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Oikos Biodiversity describes the variety of organisms on planet earth. Ecologists have long
2023: 09282 hoped for a synthesis between analyses of biodiversity and analyses of biotic interac-
doi: 10.1111/0ik.09282 tions among species, such as predation, competition and mutualism. However, it is
o ) often unclear how to connect details of these interactions with complex modern analy-
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Editor-in-Chief: Dries Bonte interactions and measurements of diversity. We show that analyses of biodiversity
Accepted 11 October 2022 obscure details about biotic interactions. For example, identical changes in biodiver-

sity can arise from predation, competition or mutualism. Our approach indicates that
traditional models of community assembly miss key facets of diversity change. Instead,
we suggest that analyses of diversity change should focus on partitions, which measure
mechanisms that directly shape changes in diversity, notably species level selection and
immigration, rather than traditional analyses of biotic interactions.

The links between biodiversity and biotic interactions (i.e. competition, mutualism and
predation) have fascinated ecologists for generations. Many of us expect that observations of
« biodiversity provide vital clues about how biotic interactions operate in nature; however, it
is hard to tell when these clues are reliable. This difficulty is for good reasons: by integrating
€ models of biotic interactions and measurements of biodiversity change we illustrate that
¥ radically different biotic interactions can be masked by observations of biodiversity change.
We argue that indicators of biodiversity change can be irrelevant to understanding or
distinguishing the types of biotic interactions operating.

ynthesi
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Introduction

Ecologists have long sought to link dynamic models of biotic interactions to bet-
ter understand changes in biodiversity (MacArthur 1965, 1972, Chesson 2000,
Urban et al. 2016, Vellend 2016). Examples of biotic interactions include competi-
tion, mutualism and predation. Biodiversity describes the variety of living things, for
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example species richness. Overall measurements of diversity
(gamma diversity) are commonly partitioned into diversity
within locations (alpha diversity) and dissimilarities among
locations (beta diversity) (Jost 2006, 2007). One of the
most common sources of evidence for the effects of spe-
cies interactions is spatial patterns in diversity. In a world
facing extensive anthropogenic disturbance, we need to
understand the mechanisms that shape biodiversity. To do
this, we propose a unification of dynamic models of biotic
interactions with measurements of diversity.

Observations of diversity have long been used as a tool to
understand the role of species interactions (MacArthur 1965,
Palmer 1994, Hubbell 2001, Sax et al. 2002, Simha et al.
2022). For example, Chomicki et al. (2019) proposes a suite
of mechanisms through which muctualists shape community
assembly, the most common source of evidence is observed
patterns of diversity. Generations of community ecologists
have used observations of species high diversity of species in
nature as evidence for competition mediated by niche dif-
ferentiation among species (Simha et al. 2022). However,
it is unclear when observations of diversity can be used to
tease apart the effects of biotic interactions (Vellend 2010,
Poisot et al. 2015, Barner et al. 2018).

What has been missing is a common framework for models
of biotic interactions and models of species diversity. This gap
is exemplified in Robert H. MacArthur’s classic review of pat-
terns of species diversity that includes a theory section devoted
to dynamic on models of resource competition, across spatial
scales (MacArthur 1965). Unfortunately, MacArthur presents
a separate model for pattern (biodiversity) and process (compe-
tition), each with different units, formulae and graphical analy-
ses. Similarly Hill (1973) states that diversity is of theoretical
interest because it can be related to attributes of communities
such as predation pressure (a species interaction) and stability
(an outcome of species interactions). Both Hill and MacArthur
envision links between species interactions and diversity, but
neither shows what this formal connection should look like.
This omission suggests the need for further synthesis, where
the connections between analyses of diversity and analyses of
biotic interactions are placed in a common framework. Such
clarifications can help us to understand what is missing when
ideas from one framework are translated to another.

Subsequent work has emphasized simplified models of
biotic interactions, such as the neutral theory of biodiversity
(Hubbell 2001), where all interactions are assumed to be
competitive and all individuals of any species are assumed to
be similar. Similar models, with similar limitations, have been
proposed by evolutionary biologists to study the diversity of
genotypes within a species (Sherwin et al. 2017, Lewis et al.
2018), or modern coexistence theory where interactions are
studied close to equilibrium (Chesson 2000, Barabés et al.
2018). It is now clear that assumptions such as zero sum
dynamics close to equilibrium are unlikely to hold in nature
(Callaway et al. 2002, Fukami and Nakajima 2011). The
time is right to relax this zero-sum’ assumption and explicitly
consider what information about biotic interactions can be
extracted from analyses of biodiversity.
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One impediment to linking biotic interactions and biodi-
versity has been the ambiguity in how biotic interactions are
defined (Abrams 1987, Rees et al. 2012, Hart et al. 2018).
To mitigate this ambiguity we will define biotic interactions
based on their effects on absolute abundances (Abrams 1987,
Holland and DeAngelis 2010, Chamberlain et al. 2014).
This means that competition occurs when species reduce
each other’s absolute abundances. Mutualism occurs when
species increase each other’s absolute abundances and preda-
tors reduce the absolute abundances of their prey.

