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A
bstract

1.	Theory indicates that com
peting species coexist in a com

m
unity w

hen intraspe-
cific com

petition is stronger than interspecific com
petition. W

hen body size deter-
m

ines the outcom
e of com

petitive interactions betw
een individuals, coexistence 

depends also on how
 resource use and the ability to com

pete for these resources 
change w

ith body size. Testing coexistence theory in size-structured com
m

uni-
ties, therefore, requires disentangling the effects of size-dependent com

petitive 
abilities and niche shifts.

2.	H
ere, w

e tested the hypothesis that the evolution of species- and size-dependent 
com

petitive asym
m

etries increased the likelihood of coexistence betw
een inter-

acting species.
3.	W

e experim
entally estim

ated the effects of size-dependent com
petitive interac-

tions on som
atic grow

th rates of tw
o interacting fish species, Trinidadian gup-

pies Poecilia reticulata and killifish Rivulus hartii. W
e controlled for the effects of 

size-dependent changes in the niche at tw
o com

petitive settings representing the 
early (allopatric) and late (sym

patric) evolutionary stages of a killifish–guppy com
-

m
unity. W

e fitted the grow
th data to a m

odel that incorporates species-  and size-
dependent com

petitive asym
m

etries to test w
hether changes in the com

petitive 
interactions across sizes increased the likelihood of species coexistence from

 al-
lopatry to sym

patry.
4. 	 W

e found that guppies are com
petitively superior to killifish but w

ere less so in 
sym

patric populations. The decrease in the effects of interspecific com
petition on 

the fitness of killifish and increase in the interspecific effect on guppies’ fitness 
increased the likelihood that sym

patric guppies and killifish w
ill coexist. H

ow
ever, 

w
hile the com

petitive asym
m

etries betw
een the species changed consistently 

betw
een allopatry and sym

patry betw
een drainages, the m

agnitude of the size-
d ependent com

petitive asym
m

etries varied betw
een drainages.
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A
 persistent challenge in ecology is to understand how

 species can 
coexist w

hen they overlap in their resource use (C
hesson, 2000). 

W
hether tw

o such species w
ill coexist depends upon the bal-

ance betw
een the negative effect of com

petition over shared re-
sources and the positive effect of using som

e resources exclusively 
(C

hesson, 2000; Siepielski &
 M

cPeek, 2010). For m
any organism

s, 
this balance depends upon traits that determ

ine the type of re-
sources used and the efficiency w

ith w
hich the resources are ac-

quired and transform
ed into som

atic grow
th, survival and offspring 

(Ellner et al., 2016).
Body size is often a key trait influencing com

petitive ability and 
resource use (W

erner &
 G

illiam
,  1984). For exam

ple, taller plants 
can access m

ore sunlight and larger fish can forage m
ore effi-

ciently and consum
e a w

ider range of prey sizes (Bassar et  al.,  2016; 
W

einer,  1990; Young,  2004). In both cases, larger individuals are 
better com

petitors, a situation term
ed size- dependent com

petitive 
asym

m
etry (W

einer,  1990). In size- structured com
m

unities, size-
dependent com

petitive asym
m

etries com
bine w

ith com
petitive 

asym
m

etries based on species’ identity to define the differences in 
com

petitive effects betw
een individuals of the sam

e and other spe-
cies across their respective life cycles (Bassar et al., 2016).

In addition to size- based com
petitive asym

m
etries, changes in 

body size can be associated w
ith changes in resource use (A

resco 
et  al.,  2015; de Roos &

 Persson,  2013; H
jelm

 et  al.,  2003; Turner 
Tom

aszew
icz et  al.,  2017). W

hen this occurs, coexistence depends 
on how

 changes in body size in each species influence resource use 
shifts, com

petitive asym
m

etries and fitness, particularly in the range 
of body sizes in w

hich the species have the greatest overlap in re-
source use (Bassar et  al.,  2017; Loreau &

 Ebenhoh,  1994; M
iller &

 
Rudolf, 2011; N

akazaw
a, 2015).

