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Theoretical models are useful to investigate the drivers of community
dynamics. In the simplest case of neutral models, the events of death,
birth and immigration of individuals are assumed to only depend on their
abundance—thus, all types share the same parameters. The community
level expectations arising from these simple models and their agreement
to empirical data have been discussed extensively, often suggesting that in
nature, rates might indeed be neutral or their differences might not be
important. However, how robust are these model predictions to type-specific
rates? Also, what are the consequences at the level of types? Here, we
address these questions moving from simple neutral communities to hetero-
geneous communities. For this, we build a model where types are differently
adapted to the environment. We compute the equilibrium distribution of the
abundances. Then, we look into the occurrence-abundance pattern often
reported in microbial communities. We observe that large immigration
and biodiversity—common in microbial systems—lead to such patterns,
regardless of whether the rates are neutral or non-neutral. We conclude by
discussing the implications to interpret and test empirical data.
1. Introduction
Theoretical models have been instrumental in understanding ecological sys-
tems. Historically, a handful of puzzling natural observations have motivated
their development—from the limits of exponential growth by Malthus [1] to
the competition of species by Lotka & Volterra [2,3].

The stark difference of the frequencies of species within communities is one
such observation. While few species are very abundant, many others barely
appear in community surveys [4]. Two hypotheses have dominated the scienti-
fic discussions. On the one hand, it is proposed that biotic interactions and
environmental filtering make trophically similar species occupy different
niches, which allows differences in abundance while preserving diversity.
This is known as niche theory [5]. Alternatively, Hubbell et al. [6] have empha-
sized that even if niche differences are discounted, so only species’ abundances
matter, random fluctuations can lead to the patterns of abundance and diversity
observed in nature. This is known as neutral ecological theory [7].

Despite their stringent assumptions, neutral models often predict patterns
observed in communities as different as the tropical rainforest of Barro Color-
ado island [7] and host-associated microbiomes [8–10]. With time, neutral
models have become null hypotheses used to discard the need for complex
mechanistic explanations in data at the community level [6].

However, how does a neutral model work? In a neutral model, the death
and birth of individuals account for changes in community composition, but
because each rate is identical for all types, after some time, stochastic drift
leads to the extinction of all but one type [11]. Thus, to preserve diversity, an
external source of individuals by immigration or speciation is needed. Here,
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neutral theory builds upon island biogeography. In this
theory, MacArthur & Wilson [12] have modelled the commu-
nity composition of small habitats (islands) connected by
migration to a larger habitat (mainland). In neutral models,
a local community commonly receives individuals from an
external and larger community [13]. Such a community can
itself undergo internal changes or, by separation of time
scales, assumed to be constant [7,13].

Initially, neutral models have been used in macroecology
to address the patterns of diversity and abundance of species
[6,7]. More recently, driven by developments in sequencing
technologies, the study of patterns of occurrence and mean
frequency in microbial communities has become possible
[14,15]. At this scale, ecological drift also seems to greatly
influence the community dynamics, leading to hypothesize
that many microbial taxa could be classified as neutral
[10,16]. However, few taxa, referred to as non-neutral, have
occurrences and frequencies different than neutrally
expected. It has been suggested that the last group might
include, among others, pathogens and symbionts [10].

At least two possibilities could lead to deviations from
neutrality. Either different processes from those in the neutral
model are necessary, or, alternatively, not all the parameters
of the model are actually neutral. Both of these lead to
develop models of selection [11]. Although many such
models have been developed from niche theory assumptions,
fewer have been developed from a neutral theory basis [6,17].
A direct connection from neutral to selective models would
allow the comparing of their patterns while acknowledging
that both might be operating simultaneously. Neutral
models can be rejected when the patterns are observed to
not conform to their predictions. However, ‘compatible with
a neutral model’ does not immediately imply neutrality:
non-neutral processes can only be rejected after ensuring
that they cannot produce ‘neutral’ patterns in data [17].

Neutral and niche models have been connected in several
ways [13,18,19]. Some authors have assumed that the rate of
types are solely determined by the environment, finding that
neutrality might overshadow the niche structure effect [20],
depending on diversity, dispersal, and niche overlap [18]. Alter-
natively, using Lotka–Volterra models with immigration, the
effect of competitive interactions has been studied. Early
models focused on intraspecific [21] or interspecific [22] compe-
tition. Later on, both were considered simultaneously.
Haegeman & Loreau tuned the niche overlap using symmetric
interactions to investigate the success behind the neutral
assumption [19]. Kessler& Shnerb classified the dynamics emer-
ging from interspecific interactions, finding that the neutral case
links all classes [13]. Focusing on intraspecific interactions,
Gravel et al. studied the influence of immigration, suggesting a
continuum from competitive to stochastic exclusion [18].
Throughout these studies, diversity, community size, and
environmental fluctuations seem to have great relevance,
as pointed out by Chisholm & Pacala [20] and Fisher &
Mehta [33].