It has long been hoped that observational studies can dis-
tinguish different types of biotic interactions. Notably, some
analyses have suggested that competitive interactions stabilize
communities while mutualistic interactions destabilize com-
munities (Stone 2020) and predatory interactions frequently
produce oscillations (Holt 2011). Despite the likely implica-
tions for diversity, these links are difficult to analyse using
current methods (Urban et al. 2016).

The causes of diversity change in nature can be difficult
to tease apart. Over long time scales, biotic interactions
shape biodiversity, such as when introduced predators lead to
the extinction of island endemics (Bellingham et al. 2010),
or low elevation plant species outcompete alpine species
(Alexander et al. 2015). However, it is often difficult to distin-
guish the effects of biotic interactions from a suite of mecha-
nisms including physiological effects, dispersal and the abiotic
environment (Urban et al. 2016, Germain et al. 2018). Biotic
interactions are also prone to change across environmental
gradients (Chamberlain et al. 2014, Louthan et al. 2015); for
example, interactions among many plant species are competi-
tive in benign environments but shift to mutualistic in stress-
ful environments (Callaway et al. 2002, Chamberlain et al.
2014). In some communities Greya moths acts as a mutualist
to the wildflower Lithophragma parviflorum because of the
benefits it provides from pollination whereas in other com-
munities the same moth acts as an antagonistic seed predator
(Thompson and Cunningham 2002).

Different biotic interactions can produce similar effects on
biodiversity. For example, analyses of long-term species coexis-
tence generalize to other interactions including mutualisms and
predation (Venail et al. 2014, Lanuza et al. 2018, Spaak et al.
2021). Likewise competition for resources can be indistin-
guishable from a radically different mechanism, indirect effects
of predation (Holt 1977, Chesson and Kuang 2008). Many
short-term effects of biotic interactions are also comparable.
For example laboratory experiments with fruit flies (Drosophila
spp.) show that negative frequency dependence can arise
among competitors (Ayala et al. 1973), meaning that each
competing species has an advantage when it is rare. Similar
patterns of frequency dependence have been observed between
predators and prey (Kihara et al. 2011), and among mutualists
(Harcombe et al. 2018). Rapid changes in biodiversity may
be confounded by additional complications such as extinction
debt (Gilbert and Levine 2013, Catford et al. 2018) tipping
points and chaos (Hastings 2004, Fukami and Nakajima 2011,
Chase etal. 2019, Storch et al. 2021). These similarities among
biotic interactions have led to the development of a common
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theoretical framework for describing population dynamics
(Holland and DeAngelis 2009, 2010, Godsoe et al. 2017a),
but the implications for analyses of diversity remain unclear.

There are many different ways to measure diversity
(Magurran and McGill 2011), making it prohibitively dif-
ficult to link every possible measurement to biotic interac-
tions. Fortunately, many measurements of biodiversity can
be organized into a single, analytical framework with com-
mon units known as Hill numbers (Hill 1973, Jost 2006,
2007). This framework encompasses analogues to traditional
diversity measurements within a community including spe-
cies richness, Shannon entropy and Simpson’s diversity.
It also includes methods to partition overall diversity in a
metacommunity (gamma diversity) into average diversity
within communities (alpha diversity) and diversity due to
differences between communities (beta diversity) (Chao and
Chiu 2016). This framework makes it possible to synthesize
changes in diversity across measurements and across scales.
Hill numbers thus make a convenient tool to link of previous
analyses of diversity and biotic interactions.

In view of the difficulties of linking biotic interactions
and biodiversity, some have proposed analyses of diversity
change that do not explicit model biotic interactions. For
example, Vellend (2016) focuses on models of selection
among species a mechanism, which implicitly captures effects
of biotic interactions. Vellend’s framework emphasizes con-
ceptual insights, but several authors have proposed empirical
approaches inspired by this insight. Godsoe et al. (2022a)
showed how models of selection could be used to analyse
changes in Shannon diversity at multiple spatial scales, while
Tatsumi et al. (2021) analysed changes in measures of diver-
sity related to species richness. Though these approaches
show promise we currently lack the ability to explicitly com-
pare these explicit and implicit models of biotic interactions.