Testing theoretical predictions about coexistence in size- structured 
com

m
unities, how

ever, is an em
pirical challenge. Com

pelling tests re-
quire understanding tw

o things: first, how
 body size variation trans-

lates to com
petitive asym

m
etries and differences betw

een the species 
in resource use; and second, how

 these size- based interactions m
ap to 

fitness effects across the life cycles of the interacting species (Bassar, 
Travis, et  al.,  2017; Chesson,  2000; Siepielski &

 M
cPeek,  2010). The 

first requirem
ent, separating individual effects of the confounded 

changes in resource use and efficiency during ontogeny, can be m
et 

w
ith careful experim

entation (Inouye, 2001; Potter et al., 2019).
The second requirem

ent can only be m
et by integrating the de-

m
ography of each species w

ith the know
ledge acquired from

 the 

first requirem
ent (Bassar, Travis, et al., 2017). This is because, w

hile 
com

petitive interactions and resource use m
ay change w

ith ontog-
eny, the various stages in the life cycle do not count equally tow

ards 
fitness (C

asw
ell, 2001). Reproductive value (per-capita contribu-

tion of age- or size-class tow
ards fitness), for instance, can change 

dram
atically as organism

s grow
 or age (Bassar, Travis, et al., 2017; 

C
asw

ell, 2001).
A

 solution to these challenges is to develop dem
ographic m

od-
els of interacting structured populations that can be readily param

-
eterised by em

pirical data (Ellner et  al.,  2016). These m
odels allow

 
researchers to evaluate how

 changes in the ecological interactions 
betw

een the species influences their fitness (Bassar et  al.,  2016, 
2017; Bassar, Travis, et  al.,  2017). A

pplying such m
odels requires 

devising m
anipulative experim

ents that can m
easure, separately for 

each species, how
 trait variation influences resource use and com

-
petitive efficiency, and ultim

ately, the fitness consequences of trait 
variation integrated across the life cycles of the organism

s.
H

ere, w
e experim

entally test how
 species-  and size- dependent 

com
petitive 

asym
m

etries 
contribute 

to 
the 

evolution 
of 

spe-
cies coexistence in Trinidadian stream

 com
m

unities com
prised of 

Trinidadian guppy Poecilia reticulata and H
art's killifish Rivulus hartii 

a.k.a., KG
 com

m
unities (Travis et  al.,  2014). W

e executed a labora-
tory experim

ent that allow
ed us to param

eterise a size- structured 
dem

ographic m
odel for these species under tw

o contrasting scenar-
ios, representing the beginning and endpoint of novel com

m
unity 

form
ation (Bassar, Sim

on, et  al.,  2017; Travis et  al.,  2014). Prior em
-

pirical w
ork has dem

onstrated that coexistence betw
een these spe-

cies is an evolved property, w
ith coexistence m

ore likely betw
een 

established sym
patric populations of each species than betw

een al-
lopatric populations that first encounter each other (Bassar, Sim

on, 
et  al.,  2017). H

ow
ever, it is not clear w

hether the increased likeli-
hood of coexistence is due to changes in com

petitive asym
m

etries, 
changes in the resource niche use or both. Specifically, w

e tested 
the hypothesis that the evolution of stronger size- based com

petitive 
asym

m
etries in guppies increased the likelihood of coexistence be-

tw
een both species in sym

patry.

2 
| 

M
A

T
ER
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N
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E

T
H

O
D

S

2.1 
| 

Study system

Each river that drains the N
orthern M

ountain Range of the C
aribbean 

island of Trinidad has a replicated succession of fish com
m

unities. A
t 

5.	These results dem
onstrate the im

portance of integrating evolution and trait-based 
interactions into the research on how

 species coexist.

K
E

Y
W

O
R

D
S

coevolution, coexistence, intraguild predation, intraspecific and interspecific com
petition, 

size-dependent com
petition, size-dependent com

petitive asym
m

etry
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low
 elevations, fish com

m
unities contain num

erous species (G
illiam

 
et al., 1993). Fish species diversity declines progressively upstream

 
because w

aterfalls im
pede the upstream

 m
ovem

ent of larger fish 
(G

illiam
 et al., 1993). In low

er stream
 reaches, guppies and killifish co-

occur w
ith m

ultiple predatory fish species (killifish–guppy–predator 
com

m
unities, hereafter KG

P com
m

unities). A
bove barrier w

aterfalls, 
guppies and killifish occur w

ithout predators (killifish–guppy, or KG
 

com
m

unities). A
bove these com

m
unities, killifish are the only fish 

species found in the stream
s (killifish only, or KO

 com
m

unities). Life 
histories, behaviour, m

orphology and physiology evolve in both spe-
cies as they adapt to these different com