This previous research has proven useful to bridge neutral
and selective theories. The link has been instrumental to con-
sider migration, speciation, and stochastic demography key
components in ecology. Along this line and motivated by
the particularities of microbial communities, large commu-
nity size and taxa diversity [14,16,23], here we investigate
the commonly observed occurrence-abundance pattern in
neutral and non-neutral contexts. Similarly to Sloan et al.
[16] and Allouche & Kadmon [22], we model death, birth
and immigration within a community, but in contrast to
these neutral models, type-specific growth and death rates
are determined by the environment.

1.1. Terminology
Within this work, we define key terms in the following way:

biodiversity: the total number of different types in a
community;

ecological neutrality: the equality of death and growth
rates for all individuals in a community;

environmental filtering: the set of environmental factors
impeding the establishment of a type;

nche: the set of biotic and abiotic factors sustaining the
existence of a type in a community;

niche overlap: the set of niche factors shared by multiple
types which lead them to compete;

occurrence frequency: the chance of a type of having
at least one individual per community; and

mean frequency: the mean relative abundance of a
type across the communities.
2. Results
2.1. A spatially implicit death–birth model with

immigration
We consider a set of local communities connected by immigra-
tion to a larger community which contains multiple types of
individuals. While local communities change as a result of
the death, birth and immigration of individuals, the larger com-
munity changes on a much longer time scale—so immigration
to local communities can be assumed to be constant. To derive
a dynamical equation of a local community composition, we
account for the events that change the frequency xi of each
type i= 1,…, S within each local community. Individuals die
with a rate proportional to the product xi ϕi of their frequency
xi and their death rate ϕi. Additionally, they are born pro-
portional to the product xi fi of their frequency and their
constant growth rate fi—or arrive with a fraction of the immi-
gration rate m that reflects their frequency pi in the external
environment. Combining these processes, we obtain:

dxi
dt

¼ fixi � fixi þmpi: ð2:1Þ

Assume for now an equal death rate for all types within a com-
munity, ϕi = ϕ, so only fi, m and pi are free parameters. To hold
the community size constant, we use

P
i dxi=dt ¼ 0 to find

f ¼�f þm, where�f ¼ P
j xjfj is the average growth rate of a ran-

domly selected individual. In this way:

dxi
dt

¼ xiðfi ��fÞ þmðpi � xiÞ: ð2:2Þ

Without immigration, m = 0, equation (2.2) shows that
only types whose growth rate is larger than the average
increase. After sufficient time, only the type with the largest
growth rate remains. Coexistence is only possible in the neu-
tral case, where all types have the same growth rate, fi ¼�f .
There, the initial frequencies remain unchanged. Immigra-
tion, m > 0, creates an equilibrium that resembles the
external composition, pi, that for sufficiently large immigra-
tion might promote coexistence, especially if types with



× 10–2

10–3

10–1

immigration (m/N)
10–3

10–1

immigration (m/N)

10–3

10–1

immigration (m/N)

1 1.0

0.8

0.6

0.4

0.2

0

1

10–1

10–1

fraction of migrants

10–2

10–2
10–3

10–3 110–1

fraction of migrants,
mean frequency

10–210–3

1.75
pr

ob
ab

ili
ty

 d
en

si
ty

m
ea

n 
fr

eq
ue

nc
y

oc
cu

rr
en

ce
 f

re
q.

1.50

1.25

1.00

0.75

0.50

0.25

0

0 0.25 0.50
frequency

0.75 1.00

(b)(a) (c)

Figure 1. Expected equilibrium of a type if rates in the community are neutral. The frequency is the relative abundance of a type i across the communities, ni/N,
while the mean frequency is given by E(ni)/N. The occurrence frequency is the chance of type i having at least one individual per community, P(ni≥ 1). (a) If the
immigration parameter m is very small, the population either goes extinct or reaches fixation. A larger immigration reduces the variation in frequency, centred at its
fraction of immigrants (here p1 = 0.5). (b) The mean frequency increases with the fraction of immigrants p1, but it is independent of the immigration rate m. (c) The
occurrence frequency increases with the fraction of immigrants (p1), but in an S-shaped manner that depends on m. Deviations from these patterns can indicate
non-neutral rates [10]. Lines show numerical solutions of the exact solution equation (2.5), with community size N = 103.
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small growth rate migrate more. Similar results are obtained
if we assume equal growth rate for all types, fi = f in equation
(2.1) instead. In the general case, growth and death rates have
opposing effects.

Equation (2.1) provides useful insights about the
dynamics and equilibria; however, only a stochastic model
allows us to compute observables such as the occurrence fre-
quency and the variance. To develop such a model, we track
the vector of absolute abundances instead, n, and list the
transition rates that change it. The increase of type i by one
individual occurs at the expense of the decrease of type j:

Rðn ! nþ ei � ejÞ ¼ fj
nj
N
ðfini þmpiÞ: ð2:3Þ

Here, ei and ej are vectors whose ith or jth element equals one
and zero elsewhere. The fixed population size of the commu-
nity is given by N. The master equation accounts for changes
in the probability of observing the community composition n
through time:

@Pðn; tÞ
@t

¼
X
i;j;i=j

Pðnþ ei � ej; tÞRðnþ ei � ej ! nÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

probability influx

�

X
i;j;i=j

Pðn; tÞRðn ! nþ ei � ejÞ;
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

probability outflux

ð2:4Þ

where P(n, t) is the probability density of community
composition n at time t.