Here we propose a unification of biotic interactions and
diversity measurements using techniques from evolutionary
theory (Lion 2018). The goal of this unification is to clarify
the connections between mathematical models of biotic
interactions and diversity, using the replicator equation from
evolutionary theory as a unifying concept. This connection
makes clear that different types of biotic interactions produce
indistinguishable changes in diversity. We illustrate this first
through graphical models then for a general model of change in
a metacommunity. Our framework suggests three key results:
1) measurements of diversity obscure changes in absolute
abundances; 2) as a result, changes in diversity often cannot be
used to distinguish biotic interactions; 3) context dependency
across a metacommunity limits our ability to distinguish biotic
interactions with diversity change. In view of these limitations,
we propose that better predictions can be made by linking
shifts in species frequencies to shifts in diversity.

The model

In this section, we use a graphical model to illustrate how
diversity obscures the effects of biotic interactions. To do this,

we consider two species with absolute abundances 7,(7) and
n,(#) in a single community (at a given continuous-time point
¢ unless otherwise stated). See Table 1 for a list of symbols.
We assume that these numbers are known with certainty so
that there are no artefacts due to sampling.

One way to define biotic interactions uses the effects of one
species on the absolute abundances of another (Odum 1983,
Holland and DeAngelis 2009, 2010, Godsoe et al. 2017b).
Using this approach, an interaction is competitive when it
causes a decline in the absolute abundances of both species,
relative to their growth rate in the absence of the interaction.
For example the fruitfly species Drosophila willistoni and D.
pseudoobscura cause declines in each other’s abundances when
they co-occur (Ayala et al. 1973). Interactions that are mutu-
alistic cause an increase in the absolute abundances of each
species, such as when different plant species increase each
other’s abundances by mitigating the effects of stressful envi-
ronments (Callaway et al. 2002). We treat facilitation as a
form of mutualism (Chamberlain et al. 2014). A predator will
cause a decline in the absolute abundance of prey and prey
cause an increase in the abundance of predators. These effects
of biotic interactions can be illustrated in a plot of the abso-
lute abundance of species 2, versus species 1 (Fig. 1A; see the
Supporting information for R scripts used to generate figures).

Biodiversity does not depend directly on absolute abun-
dances, it depends instead on relative abundances. The rela-

&

tive abundance of species 1 is p; = , where 7, and 7,

nm+tn

are the number of individuals of speclies 1’and 2 respectively.
The relative abundance of species 2is p, =1— p, = B
mtm,
The same absolute abundances can imply very different rela-
tive abundances (Fig. 1B). For example a community where
the relative abundance of species 1 is 2/3, may be a com-
munity where 2 of 3 individuals belonging to species 1 or a
community where 4 of 6 individuals belong to species 1, or a
community where 8 of 12 individuals belong to species 1, or
many other possibilities.

Measurements of diversity further obscure information on
abundances. This is because diversity ignores information on
species identity. For example, a community with two flies of
species 1 and one fly of species 2 has the same diversity as a
community with one fly of species 1 and two flies of species 2
(Fig. 1C). Figure 1 uses one diversity measurement, the Hill
number associated with Simpson’s diversity, where the ambi-
guity is illustrated by the fact that the graph is diagonally
symmetrical meaning that diversity is equivalent for pairs of
values on cither side. This symmetry is shared by all measures
of species diversity in a community (Leinster 2021). The
Supporting information illustrates equivalent plots for other
diversity measurements.

Figure 1 illustrates three distinct changes in absolute
abundances, population growth, population declines and the
replacement of one species by another. Each of these changes
in absolute abundances (Fig. 1A) fails to change diversity
(Fig. 1C). This figure captures the central message of our
manuscript: diversity can obscure changes caused by biotic
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Table 1. List of terms used in the main text.

Term Definition
c The rate at which individuals in community / moves to community j, under a model of passive dispersal
D, 1D;, 1D, Respectively, alpha beta and gamma hill numbers/true diversity
¥ Density dependent interactions among individuals of species i
i, Interactions between species i and other species k
ik Indexes for species
/ Total number of species in metacommunity
il Indexes for communities
J Total number of communities in metacommunity
m,, The expected number of individuals of species i dispersing to community j from community /, per unit
time divided by the number of individuals in that community
n, The number of individuals of species i present in community j
N= 2 2 " Metacommunity abundance i.e. the total number of individuals across all species and communities in the
il j metacommunity
ny The probability that an individual is a member of species i and present in community j
Pij =N
1 The probability that an individual is a member of species i
Die = ﬁzjni]
1 The probability that an individual occupies community j
Pej N Ty
i The probability that an individual occupies community j given that it is a member of species i
P Die
oy The probability that an individual belongs to species i given that it occupies community j
Pij y
r; Species i’s intrinsic growth rate
Zow Zigs Zsy Respectively, species i’s contributions to Shannon-Wiener alpha, beta and gamma entropy

The prime superscript, as in

Di'szip'
A

Variable pertaining to the present time step (as opposed to the past time step)

The difference between the present time step and the past time step (e.g. p/—p)

