transfer rate (A,) needed for the
establishment of an introduced population, when the introduced population experienced a population
decline even in the absence of competition with natives (Eq. (18)). Parameter A, is plot as a function
of the carrying capacity K,,. The blue region represents establishment of the introduced species, while
red region represents its extinction.

.~ E  Speed of invasion

s73 We consider the situation in which introduced individuals are competitively superior, and
g4 their introduction leads to the exclusion of natives (Fig. S2, scenario C). In our simulations,
s7s microbiome transfer from native to introduced individuals facilitates the adaptation of the
s76  introduced population, and we are interested in understanding under which circumstances
s77  microbiome transfer can occur before the displacement of natives. Would microbiome transfer
s7s  not occur in time, the introduced population still displaces native species, but remains poorly
7o adapted in the environment (Fig. 3 and Fig. S4).

880 For this purpose, we consider a spatially explicit version of the two species competition
ss1 - model presented in A. In this case, the two species represent a population of natives IV, and
g2 a competitively superior introduced population Iy that can disperse in a given homogeneous
33 one-dimensional landscape x. We consider that the introduced population disperses randomly,
s« and we quantity its dispersal ability by the diffusion coefficients D;. Diffusion of Iy causes the
g5 subsequent displacement of natives. We write:

886 ON(z,t) = FN(N, Ip), (19a)
67 Oulo(z,t) = D92 Iy(x,t) + Fr, (N, Ip), (19b)
gss with
N
889 FN(N, Io) = TnN <1 - K) - amNIO s (20&)
I
500 Fi, (N, Iy) = rily (1 - ;) — aniloN, (20b)

o1 as defined in Eq. (6), where model parameters are given in Table 1. The population densities
s> of natives and introduced individuals at each time ¢ and location z, i.e., variables N(x,t) and
s Ip(z,t), are given by the solutions to Eq. (19).
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= E.1 Traveling wave analysis

g5 We would like to derive an approximation for the speed at which a competitively superior
s0s introduced population Iy will displace a native population N (Fig. S2, scenario C). To tackle
so7  this problem, we look at travelling wave solutions of Eq. (19), which are particular solutions
s0s  describing the invasion at a constant speed c¢ of the steady state (N*,0), for which only natives
so0 are present, by the steady state (0, ), for which only the introduced species is present. We
o0 assume therefore solutions to Eq. (19) to be of the form N(xz,t) = n(x — ct) = n(z) and
o1 Ip(z,t) = j(z — ct) = j(2) for an unknown speed ¢ € R. By replacing these expressions into
902 (19) we obtain:

d
903 —C ?:;ZZ) = fn(nvj)a (21&)
dj(z d? .
904 —c d(z) = Di@](z) + fi(n, 7). (21b)
905
906 We consider that initially a native population is at its carrying capacity K,, and that

o7 successively the native population is displaced by the introduced population, which is advanc-
o8 ing at constant speed c from left to right in the z-domain. This situation can be modelled
900 by assuming that at the right of the domain (i.e., ahead of the wave, for z — +00) a native
o0 population is present at its steady state (n*,0), with n* = K,,, while on the left side of the
our domain (i.e., behind the wave, for z — —00), only the introduced population j is present at
o steady state (0,5*), with j* = Kj;. Thus the boundary conditions can be expressed as:

013 le)riloo(n,]) = (n*,0), (22a)
o14 Er_n (n,j) =(0,5%). (22b)

ois Under scenario C, we know that the steady state (n*,0) is unstable, while (0, j*) is stable.
o6 When a stable and an unstable steady states are present, the stable steady state will invade the
017 unstable one at constant speed c. In this case, there is a monostable traveling wave solution
ois (mimicking biological invasion) and one may expect an estimate of the minimal speed of
o10 propagation c¢ using the linearized problem around the unstable steady state.

920 To find the minimal speed of propagation ¢ we define the variable u = j’, such that the
o1 system of equations in (21) can be rewritten as a system of first order ordinary differential
92 equations:

1
n' =~ fa(n,j), (23a)
&
924 j/ =u, (23b)
925 u = %fu - fj(l;L;]) , (23C)

96  with Jacobian . ' ) '
- fn(n, 5) _Eajfn(nv]) 0
J= 0 0 L, (24)

. . C

s When computing the Jacobian J around the unstable steady state (n*,0) with n* = K,,, and
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20 using Egs. (20a) and (20b), we obtain:

Tn ain K, 0
c c
0 J . 0 L (25)
(. 0) o ln-ri ¢
D; D;
031 with eigenvalues A corresponding to the solutions of
T c ani Ky —1;
" In_ A) AN+ —) — ZniZn 2T 26
. (%) e g - 25 =] (26)
0313 Thus,
2
T c 1 c A(r; — ani Ky)
: A= — Ao = — + - —- - 27
934 1 c ’ 2,3 2Di 2\/<Dz> Di ( )

o35 We know that, in scenario C, r; — oy K, > 0. Additionally, we are only interested in solutions
936 that are bounded below by zero, as n(z,t),j(z,t) > 0. For this, we require (n*,0) to be a
037 stable focus. In other words, we require

2
4 v niKn
938 (DCZ> — (TDO[Z) >0. (28)

030 Hence, one can conclude that a lower bound for the propagation speed ¢* < ¢ is given by

940 ¢ = 2\/Di(ri — Oém‘Kn). (29)

a1 The speed of invasion ¢ increases therefore with increasing dispersal ability of the introduced
o2 species D; and with increasing growth rate r;, while it decreases when the carrying capacity
o3 of the native population K, and its competitive effect «,; on the introduced population are
oaa  large.

«s E.2 Speed of invasion and microbiome transfer

a6 We interested in understanding under which circumstances microbiome transfer from natives
o7 to introduced individuals may occur before the displacement of natives. In Eq. (29) we
o know the speed at which the introduced population displace a native one. We can therefore
a0 calculate the time At needed for the introduced species to displace natives within a certain
ss0  one-dimensional patch of length Az, with invasion speed c¢*. Thus, we find that

Az _ Ar
c 2/Di(ri — aniK,)

951 At = (30)

952 We define t; as the minimal average time needed for the first microbiome transfer event to
053 occur, which depends on the expected value of the microbiome transfer rate between native
s« and introduced individuals (Eq. (2)). Thus we obtain

11
E(An)  Anj’

955 tqg = (31)

osc where 7 and j are the averaged population densities of introduced and natives species at
057 the wavefront. As long as ty; < At, microbiome transfer from natives to the introduced
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oss  population can occur before the displacement of natives. We obtain therefore a lower bound
050 for the density-dependent microbiome transfer rate \A,, namely

A > 2+/D;i(r; - ?niKn)
Axnj

960

for K, < Ti/Oém' . (32)

o1 Microbiome transfer is therefore more likely to happen when the patch size Ax is large, the
o2 density of natives N and introduced species I are large, and the competitive effect of natives
93 on introduced individuals (ap;) is large. Microbiome transfer is less likely to occur when the
oe  patch size Ax is small, and when the dispersal ability and growth rate of the introduced
w5 species are low.
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Fig. S7: Patch A is smaller and presents a low density of natives, and the invaders displace the native
population before the transfer of beneficial microbes from native to invaders can occur. In patch A,
the invasive population remains therefore poorly adapted to the new environment, and in low density.
Patch B presents a larger patch size and a higher density of natives, which increase the likelihood
that native microbes will be transferred to the invaders before natives are driven to extinction. The
acquisition of native microbes confers local adaptation to the invaders, and their population in patch
B grows larger than in patch A. The findings represented in this figure are based on Eq. (5).
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