In this work, we investigate the probability distribution at
equilibrium, i.e. the state where the master equation equals
zero. In this case, the influx and outflux to each state balance
each other, ending up with a system of equations that can be
solved to find P(n). For communities composed of two types
(S = 2), detailed balance [24] is fulfilled and leads to a
recurrence equation of the arbitrarily denoted type 1:

Pðn1Þ ¼ Pð0Þ
Yðn1�1,1Þ

n¼ð0,NÞ

Rðn ! nþ e1 � e2Þ
Rðnþ e1 � e2 ! nÞ , ð2:5Þ

satisfying
PN

0 Pðn1Þ ¼ 1. In this case, the transition rates depend
on the single variable n1, using n2 =N− n1 and p2 = 1− p1.
For communities with more than two types (S > 2) ana-
lyses are more challenging, as all possible compositions
must be considered. This is particularly true for microbial
communities, where many types interact (101 to 104 taxa
are common) in large communities (103 to 1014 individuals).
Although a recurrence equation exists [22], the exponential
increase in the number of states and transitions with S and
N, make its computation unfeasible. This is a problem
common to microscopic and even mesoscopic descriptions,
which has been termed ‘the curse of dimensionality’ [25].
In neutral models, the equality of rates allows us to reduce
analyses to a single dimension—that of a focal type [16].
However, unless density dependence is neglected, non-neu-
tral models are inherently multidimensional, as transitions
depend on the current community composition [26,27]. In
this case, we rely on stochastic simulations [28] to compute
the mean frequency and occurrence frequency at equilibrium.
2.2. The neutral expectation
We start by considering the neutral case—a situation where
the rates of all types are equal (fi = ϕi = 1 for all i in {1,…,
S}). In contrast to the deterministic model at equilibrium,
equation (2.2), the frequencies of single stochastic realizations
change through time, driven by the probabilistic nature of
events. As a result, a distribution of frequencies centred at
the value set by the source of immigrants (pi) emerges. The
spread of this distribution inversely depends on the magni-
tude of the immigration, m.

As shown in figure 1a, large immigration drives the equi-
librium distribution towards its mean value, pi. On the
contrary, without or with little immigration, the distribution
splits. Thus, the frequencies zero (no individuals of the ith
type) and one (only individuals of the ith type) are the
most probable, decaying towards intermediate frequencies.
This is a consequence of noisy fluctuations that, for a single
realization, lead to the extinction of all but one type. Whether
the frequency one or zero is most likely depends on the proxi-
mity of the initial state.

The mean frequency of the stochastic model corresponds to
the frequency of the deterministic model. As shown in figure 1b,



f1
0.8

0.9

neutral

1.1

1.2

1
small immigration large immigration

110–110–2

fraction of migrants
10–3 110–110–2

fraction of migrants
10–3

1

10–1

10–1

10–2

10–2

oc
cu

rr
en

ce
 f

re
q.

10–3

10–3 110–110–210–3

10–4

10–5

m
ea

n 
fr

eq
ue

nc
y

10–6

1.0

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1

10–1

10–2

10–3

10–4

10–5

10–6

(b)(a)

(c) (d )

Figure 2. Effect of non-neutral growth rates on the equilibrium of a community with two types. The growth rate between the two types differs ( f1≠ f2 = 1), but their
death rates are equal (ϕ1 = ϕ2 = 1). In contrast to the neutral ( f1 = f2 = 1) expectation, a lower growth rate of one type (f1 < f2) reduces its mean frequency and
occurrence. The change can be of several orders of magnitude. Inversely, a larger growth rate of one type (f1 > f2) increases its mean frequency and occurrence. The
effect of growth rate differences on the internal dynamics is most prominent for small immigration rate (a,c with m/N = 10−3), especially for slowly growing types. It
becomes weaker with larger immigration (b,d with m/N = 10−1). Lines show numerical solutions of the exact solution equation (2.5), with community size N = 103.
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regardless of the total immigration, the mean frequency of a
type increases linearly with the fraction of migrants of its kind.

Besides the mean frequency, one of the simplest, but most
informative observables is the occurrence frequency of indi-
viduals of a given type in the community. In other words,
the probability of observing at least one individual of that
type, P(ni≥ 1). Immigration increases this probability up to
the point where the type is always observed in the commu-
nity (figure 1c). Importantly, this probability does not
increase linearly with the fraction of migrants. Instead, an
S-shaped curve is observed, where changes of immigration
of rare or abundant types do not modify their occurrence.

Using two simple observables, the mean frequency and the
occurrence frequency, we can describe the state of types within
a community. In the following, we relax the assumption of neu-
trality—not enforcing equal growth and death rates. Then, we
compare both observables to their neutral expectation.

2.3. Immigration lessens the effect of growth and death
differences

To understand the effect of non-neutral rates, we start from a
community composed of only two types. Furthermore, we
assume only a single difference in the rates, either in fi or ϕi.