Figure 1. Different changes in absolute and relative abundances are not necessarily reflected in the change in diversity. The top row shows
three ways absolute abundance can change, growth in all species (g), decline in all species (d), replacement of one species by another (r). (A)
All three scenarios change the absolute abundance of species 1 (7,) and (7,), each scenario is depicted as a green arrow and labelled growth
(g), decline (d) and replacement (r). (B) Shades the same plot by relative abundance of species 1 (,) going from low relative abundances
(dark grey) to high relative abundances (light grey). Using relative abundances makes the growth and decline scenarios indistinguishable.
(C) Shades the plot by diversity (the Hill number equivalent of Simpson’s 2D). Using diversity all three scenarios are indistinguishable, with
each representing no change.
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interactions. We will formalize this claim in our analysis of
Eq. 4 below. With more species, the geometry is more dif-
ficult to visualise, and so in the next section, we extend this
framework to multiple species using an analysis of dynamic
models of biotic interactions and biodiversity.

Dynamics of biotic interactions

To model biotic interactions, we consider a metacommu-
nity which can be divided into species labelled i = 1, 2, .... 7
which inhabit communities j = 1, 2, ..., /. The number of
individuals of species 7 in community j is denoted 7, r hereaf-
ter deme (7,7). Changes in absolute abundances for each deme
are given by:

1 d”i j !
wdr T (”i,/) + E &ikj (”t‘«ri’”"’vf)
2 R — =
intraspecific biotic
growth interactions ( 1 )
J
+ E 1 &y (”i.h”i-,j)
=1

dispersal

This represents the per capita population growth rate of
species 7 in community j. This growth rate is a function of
species s intrinsic growth rate 7, , density dependent interac-
tions among individuals of spcc1es i, f,(n,) and interactions
between species 7 and an other species k) gy, Competition
occurs when each species 7 reduces the growth rate of spe-
cies # and vice versa (g, g, < 0). Mutualism occurs when
each species increases the growth rate of the other (gl,e] gh/
> 0). A consequence of predation is that one species (the
prey) increases the growth rate of the other (the predator).
Interactions within and among species may be non-linear
(Holland and DeAngelis 2009).

The dispersal term describes movement into deme (7))
from other demes (which we index by /). The expected
number of individuals of species i dispersing to commu-
nity j from community /, per unit time is m,(n,, n,)n,,
All individuals dlsperse within the metacommunity such

that Zz :m’fl Wits M ) i =0

on Gravel et al. (2016), and allows for any spatial arrange-
ment of communities (i.e. communities may be organized in
a lattice or network). See the Supporting information for an
example of how to parameterize the interesting special case of
passive dispersal in our framework.

Changes in absolute abundances described in Eq. 1 can be
converted into changes in relative abundances. This is done

by changing the variable of interest to the relative abundance
i

. This approach is based

, and the total number of

of deme (i,): pij =
7 j

. . e . .
indviduals across the metacommunity N = 2 z . This
led

leads to the dynamic equations (Taylor and Jonker 1978,
Hofbauer and Sigmund 1990, Lion 2018):

dp, ; 1 dn; 1 dn;
L Y R (2a)
FPE ;o dr Zisz”] n, dr |
dn, .
Yy e
i j dt

Equation 2a is commonly known as the replicator equation
(Lion 2018). It is one way to describe the relative fitness of
each deme. Equation 2a states that the proportion of the
metacommunity belonging to species 7 in community j will
increase when that deme has a higher per capita growth rate

1

/| then the average per capita growth rate across
n dt )
the metacommunity 2 2 Pij
iked [

i,]

i Changes in the
dt

total number of individuals are captured by Eq. 2b. In effect
moving from Eq. 1 to Eq. 2a is like moving from Fig. 1A,
that tracks changes in absolute abundances of all species to
Fig. 1B that tracks changes in relative abundances. Though
the replicator equation is well known in evolutionary theory
(Nowak 2000), it has been less clear how to relate this equa-
tion for change in relative abundances into change in con-
temporary measurements of diversity. In the next section we
will derive a new expression linking the replicator equation
and diversity change (Eq. 4).

Many individual metrics of diversity can be organized
into a common framework (Hill 1973, Jost 2006, 2007,
Sherwin et al. 2017, Gaggiotti et al. 2018) — i.e. Hill num-
bers. All Hill numbers are summaries of information on the
relative abundance of demes. For example, gamma diversity
summarizes information on each species relative abundance
across the metacommunity ignoring spatial subdivision:

> i 3)

The relative abundance of species 7 is simply the sum of the rel-
ative abundances of species 7 across all demes ( p,, = z i)

The parameter ¢, hereafter the diversity order changf]:s the
emphasis placed on species at low relative abundance; g can
represent any real number. A low diversity order produces a
diversity index that emphasizes species at low relative abun-
dance. For example, species richness is recovered when ¢ =
0. Higher diversity orders increase the emphasis on common
species such as g = 2 Simpson’s diversity. In the limit that ¢
approaches 1, Eq. 4 approaches Shannon Wiener diversity,
the exponential of Shannon entropy (Jost 2006, 2007).