m
unities (A

uer et al., 2018; 
G

halam
bor et al., 2004; Reznick &

 Endler, 1982).
KG

 com
m

unities are thought to be form
ed w

hen KG
P guppies 

are able to surm
ount barrier w

aterfalls and invade KO
 com

m
unities 

(Travis et al., 2014). This encounter betw
een KG

P guppies and KO
 kil-

lifish represents the first stage of KG
 com

m
unity developm

ent w
ith 

allopatric phenotypes. Replicated experim
ents, w

herein guppies from
 

KG
P com

m
unities w

ere translocated over barrier w
aterfalls into KO

 
com

m
unities have show

n that both species evolve genetically based 
trait differences that are consistent w

ith those observed in com
par-

ative analyses of natural KG
 com

m
unities (Reznick et  al., 1990, 2019; 

W
alsh &

 Reznick,  2011). These evolutionary changes have been 
observed over relatively short periods (Reznick et  al.,  2019). In this 
study, w

e consider sym
patric phenotypes of killifish and guppies to 

be those from
 long- established KG

 com
m

unities that have evolved 
together (A

lexander et al., 2006; W
alter et al., 2011).

G
uppies and killifish use sim

ilar resources, w
hich m

akes their co-
existence a persistent puzzle. There is som

e evidence suggesting that 
both fish species alter their resource use after guppies have invaded 
KO

 stream
s. G

uppies feed prim
arily on aquatic invertebrates, detri-

tus and algae (Bassar et  al.,  2010; Fraser &
 Lam

phere,  2013; Zandona 
et  al.,  2011). G

uppies from
 KG

P com
m

unities feed m
ostly on inverte-

brates w
hile guppies in KG

 com
m

unities are m
ore generalist feeders 

(Zandona et  al.,  2011). M
oreover, dietary studies based on stom

ach 
contents have show

n little support for strong size- based niche shifts in 
guppies (Zandonà et  al.,  2015). Killifish, on the other hand, are m

ostly 
insectivorous (Fraser &

 G
illiam

,  1992) and have stronger size- based 
niche shifts than guppies (A

naya- Rojas, Bassar, M
atthew

s, et  al.,  2021).
Theory show

s that different patterns of size- based niche use be-
tw

een the species can lead to coexistence only if guppies are better 
com

petitors than killifish in the region of the niche that is shared 
betw

een the species (i.e. aquatic invertebrates; Bassar, Travis, 
et  al.,  2017). M

ark– recapture and experim
ental studies have show

n 
that larger guppies are better intraspecific com

petitors than sm
aller 

guppies and that guppies from
 KG

 com
m

unities are generally stron-
ger intraspecific com

petitors than KG
P guppies (Bassar et  al.,  2013; 

Potter et al., 2019).

2.2 
| 

D
em

ographic m
odel

O
ur experim

ent w
as designed to estim

ate the param
eters describ-

ing the interactions betw
een individuals of distinct species and 

body sizes, param
eters that feed directly into a size-structured de-

m
ographic m

odel that allow
s us to m

ap com
petitive interactions 

across the life cycle onto the fitness of both species (Bassar, Travis, 
et al., 2017). The dem

ographic m
odel is an integral projection m

odel 
(IPM

) described in Bassar et al. (2016) and Bassar, Travis, et al. (2017). 
A

 key advantage of these type of m
odels is that they can be param

e-
terised w

ith individual data on dem
ographic rates, allow

ing the gen-
eration of theoretical predictions and interpretation of experim

ental 
data (Bassar et al., 2013, 2016; Bassar, Sim

on, et al., 2017; Bassar, 
Travis, et al., 2017). W

e briefly sum
m

arise the salient features of the 
m

odel here. M
ore details can be found in Bassar et al. (2016) and 

Bassar, Travis, et al. (2017).

w
here n(z,t) is a distribution describing the num

ber of individuals of 
body size z at tim

e t, n
(

z
�,t

+
1
) is a distribution describing the num

ber 
of individuals of z

′ at tim
e t + 1. The functions G

, S, D
, M

 and B are de-
m

ographic rates representing grow
th, survival, offspring size, litter size 

and probability of reproduction, respectively, in individuals as func-
tions of body size z at tim

e t.
If V

i
=
[G

i ,S
i ,D

i ,M
i ,B

i ] is the set of the linearised dem
ographic 

rate equations for species i, z
i  is the body size of a focal individual 

of species i and x
k  represents the body sizes of intraspecific or inter-

specific com
petitors (k

=
i,j ), then an equation for any of the m

ean 
dem

ographic rates of species i com
peting w

ith species j and other 
m

em
bers of species i can be expressed as:

The first tw
o term

s (�
i0
+
�
iz z

i ) describe the value of the dem
o-

graphic rate of a focal individual of species i and size z in the absence 
of com

petition. The param
eter �

iN  describes the per-capita effect 
on the dem

ographic rate (e.g. som
atic grow

th rates or survival) of 
an individual of species i and size z of an equal sized individual of 
the sam

e species. The species- and size-dependent effects of intra-
specific and interspecific com

petition on the dem
ographic rates are 

calculated as interaction surfaces �
ii (z

i ,x
i ) and �

ij (z
i ,x

j ), respectively, 
w

hich describe the com
petitive equivalence of individuals of size x

i  
or x

j  on individuals of size z
i . O

verall, the interaction surfaces can be 
interpreted as the relative com

petitive effect of a com
petitor of spe-

cies i (or j) of size x on an individual of size z of species i. For exam
ple, 

if �
ij (z

i ,x
j )
=
3, it m

eans that the com
petitive effect of a com

petitor of 
size x of species j on a size z individual of species i is equivalent to the 
com

petitive effects of three individuals of species i and size z (see 
Bassar, Travis, et a l., 2 017). The function n

(x
k ,t) describes the distri-

bution of sizes of com
petitors of species k at tim

e t (see Table S1 for 
m

ore details).
The outcom

e of com
petition can be determ

ined from
 the shape 

of the interaction surfaces. In turn, the shape of the interaction 

(1)
n
(z

�,t
+
1
)
=∫

[G
(z

�,z)S
(z)

+
D
(z

�,z)M
(z)B

(z)S
(z)]n

(z,t)d
z,

(2)

V
i (z

i ,N
i )
=
�
i0
+
�
iz z

i
+
�
iN∫

�
ii (z

i ,x
i )n

i (x
i ,t)d

x
i
+
�
iN∫

�
ij (z

i ,x
j )n

j (x
j ,t)d

x
j .
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surface depends upon the resources that are used by each species 
and on the size-dependent ability of individuals to effectively com

-
pete for those resources. W

hen individuals use different resources 
and larger or sm

aller individuals are better at acquiring and assim
i-

lating those resources, the intraspecific or interspecific interaction 
surfaces can be m

odelled as an exponential function of the size and 
species of com

petitors as:

The expression e
�
ik
+
�
k (x

k
−
v
)
−
�
i (z

i
−
v
) describes how

 the com
pet-

itive effects change as a function of species identity and body size 
(i.e. the species-dependent and size-dependent com

petitive asym
-

m
etry com

ponent). The expression e
−
(�ik

+
�
j (x

k
−
v
)
−
�
i (zi

−
v
)) 2

2
H
2

 describes the 
proportion of niche overlap betw

een individuals of each species as a 
function of their body sizes.

In the first expression, the param
eter �

ik  captures the relative 
species- dependent com

petitive effect, w
hich is sim

ply the differ-
ence betw

een the com
petitive effects of individuals of species i and 

com
petitors of species k at size v, w

hich is a centring value chosen 
by the researcher. W

hen describing intraspecific com
petition, k

=
i 

and �
ii
=
0. Typically, v is a biologically m

eaningful size, such as size 
at birth. If 𝜂

ij
<
0, the com

petitive effect of species j on species i at 
size v is less than the com

petitive effect of species i is on itself. The 
size-dependent com

petition coefficient, �
k , describes how

 the m
ag-

nitude of the effect changes w
ith body size in each species (i.e. size-

dependent com
petitive asym

m
etry). W

hen �
k
=
0, the com

petitive 
effects of species k are said to be sym

m
etric w

ith respect to body 
size of species k (i.e. body size plays no role in determ

ining the com
-

petitive advantage of species k). W
hen 𝜙

k
>
0, com

petition is con-
sidered asym

m
etric w

ith respect to size, and larger individuals have 
stronger com

petitive effects than sm
aller individuals. C

onversely, 
w

hen 𝜙
k
<
0, com

petition is asym
m

etric w
ith respect to size such 

that sm
aller individuals have stronger com

petitive effects than 
larger individuals. O

verall, the � and � param
eters together describe 

the relative com
petitive effects of one species on the other. The de-

gree of interspecific com
petitive asym

m
etry is therefore given by 

the difference betw
een the effects of conspecific com

petitors on 
focal grow

th (across all sizes) and the effects of heterospecific com
-

petitors on focal grow
th (across all sizes).