Let us start with a disadvantageous type, i.e. a growth rate
below one (f1 < 1) or a death rate above one (ϕ1 > 1). The
associated type has a reduced mean frequency that preserves
its linear relationship to the fraction of immigrants (figure 2a,
b and figure 3a,b). However, in contrast to the neutral expec-
tation, immigration does play a role, as large migration can
reduce the changes occurring in the internal community
dynamics (compare panels (a) to (b) in figures 2 and 3). In
this context, the neutral type (f2 = ϕ2 = 1) benefits from the
reduced proliferation of its partner, thus, gaining in frequency,
especially if most immigrants belong to the neutral type.

A similar picture arises for the occurrence pattern. While
the non-neutral type occurs less frequently, the neutral type
thrives, occurring more often than when both types are neu-
tral (figures 2c,d and 3c,d ). The change can be as severe as
losing all non-neutral individuals from the community
(figures 2c and 3c). Crucially, large immigration m can pre-
vent this (compare panels c to d in figures 2 and 3), even if
most migrants are of the neutral type.

Let us now focus on an advantageous deviation from
neutrality, a non-neutral growth rate is above one (f1 > 1) or
a death rate below one (ϕ1 < 1). Once the roles are reversed,
the mean frequency and occurrence patterns mirror the pre-
vious results (figures 2 and 3). Although changes produced
by non-neutrality in growth (f1≠ 1) or death (ϕ1≠ 1) rates
are qualitatively similar, they show quantitative differences.

We conclude that even for the simplest community (one
with two types), one non-neutral rate is enough to change
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Figure 3. Effect of non-neutral death rates on the equilibrium of a community with two types. The two types have different death rates (ϕ1≠ ϕ2 = 1), but
identical growth rates ( f1 = f2 = 1). Differences in death rates modify the mean frequency and occurrence of both types, in particular for small immigration
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the community occurrences and abundances substantially
from their all-neutral expectation. This is more visible through
themean frequency (as changes of several orders ofmagnitude
are possible) and for communities with little external
migration—where the internal dynamics is more important.

2.4. Neutral and non-neutral patterns are similar at the
community level but full of differences at the level
of types

Communities with two types can be constructed in vitro.
However, in nature, communities are much more diverse,
especially for microbes. We have produced random instances
of such diverse communities, sampling growth and death
rates, fi and ϕi, from a normal distribution with mean one
and a desired standard deviation. Similarly, we have pro-
duced random fractions of migrants, pi, just conditioned on
the Gini index of the community [29]:

G ¼ 1
S� 1

X
i,j

jpi � pjj: ð2:6Þ

This number that indicates the asymmetry in immigration
between types from zero to one, allow us to compare commu-
nities quantitatively, regardless of their number of types S. As
an example, for G = 0 the fractions of migrants are identical
for each type, while for G = 1 the source pool only contains
a single type.

Using these parameters, we have computed the occur-
rence and abundance frequency of all types in a certain
community. Interestingly, the community patterns that we
observe are very similar to those expected from neutrality
(figure 4a compared to figure 1c)—even if asymmetries of
growth, death, and immigration increase (figure 5). The
theoretical patterns resemble empirical observations in host-
associated and environmental microbiomes (figure 4b). In
particular, large immigration together with high biodiversity
consistently lead to these patterns (figure 5). This indicates
that neither neutrality nor non-neutrality, but large immigra-
tion and biodiversity can explain these patterns. A major
difference from neutrality can occur when types with a
very large advantage drive the other types to smaller mean
frequencies (figure 5b,d ).

Even when neutral and non-neutral patterns are similar at
the community level, we observe large differences at the level
of types. While in the ‘all-neutral’ case, the mean frequency
equals the fraction of migrants, E(ni)/N = pi, this is not the
case in a non-neutral scenario (figure 4c,d ). Neither is for
the occurrence frequency. The distance from the neutral
expectation of each type is not simply related to the level of
non-neutrality of its own parameters. Rather, neutral and
non-neutral types fall all along the occurrence-abundance
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curve (figure 5), highlighting the inherent multidimensionality
determining the equilibrium of these communities.

To investigate the effect of single parameters at the level
of types, we chose two representative types—one with inter-
mediate occurrence and one with large occurrence (figure 6a).
Our results show that types do not remain on or far from the
neutral expectation. Rather, the relative magnitude of their
growth and death rate, fi and ϕi, is crucial to observe simul-
taneous decrease or increase in occurrence and mean
frequency (figure 6c,d ). Nevertheless, in the large immigra-
tion regime, changes are local and heavily determined by
the fraction of migrants (figure 6b).
2.5. The importance of niche structure
So far we have used our model to compute observables based
on known parameters. However, we can invert this process to
infer parameters from simulations or experimental data.