We can derive a general expression for change in gamma
diversity by computing the derivative of Eq. 3 with respect to
time using the chain rule.

d qD 0 qD dpl.

op. dr

4)
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In words, Eq. 4 represents change in diversity by comput-
ing the change in species’ frequencies with respect to time
( dlbic

dr

quencies into changes in diversity

p, : . . D
= E —1), then translating changes in species’ fre-
jodar o1

, (note the 0 denotes

partial derivatives). We provide examl[.)les of this translation
in Fig. 2. There is no exact analogue to this term in traditional
analyses of community assembly (Chesson 2000, Hubbell
2001, Adler et al. 2007, Vellend 2016). Equation 4’s function
is analogous to the move for analyses of relative abundances
in Fig. 1B to analyses of diversity in Fig. 1C, but Eq. 4 is
applicable to any number of species.

Interactions that are relatively easy to distinguish using
information on absolute abundances can lead to surprisingly
similar effects on diversity. Figure 3 illustrates four sets of
simulations for population dynamics of two species, each
starting at the same initial conditions. As an aid we have
also included absolute abundance each species reaches in the
absence of the other, i.e. the carrying capacity of species 1
(purple vertical line) and species 2 (orange purple line). In
the absence of species interactions (a state sometimes known

as neutralism), populations of both species grow until they
reach their carrying capacity (Fig. 3A). In the face of com-
petition, the absolute abundances of both species decline
below their carrying capacity (Fig. 3C). In the face of mutu-
alism each species’ absolute abundances exceed their carry-
ing capacity (Fig. 3E) and in the face of predation the prey
(species 1) declines below its carrying capacity while the
predator (species 2) exceeds its carrying capacity (Fig. 3F).
All examples start at the same initial conditions, and arrive at
a final diversity of 2D = 1.8. Each simulation produces quali-
tatively similar rises and falls in diversity over time (Fig. 3B,
D,E, G).

Diversity change across a metacommunity

The difficulties in identifying biotic interactions remain when
diversity is studied across a metacommunity (Fig. 4). When
multiple communities are considered, gamma diversity is
partitioned into a measure of average local diversity (hereaf-
ter alpha diversity) and a measure of community dissimilarity
(hereafter beta diversity). For most diversity measurements,

( ) Richness ( ) Shannon
2.2 - 2D 2.2 -
op - -
2.0 - 2.0 - a,D
—=0.8
api
1.8 1.8
1.6 1.6 -
1.4+ 1.4+
124 dp, 1.2+ d
P 005 P 005
dt dt
1.0 o ) 1.0 )
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
( ) Simpsons (D) Dominance
2.2 2.2
2.0 H E/‘fD z 2.0 H
—= 1.4
>18 P 18
&
> 1.6+ 1.6
©
1.4+ 1.4+
1.2 o dp, 1.2+
i: 0.05
dt
1.0 4 9 1.0 4
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p.

Figure 2. Illustrates of how changes in relative abundance translate into changes in diversity. Each panel is a plot of diversity versus the rela-
tive abundance of one species (.., in a two species metacommunity). Each panel shows the consequence of an increase in the relative

abundance of a moderately common species (p,.=0.4, % =0.1). (A) this results in no change in richness (0), (B) a small increase in

Shannon (0.8), (C) a larger increase in Simpson’s diversity (1.4) and (D) a still larger increase in dominance (2.9).
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Figure 3. Illustrates how different biotic interactions have similar long-term effects on diversity. (A) Illustrates changes in absolute abun-
dances of species 1 and species 2 (green line) in a simulation of neutralism (i.e. the absence of biotic interactions). In this simulation each
species ultimately reaches its carrying capacity (the point where the yellow and purple lines cross). Shading depicts the numbers equivalent
of Simpson’s diversity for each combination of absolute abundances. (B) This leads to a rise and fall in most Hill numbers as species 2 goes
from rare to common (increase in diversity) then becomes more common than species 1 (decrease in diversity). Species richness, remains
unchanged ({D=2). (C) Simulates the effects of competition on the absolute abundance. The absolute abundances of species 1 and 2
decline below their carrying capacities. (D) Over the course of the simulation most diversity orders increase then decline. (E) Mutualism
increases the absolute abundances of both species above their respective carrying capacities. (F) This leads to comparable changes in diver-
sity, as species 2 increases in relative abundances. (G) Predation decreases the absolute abundance of species 1 (the prey) and increases the
absolute abundances of species 2 (the predator). (H) This leads to comparable changes in diversity. Simulations based on a Lotka—Volterra
model parameter values (Supporting information).
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Jost (2007) recommends defining alpha diversity as the diver-
sity within each community, averaged across all communities:

1

l-¢

= 3w o) G)
j

i

where p,, represents the relative abundance of species 7 in com-
munity j ( p;; = —— ). The contribution of each commu-

£y

nity to overall diver;ity is assigned a weight W, Jost (2007)
q

proposes a general expression for these weights W, = —/—,

5
but recommends that all communities be weighted equally,
for most diversity measurements W,=1//. However, analy-
ses of biotic interactions across a metacommunity tend to
weight all individuals equally (Chesson et al. 2005). Only
one measurement is suitable for weighting individuals across
the metacommunity equally; Shannon diversity, which is
found when ¢ = 1.