Particularly relevant is the possibility of testing niche struc-
ture in data [8–10,16]. Our model indicates care is needed to
quantify the true difference from neutrality (figure 4c,d ). In
fact, the comparison of the selective case to the neutral case
can only be inferred after fitting all parameters of the general
model (m, pi, fi and ϕi for all i). This is in contrast to the—
often used—method by Sloan et al. for neutral conditions,
where only the immigration rate m is fitted, while all growth
and death rates are assumed fi = ϕi = 1, and the fraction of
migrants pi equalled to the mean frequency E(ni)/N. Our
results indicate these assumptions on the data lead to underes-
timate niche structure (figure 4c,d ), especially in large
communities with many types. Moreover, the consistent
occurrence-abundance pattern that we observe (figure 5),
and often reported in data [8–10], can emerge from a general
death–birth processes with immigration, equation (2.3), not
just from a neutral process (where fi = ϕi = 1 for all i). Niche
structure—and thus neutrality—can not be discarded or
confirmed if certain parameters are fixed a priori [16].

The large number of parameters to be fitted requires large
datasets. For a community with S types, 3S + 1 parameters
must be fitted, thus usually requiring much more than 3S +
1 data points. The 2S data points obtained from the occur-
rence and mean frequencies are not sufficient. We propose
to include additional observables that can be readily com-
puted from data [30]. These might include, but not be
limited to, the moments of the frequency. From this set of
observables, available Bayesian methods [31] can be used to
infer the parameters [15].

In figure 7, we show two potential observables, the var-
iance and the second moment of the distribution. In a
community with two types, S = 2, both observables reflect
the differences in growth, fi, and death rates, ϕi. Only some
variances overlap for distinct rates. In this sense, the second
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moment might provide more information to discriminate them.
A set of similar observables could allow us to characterize the
rates of empirical communities.
3. Discussion
Understanding the drivers of communities is one of the main
objectives of ecological research [27,32]. In this work, we have
used a stochastic death–birth model with immigration to inves-
tigate the equilibrium distribution of communities. Comparing
cases where changes only depend on the abundances to cases
where types have different birth or death rates, we have ident-
ified conditions leading to a robust occurrence-abundance
pattern—often reported empirically.

Our approach acknowledges the intrinsic density depen-
dence of large and diverse communities—addressing
questions directly linked to empirical observations. In contrast
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to studies emphasizing biotic interactions [13,19,21,22], our
model is more related to studies that focus on the differential
adaptation to the environment [18,20]. As some of these
studies, our results highlight the central role of immigration
and biodiversity in community ecology [20,33].

We tested the reliability of our approach by reproducing
known results of neutral adaptation [16]. Namely, the mean
frequency of a type equals its immigration and the occurrence
frequency increases in an S-shaped manner with the mean
frequency, figure 1. We also see a good agreement to non-
neutral simulations in the high immigration regime (figure 4a)
—which is the focus throughout. The neutral results already
capture the important role of immigration [15] but discard
the frequency dependent effects of other types—for which bio-
diversity might be important.

The match between community level patterns of neutral
models and empirical data has been documented extensively
[6,8–10]. Still, some empirical evidence is at odds with neutral
theory [34,35]. The mismatch with evolutionary history—
including phylogenetic trees [34,35], is one of them. It has
been observed that mild differences in adaptation can lead
to full agreement [36]—indicating the need to consider
models with differential adaptation, even if this is only mild.

Here, we considered a general death–birth model where
large immigration consistently led to a robust occurrence-
abundance pattern. Interestingly, evidence suggests that
large immigration might indeed be common in various
environmental and host-associated microbiomes [10]. Other
microbiomes that deviate from the occurrence-abundance
pattern have small immigration [10]. Such seems to be the
case in Caenorhabditis elegans, where active destruction of
microbes during feeding results in reduced immigration to
the gut microbiome [37].

A second observation is that with differential adaptation,
biodiversity takes a central role. In contrast to the simplest
community of two interacting types (figures 2 and 3),
highly diverse communities promote an occurrence-abun-
dance pattern that resembles the neutral case (figure 5).
With larger biodiversity, less extreme occurrences and mean
frequencies are observed (compare figures 2 and 3 to figure 5).
Our results agree with research showing that in the limit of
high biodiversity, various neutral and non-neutral patterns
converge at the community level [20].

Previous research has speculated about the ecological role
of types based on their location in the occurrence-abundance
curve [10]—the motivation being the possibility of identify-
ing microbial taxa actively involved in biotic interactions.
Our results indicate that such a direct identification of special
taxa from occurrence-abundance curves remains challenging,
mainly because neutral and non-neutral types can overlap
(figure 6). We propose a way forward, based on the inclusion
of new observables computed from data [30] (figure 7) com-
bined with robust fitting approaches [31], on the line of
Harris et al. [15].

Our focus at the level of types revealed the difficulty of
assessing niche structure and neutrality from empirical
data. While niche and neutral patterns can be indistinguish-
able at the community level, at the level of types, big
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differences are observed (figures 5 and 6). In microbial ecol-
ogy, models have been commonly tested at the community
level, where, embraced by a principle of parsimony, neutral
interpretations have been suggested [8–10]. Our model
suggests that this is indeed sensible for community level
questions. However, for questions at the level of types—
including that of ecological roles—general models including
differential adaptation can not be avoided. In this case, no
parsimonious preference can be given to neutral hypotheses.

The last observation calls for a broader discussion on ter-
minology. As defined by Fisher & Mehta, a community is
‘statistically neutral’ if its distribution can not be distinguished
from a distribution constructed under the assumption of
ecological neutrality. However, ecological neutrality implies
statistical neutrality, but statistical neutrality does not necess-
arily imply ecological neutrality [33]. As our results indicate,
a reference to large immigration and biodiversity, rather than
neutrality, is more accurate and prevents misleading interpret-
ations, that in their worst form, could lead to unfounded
generalizations or hold research questions back. On the con-
trary, our results suggest that numerous questions about
neutrality, adaptation, and ecological roles, in microbial
ecology and elsewhere are yet to be answered.

Althoughwemainly focused onmicrobial communities, our
work can be framed in the larger macro-ecological literature.
There, a substantial number of models have linked neutral and
niche theories [13,18–22]. Heated debates have occurred;
however, they have benefited from a close revision of the
assumptions on the models and a careful discussion of their
implications [6,20,36]. The observation of asymptotically equiv-
alent patterns for neutral and non-neutral rates is one of their
main results [20]. We believe microbial research can be guided
along this line while offering powerful methods to investigate
general ecological questions [15,30]. In particular, this is driven
by the possibility to work, in vivo and in vitro, with large and
diverse communities in much shorter time scales [38].

Finally, we mention some limitations of our work. A limit-
ation of origin is that we considered a differential adaptation
to the environment as the sole source of non-neutrality. Cer-
tainly, this is not true in nature, where types take part in
numerous symbiotic interactions [13]. Therefore, any empiri-
cal application of our model should be preceded by evidence
of little to no symbiosis. In addition, our model could be
extended to include a dynamic external metacommunity
and differential immigration to the local communities, simi-
larly to the neutral approach of Harris et al. [15]. Although
we provided a focused analysis of the occurrence-abundance
pattern at equilibrium, future work could study its dynamics
[39] and derive exact equations for these and other observa-
bles [30]. In fact, it might be necessary to consider
observables at the level of types to distinguish between pro-
cesses leading to equivalent community patterns [15].
Finally, identifying neutral and non-neutral types remains
an open problem. The development of methods for par-
ameter inference from data, similarly to [15,30], is an
important next step.
4. Conclusion
Here we presented a general death–birth model with immi-
gration. Using a combination of equations and stochastic
simulations, we analysed the equilibrium distribution of
abundances for communities equally or differently adapted
to the environment. We observe that the community pattern
of occurrence-abundance, often reported empirically, is con-
sistently observed in conditions of large immigration and
high diversity, regardless of the adaptation to the environ-
ment. However, at the level of types, differences in
adaptation still lead to large changes.

Data accessibility. The data generated and analysed during the current
study can be simulated from the Python code available via GitHub
at https://doi.org/10.5281/zenodo.5727664.

Authors’ contributions. R.Z.-C: data curation, formal analysis, investi-
gation, methodology, software, validation, visualization, writing-
original draft, writing—review and editing; M.S.: conceptualization,
supervision, visualization, writing—review and editing; A.T.:
conceptualization, formal analysis, methodology, supervision, visual-
ization, writing—review and editing.

Competing interests. We declare we have no competing interests.
Funding. We thank the Max Planck Society (R.Z.-C., M.S. and A.T.) and
the German Research Foundation via CRC 1182 ‘Origin and Function
of Metaorganisms’, for funding (A.T.).

Acknowledgements. We thank the Evolutionary Theory Department in
the MPI Plön and the CRC 1182: Origins and Functions of Meta-
organisms, for fruitful discussions. Finally, we thank the three
anonymous reviewers for their feedback.
References
1. Malthus T. 1798 An essay on the principle of
population, as it affects the future improvement of
society with remarks on the speculations of
Mr. Godwin, M. Condorcet, and other writers,
1–126. London, UK: J. Johnson.

2. Lotka AJ. 1932 The growth of mixed populations:
two species competing for a common food supply.
J. Wash. Acad. Sci. 22, 461–469.

3. Volterra V. 1928 Variations and fluctuations of the
number of individuals in animal species living
together. J. Cons. Int. Expl. 3, 3–51. (doi:10.1093/
icesjms/3.1.3)

4. McGill BJ et al. 2007 Species abundance
distributions: moving beyond single prediction
theories to integration within an ecological
framework. Ecol. Lett. 10, 995–1015. (doi:10.1111/j.
1461-0248.2007.01094.x)

5. Chase JM, Leibold MA. 2003 Ecological niches:
linking classical and contemporary approaches.
Interspecific interactions. Chicago, IL: University of
Chicago Press.

6. Rosindell J, Hubbell SP, He F, Harmon LJ, Etienne RS.
2012 The case for ecological neutral theory. Trends Ecol.
Evol. 27, 203–208. (doi:10.1016/j.tree.2012.01.004)

7. Hubbell SP. 2001 The unified neutral theory of
biodiversity and biogeography. Monographs in
population biology. Princeton, NJ: Princeton
University Press.