Change in alpha diversity can be found by differentiating
JD with respect to time. This leads to an expression that
depends on changes in the relative abundance of each deme
(Supporting information), though it still loses information
on changes in the total number of individuals across the
metacommunity.

Dispersal can further obscure the effects of biotic interac-
tions because changes in relative abundance in one commu-
nity may be due to some combination of in situ growth and
dispersal. Knowledge of dispersal can be used to tease apart
these effects. Established tools can tease apart the contribu-
tions of in situ growth versus dispersal (Kerr and Godfrey-
Smith 2009), while uncertainty about the extent of dispersal
can be incorporated, say by simulating (Godsoe et al. 2021).
We can learn about the changes in relative abundances of
each deme due to in situ growth. As with our original model,
analyses of changes in relative abundances still miss informa-
tion on V.

Beta diversity is also insensitive to changes in V. This is
because beta diversity is defined as the ratio of gamma to
alpha diversity (Jost 2007), neither of which contain infor-
mation on N (Supporting information). This conclusion
also applies to some pairwise measurements of species beta
diversity such as Jaccard, Serensen, Horn and Morrista-Horn
indices which are just monotonic transformations of Hill

numbers (Jost 2007).

Empirical analysis of diversity

Early experiments on Drosophila illustrate the gap between
biotic interactions and changes in biodiversity. Ayala et al.
(1973) presents data on competition between D. pseudoob-
scura and D. willistoni in cultures. In culture these two spe-
cies coexist, but compete intensely (competition roughly
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Figure 4. Illustrates how diversity partitions can obscure effects of
biotic interactions across a metacommunity. (A) Illustrates a simpli-
fied metacommunity where community 1 has fewer individuals than
community 2. (B) For most Hill numbers the recommended proce-
dure is to weight communities equally, we illustrate this here by set-
ting the number of individuals to be the same in both communities
(i.e. 3). In effect, this de-emphasizes the contribution of individuals
in community 2. (C) Illustrates the effects of biotic interactions
across a metacommunity, with competition in community 1 reduc-
ing the relative abundance of purple flies, while mutualism in com-
munity 2 leads to increases in absolute abundances of both purple
and orange flies and an increase in the relative abundances of purple
flies. (D) There is no change in diversity when communities are
weighted equally. The changes within community 1 (red arrow) are
counterbalanced by the changes in community 2 (blue arrow).
Overall diversity remains unchanged (purple dot). (E) Illustrates
changes in diversity when individuals are weighted equally; here
gamma diversity changes (purple arrow) because the relative abun-
dance of the purple flies across the metacommunity increases.

halves the equilibrium density of both species). To measure
the effect of competition Ayala et al. (1973) created repli-
cated cultures of 19 different combinations of abundances
of both species and then measured the short-term change in
the number of individuals in each culture. We compare this
analysis of competition to an analysis of diversity within each
treatment group, and an analysis where total change across
treatments is partitioned into contributions from alpha, beta
and gamma diversity.
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In many treatments, absolute abundances decline while
relative abundances change weakly (Fig. 5A). As a result,
the change in diversity measurements within each locality
A’D, cannot be predicted using changes in total abundance
(p=0.9968, R*=0, here 2D is local diversity and A denotes
the difference between local diversity at the end versus start
of the experiment). In one such treatment, the relative abun-
dance of D. willistoni increased from 0.25 to 0.3 (blue arrow),
while changes in absolute abundances are small. In a second
example (red arrow) relative abundance remained 0.13 before
and after treatment. Negligible change in relative abundance
results in negligible change in diversity.