8. Burns AR, Stephens WZ, Stagaman K, Wong S, Rawls JF,
Guillemin K, Bohannan BJ. 2016 Contribution of neutral
processes to the assembly of gut microbial communities
in the zebrafish over host development. ISME J. 10,
655–664. (doi:10.1038/ismej.2015.142)

9. Adair KL, Wilson M, Bost A, Douglas AE. 2018
Microbial community assembly in wild populations
of the fruit fly Drosophila melanogaster. ISME J. 12,
959–972. (doi:10.1038/s41396-017-0020-x)

10. Sieber M et al. 2019 Neutrality in the
metaorganism. PLoS Biol. 17, e3000298. (doi:10.
1371/journal.pbio.3000298)

11. Vellend M. 2010 Conceptual synthesis in community
ecology. Q. Rev. Biol. 85, 183–206. (doi:10.1086/
652373)

12. Macarthur R, Wilson EO. 1967 The theory of island
biogeography. Princeton, NJ: Princeton University Press.

https://doi.org/10.5281/zenodo.5727664
https://doi.org/10.5281/zenodo.5727664
http://dx.doi.org/10.1093/icesjms/3.1.3
http://dx.doi.org/10.1093/icesjms/3.1.3
http://dx.doi.org/10.1111/j.1461-0248.2007.01094.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01094.x
http://dx.doi.org/10.1016/j.tree.2012.01.004
http://dx.doi.org/10.1038/ismej.2015.142
http://dx.doi.org/10.1038/s41396-017-0020-x
http://dx.doi.org/10.1371/journal.pbio.3000298
http://dx.doi.org/10.1371/journal.pbio.3000298
http://dx.doi.org/10.1086/652373
http://dx.doi.org/10.1086/652373


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

19:20210717

10
13. Kessler DA, Shnerb NM. 2015 Generalized model of
island biodiversity. Phys. Rev. E 91, 042705. (doi:10.
1103/PhysRevE.91.042705)

14. Nemergut DR et al. 2013 Patterns and processes of
microbial community assembly. Microbiol. Mol. Biol.
Rev. 77, 342–356. (doi:10.1128/MMBR.00051-12)

15. Harris K, Parsons TL, Ijaz UZ, Lahti L, Holmes I, Quince
C. 2017 Linking statistical and ecological theory:
Hubbell’s unified neutral theory of biodiversity as a
hierarchical Dirichlet process. Proc. IEEE 105, 516–529.
(doi:10.1109/JPROC.2015.2428213)

16. Sloan WT, Lunn M, Woodcock S, Head IM, Nee S,
Curtis TP. 2006 Quantifying the roles of immigration
and chance in shaping prokaryote community
structure. Environ. Microbiol. 8, 732–740. (doi:10.
1111/j.1462-2920.2005.00956.x)

17. Zhou J, Ning D. 2017 Stochastic community
assembly: does it matter in microbial ecology?
Microbiol. Mol. Biol. Rev. 81, e00002-17. (doi:10.
1128/MMBR.00002-17)

18. Gravel D, Canham CD, Beaudet M, Messier C. 2006
Reconciling niche and neutrality: the continuum
hypothesis. Ecol. Lett. 9, 399–409. (doi:10.1111/j.
1461-0248.2006.00884.x)

19. Haegeman B, Loreau M. 2011 A mathematical
synthesis of niche and neutral theories in
community ecology. J. Theor. Biol. 269, 150–165.
(doi:10.1016/j.jtbi.2010.10.006)

20. Chisholm RA, Pacala SW. 2010 Niche and neutral
models predict asymptotically equivalent species
abundance distributions in high-diversity ecological
communities. Proc. Natl Acad. Sci. USA 107,
15 821–15 825. (doi:10.1073/pnas.1009387107)

21. Volkov I, Banavar JR, He F, Hubbell SP, Maritan A.
2005 Density dependence explains tree species
abundance and diversity in tropical forests. Nature
438, 658–661. (doi:10.1038/nature04030)
22. Allouche O, Kadmon R. 2009 A general framework
for neutral models of community dynamics. Ecol.
Lett. 12, 1287–1297. (doi:10.1111/j.1461-0248.
2009.01379.x)

23. Costello EK, Stagaman K, Dethlefsen L, Bohannan
BJ, Relman DA. 2012 The application of ecological
theory toward an understanding of the human
microbiome. Science 336, 1255–1262. (doi:10.1126/
science.1224203)

24. Gardiner CW. 2004 Handbook of stochastic methods,
3rd edn. New York, NY: Springer.

25. Xu S, Chou T. 2018 Immigration-induced phase
transition in a regulated multispecies birth-death
process. J. Phys. A: Math. Theor. 51, 425602.
(doi:10.1088/1751-8121/aadcb4)

26. Constable GWA, McKane AJ. 2018 Exploiting fast-
variables to understand population dynamics and
evolution. J. Stat. Phys. 172, 3–43. (doi:10.1007/
s10955-017-1900-1)

27. Mullon C, Lehmann L. 2018 Eco-evolutionary
dynamics in metacommunities: ecological
inheritance, helping within species, and harming
between species. Am. Nat. 192, 664–686. (doi:10.
1086/700094)

28. Gillespie DT. 1976 A general method for
numerically simulating the stochastic time
evolution of coupled chemical reactions. J. Comput.
Phys. 22, 403–434. (doi:10.1016/0021-
9991(76)90041-3)

29. Weiner J, Solbrig OT. 1984 The meaning and
measurement of size hierarchies in plant
populations. Oecologia 61, 334–336. (doi:10.1007/
BF00379630)

30. Grilli J. 2020 Macroecological laws describe variation
and diversity in microbial communities. Nat.
Commun. 11, 1–11. (doi:10.1038/s41467-020-
18529-y)
31. Gelman A, Carlin JB, Stern HS, Dunson DB, Vehtari
A, Rubin DB. 2013 Bayesian data analysis.
New York, NY: CRC Press.

32. Farahpour F, Saeedghalati M, Brauer VS, Hoffmann
D. 2018 Trade-off shapes diversity in eco-
evolutionary dynamics. Elife 7, e36273. (doi:10.
7554/eLife.36273)

33. Fisher CK, Mehta P. 2014 The transition between
the niche and neutral regimes in ecology. Proc. Natl
Acad. Sci. USA 111, 13 111–13 116. (doi:10.1073/
pnas.1405637111)

34. O’Dwyer JP, Kembel SW, Sharpton TJ. 2015
Backbones of evolutionary history test biodiversity
theory for microbes. Proc. Natl Acad. Sci. USA 112,
8356–8361. (doi:10.1073/pnas.1419341112)

35. Jonathan Davies T, Allen AP, Borda-de Água Luís,
Regetz J, Melián CJ. 2011 Neutral biodiversity
theory can explain the imbalance of phylogenetic
trees but not the tempo of their diversification.
Evolution 65, 1841–1850. (doi:10.1111/j.1558-5646.
2011.01265.x)

36. Rosindell J, Harmon LJ, Etienne RS. 2015 Unifying
ecology and macroevolution with individual-based
theory. Ecol. Lett. 18, 472–482. (doi:10.1111/ele.
12430)

37. Vega NM, Gore J. 2017 Stochastic assembly
produces heterogeneous communities in
the Caenorhabditis elegans intestine. PLoS Biol.
15, e2000633. (doi:10.1371/journal.pbio.2000633)

38. Prosser JI et al. 2007 The role of ecological theory in
microbial ecology. Nat. Rev. Microbiol. 5, 384–392.
(doi:10.1038/nrmicro1643)

39. Zapien-Campos R, Sieber M, Traulsen A. 2020
Stochastic colonization of hosts with a finite lifespan
can drive individual host microbes out of
equilibrium. PLoS Comput. Biol. 16, e1008392.
(doi:10.1371/journal.pcbi.1008392)

http://dx.doi.org/10.1103/PhysRevE.91.042705
http://dx.doi.org/10.1103/PhysRevE.91.042705
http://dx.doi.org/10.1128/MMBR.00051-12
http://dx.doi.org/10.1109/JPROC.2015.2428213
http://dx.doi.org/10.1111/j.1462-2920.2005.00956.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1128/MMBR.00002-17
https://doi.org/10.1128/MMBR.00002-17
http://dx.doi.org/10.1111/j.1461-0248.2006.00884.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00884.x
http://dx.doi.org/10.1016/j.jtbi.2010.10.006
http://dx.doi.org/10.1073/pnas.1009387107
http://dx.doi.org/10.1038/nature04030
http://dx.doi.org/10.1111/j.1461-0248.2009.01379.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01379.x
http://dx.doi.org/10.1126/science.1224203
http://dx.doi.org/10.1126/science.1224203
http://dx.doi.org/10.1088/1751-8121/aadcb4
http://dx.doi.org/10.1007/s10955-017-1900-1
http://dx.doi.org/10.1007/s10955-017-1900-1
http://dx.doi.org/10.1086/700094
http://dx.doi.org/10.1086/700094
http://dx.doi.org/10.1016/0021-9991(76)90041-3
http://dx.doi.org/10.1016/0021-9991(76)90041-3
http://dx.doi.org/10.1007/BF00379630
http://dx.doi.org/10.1007/BF00379630
http://dx.doi.org/10.1038/s41467-020-18529-y
http://dx.doi.org/10.1038/s41467-020-18529-y
http://dx.doi.org/10.7554/eLife.36273
http://dx.doi.org/10.7554/eLife.36273
http://dx.doi.org/10.1073/pnas.1405637111
http://dx.doi.org/10.1073/pnas.1405637111
http://dx.doi.org/10.1073/pnas.1419341112
http://dx.doi.org/10.1111/j.1558-5646.2011.01265.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01265.x
http://dx.doi.org/10.1111/ele.12430
http://dx.doi.org/10.1111/ele.12430
http://dx.doi.org/10.1371/journal.pbio.2000633
http://dx.doi.org/10.1038/nrmicro1643
http://dx.doi.org/10.1371/journal.pcbi.1008392

	The effect of microbial selection on the occurrence-abundance patterns of microbiomes
	Introduction
	Terminology

	Results
	A spatially implicit death–birth model with immigration
	The neutral expectation
	Immigration lessens the effect of growth and death differences
	Neutral and non-neutral patterns are similar at the community level but full of differences at the level of types
	The importance of niche structure

	Discussion
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