Across treatments the total number of flies declines by
around 20 percent (Fig. 5A) consistent with the high ini-
tial population densities and strong competition reported
by Gilpin and Ayala (1973). Over the experiment, there
is an increase in alpha diversity and a decrease in beta and
gamma diversity (A7D =—0.0140695, A;D =0.0348022,
AéD =—0.0459789). These results are consistent with the
interpretation provided by Gilpin and Ayala (1973), that
the species compete intensely but different initial conditions
converge on an equilibrium where the two species coexist.
However, the observed changes in diversity are consistent
with radically different ecological scenarios. We illustrate the
insensitivity of diversity to total population with a thought
experiment based on artificial dataset that exhibits population
growth across all communities same diversity changes, but
produces the same changes in diversity (Fig. 5B). In this plot,
the initial populations are unchanged but the total population
size at the end of the experiment has been doubled across all
treatments. This results in rapid population growth across the
metacommunity. Though Fig. 5B relaxes the intense compe-
tition observed empirically, diversity changes are identical to
those in Fig. SA (A7D =—0.0140695, A, D =0.0348022,

AéD =-0.0459789).
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Discussion

We have proposed a synthesis of species interactions and
diversity changes. This synthesis highlights how changes in
diversity can capture some facets of species interactions, such
as differences in per capita growth rates among species. Other
facets are lost such as shifts in V. For more than a century,
ecologists have sought to relate biotic interactions and mea-
surements of diversity (Michael 1920, Barner et al. 2018,
Simha et al. 2022). Our work suggests that it is time to move
past this debate and recognize that some questions about
biotic interactions are unanswerable with data on biodiver-
sity. We will highlight three potential mitigation strategies:
1) articulating the assumptions needed to link biotic inter-
actions and diversity; 2) deriving mechanistic models based
on partitions of diversity change; 3) using diversity measure-
ment that maximize the information available. Ecologist’s
ability to conserve biodiversity depends on reliable models
(Socolar et al. 2016, Urban et al. 2016). We seck to improve
these models by clarifying which information on biotic inter-
actions is needed to improve our models.

A major insight from this synthesis is that changes in bio-
diversity are a poor surrogate for the effects of biotic interac-
tions. This is because indices of diversity omit information on
the total number of individuals in the metacommunity (V).
When this information is missing, different biotic interac-
tions are capable of producing comparable changes in diver-
sity (Fig. 1, 3). To understand this mismatch, we tie together
models of biotic interactions (Abrams 1987), relative abun-
dance (Lion 2018) and diversity change (Frank and Godsoe
2020, Godsoe et al. 2021). However, our conclusions are lim-
ited to analyses of short-term dynamics. It is still possible that
there exists some signature that can be detected with other
sources of data. For example analyses of long-term dynamics
over multiple generations (Schaffer 1981), or measurements

(B)

D=2
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1500 f
/// p=16
500 ///' D12

0 1000 2000 3000

Figure 5. (A) Population dynamics from competition experiments for two species of fruit flies Drosophila willistoni and Drosophila pseudoob-
scura. Each arrow represents one set of initial conditions with the tail showing the absolute abundances of species at the start of an experiment
and the tip showing absolute abundances at the end of the experiment. The red arrow is represents experimental conditions where N declines
but relative abundances and diversities remained unchanged. The blue arrow represents experimental conditions where change in N is far

smaller but changes in relative abundance and diversity are larger. (B

) Hlustrates an artificial dataset including simulated changes in absolute

abundances across all communities. This artificial dataset leads to exactly the same changes in diversity as observed in the original dataset.
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of the similarity of species (Leinster and Cobbold 2012).
However, we urge caution, biotic interactions lead to a
diverse array of ecological dynamics and there can be con-
siderable overlap in the dynamics produced by each type of
interaction (Holland and DeAngelis 2009, 2010, Mohd et al.
2016). Moreover, additional sources of information like trait
or phylogenetic similarity sometimes have unexpected effects
on biotic interactions. For example, it is commonly assumed
that increasing similarity among competitors strengthens the
effects of competition (HilleRisLambers et al. 2012), but an
analysis using annual plants in California found that simi-
larity measured using single traits decreases the strength of
competition (Kraft et al. 2015).

Over long timescales, biotic interactions may drive specia-
tion (Yoder and Nuismer 2010, Nosil 2012). For example,
mutualistic interactions among yuccas and yucca moths
leads to co-speciation, with each partner matching the mor-
phology of the other (Godsoe et al. 2008), a process which
has taken hundreds of thousands if not millions of years
(Smith et al. 2008, 2011). Effects of biotic interactions on
speciation may be detectable using analyses of phylogenies
(Yoder and Nuismer 2010, Pigot and Tobias 2013, Nuismer
and Harmon 2015), but these longer-term trends are beyond
the scope of the current manuscript.

Many previous dynamic models of biodiversity make it dif-
ficult to detect dependence on absolute abundances because
they assume that community dynamics are zero-sum, imply-
ing the total number of individuals in a metacommunity is
constant (Hubbell 2001). Analyses of species coexistence
focusing on frequency dependence also make this zero sum
assumption (Godwin et al. 2020). This zero sum assumption
is only valid for some models, notably Lotka—Volterra com-
petition among similar species (Mallet 2012, Lion 2018), but
it does not typically emerge from models of other interaction
types (Holland and DeAngelis 2009, 2010).

There is compelling evidence that community assembly
is non-zero sum in nature. Notably, diversity productiv-
ity experiments have been designed to tease apart selection
effects (which are zero sum) from non-zero sum effects
such as niche complementarity and facilitation (Loreau and
Hector 2001, Cardinale et al. 2012). A sizeable propor-
tion of these effects are due to the non-zero sum dynamics
(Cardinale et al. 2012). Worse, systems might change from
zero sum to non-zero sum as we move from one commu-
nity to another. Interactions among plants in low elevation
tend to be competitive (and may be close to zero sum) while
interactions in high elevation sites are more likely to be facili-
tative (Callaway et al. 2002, Louthan et al. 2015). Switches
between one interaction type and another are common in
nature (Chamberlain et al. 2014).

One way to mitigate these problems is by modelling
mechanisms that change relative abundances rather than
absolute abundances. For example, Vellend (2010) argues
that total change in diversity should be divided into four
fundamental mechanisms selection, drift, immigration and
speciation. In this framework, salient effects of biotic inter-
actions are captured by selection and drift. Several groups
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have developed tools to quantify these mechanisms in long-
term dataset using partitioning techniques generate models
that start with the measurement of interest (i.e. diversity)
then ask how a small amount of change in each type of
organism will change diversity. For example, Tatsumi et al.
(2021) showed that changes in Jaccard similarity, a measure
of beta diversity can be partitioned into consequences of
extinctions and colonization’s. When applied to long-term
forest plots they were able to show that extinction events
and colonization events roughly balanced out, leading neg-
ligible change in Jaccard similarity. Similarly Godsoe et al.
(2021) used a partitioning approach to show that changes
in diversity are often due to the success of rare species rela-
tive to common ones. This approach outlines each of the
mechanisms described in Vellend (2010) can be analysed,
including speciation, drift and immigration. Extensions
to Hill numbers and beta diversity can be found in Frank
and Godsoe (2020) and Godsoe et al. (2022a). Though the
development of partitions for diversity change isrelatively
recent, these techniques draw on a rich literature of parti-
tion methods developed for other problems in ecology and
evolution (Loreau and Hector 2001, Collins and Gardner
2009, Fox 2016).

Given the difficulties we identify some might won-
der if we need measures that can detect biotic interactions
directly. The answer is this has been tried, repeatedly, over
a more than a century. See Blanchet et al. (2020) for an up
to date summary of dozens of such proposals ranging from
Forbes (1907) up to the present day. Blanchet et al. notes
that the accuracy of these methods has been tested repeatedly
(Barner et al. 2018, Freilich et al. 2018, Brazeau and Schamp
2019, Thurman et al. 2019) with tests finding that ‘current
methods are generally inaccurate, and thus, the spatial asso-
ciations detected are poor proxies for biotic interactions’. In
view of this, we believe that progress in the next century will
not require more solutions. What is needed is a better under-
standing of the problem.

We have shown that there is a gap between traditional
models of community assembly and change in modern mea-
surements of biodiversity. This may be disconcerting to who
might expect a synthesis of biotic interactions and biodiver-
sity to solve problems and lead to new methods to detect
biotic interactions. We disagree, in our view synthesis in
biology typically clarify the connections and purposes of dif-
ferent approaches (Lion 2018). This is what Eq. 4 does, by
explicitly connecting changes in diversity to changes in rela-
tive abundances generated by biotic interactions. Biodiversity
misses changes in absolute abundances, which can be crucial
to traditional models of community dynamics. Our work
suggests that previous efforts to identify biotic interactions
using short-term observations of biodiversity are misguided;
since any observation will be compatible with multiple con-
tradictory mechanisms. The gap we identify can be mitigated
by explicitly modelling mechanisms that shape diversity
(such as shifts in relative abundances) rather than modelling
mechanism that have traditionally interested ecologists such
as competition.
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Speculations

Our paper proposes that observations of biodiversity cannot be
used to distinguish different types of biotic interactions. For gen-
erations ecologists have been fascinated with the links between
biodiversity and biotic interactions (i.e. competition, mutualism
and predation). Many of us expect that observations of biodiver-
sity provide vital clues about how biotic interactions operate in
nature, but it is hard to tell when these clues are reliable.

Our work integrates models of biotic interactions and mea-
surements of biodiversity diversity change. This highlights
how an observed change in diversity can be compatible with
any type of biotic interaction (i.e. competition, mutualism,
predation etc.). So for example, the same increase in Shannon
diversity could indicate the superior ability of a competitor
the success of mutualists or a predator’s tendency to harvest
dominant prey species. This is so because diversity measures
are designed to be concerned with changes in relative abun-
dances but not account for absolute abundance changes.

Observations of biodiversity change are unlikely to yield
insights about biotic interactions per se because biodiversity itself
obscures species’ absolute abundances. Therefore, models of diver-
sity change should focus on mechanisms that are less influenced
by changes in absolute abundances such as species-level selection.
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