Follow
ing previous treatm

ents of niche overlap (M
acA

rthur &
 

Levins, 1967), the resource niche is m
odelled as a norm

al distribution 
along a resource axis, R (Bassar, Travis, et al., 2017). The niche over-
lap is the overlap of the distributions of individuals w

ith trait value 
z from

 species i w
ith individuals of trait value x of species k. The 

param
eter �ik  is the difference in the m

ean of the resource niche at 
size v; and �

k  describes how
 the m

ean of the resource niche changes 
w

ith body size in species k, respectively. W
hen k

=
i, �ii

=
0. H

2 is the 
variance in the niche w

idth. In our experim
ent described below

, w
e 

assum
e that ι's and ρ's are zero. In this case, the niche overlap term

 is 
unity for all sizes and all individuals com

pete for the sam
e resource. 

W
hen the experim

ent is carried out using a single resource—
as in 

this study—
this allow

s researchers to fit the dem
ographic m

odel to 

the em
pirical data w

ithout confounding changes in com
petitive ef-

fects w
ith changes in resource use.

2.3 
| 

Experim
ental design

W
e w

ere interested in asking w
hether there is evidence for differ-

ences in species- and size-dependent com
petitive effects ( � and �

's) for killifish and guppies betw
een the initial (allopatric) and final 

stages (sym
patric) of com

m
unity developm

ent and w
hether these 

changes w
ould lead to a greater likelihood of coexistence. W

e esti-
m

ated these param
eters by perform

ing an aquaria-based response 
surface experim

ent (Inouye, 2001), in w
hich w

e m
anipulated the 

num
ber and size distributions of fish in the treatm

ents (Figure 1). W
e 

m
easured som

atic grow
th over a 28-day period and fitted a version 

of Equation 2 to those data. Because theory predicts that the tw
o 

species could coexist if guppies are better com
petitors for resources 

on the shared portion of the niche (i.e. aquatic invertebrates), w
e 

fed the fish identical quantified rations of aquatic invertebrates over 
the course of the experim

ent. W
e ran this experim

ent using guppies 
and killifish w

ith allopatric phenotypes (KO
 killifish and KG

P guppies) 
and sym

patric phenotypes (KG
 guppies and KG

 killifish). The pairing 
of KO

 killifish w
ith KG

P guppies recreates the initial stages of the 
invasion of a KO

 com
m

unity by guppies from
 KG

P com
m

unities. The 
pairing of KG

 killifish w
ith KG

 guppies represents the situation after 
each species has adapted to the other.

(3)
�
ik (z

i ,x
k )
=
e
�
ik
+
�
k
(x

k
−
v
)
−
�
i (z

i
−
v
)e

−
(�ik

+
�
k
(x
k
−
v
)
−
�
i (zi

−
v
)) 2

2
H
2

F
IG

U
R

E
 1

 
Schem

atic representation of the design of the 
experim

ent. Each coloured cell represents an aquarium
, in w

hich 
w

e m
anipulated the density (high and low

: orange and blue cells, 
respectively) and frequency of guppies (G

) and killifish (K
) across 

a range of body sizes. W
ithin each aquarium

, each fish acted as a 
com

petitor (x-axis) and as a focal fish (y-axis)
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Each aquarium
 contained either tw

o or four fish (Figure 1). 
W

ithin the tw
o fish treatm

ent, the tanks contained either tw
o 

guppies, tw
o killifish, or one guppy and one killifish. W

ithin the 
four fish treatm

ent, the tanks contained either four guppies, four 
killifish, three guppies and one killifish, or one guppy and three 
killifish. M

anipulating the sizes of fish in each tank produced differ-
ent com

binations of com
petitor sizes and enabled the experim

ent 
to cover different portions of the interaction surfaces. A

ll fish w
ere 

classified into four size classes (±2 m
m

): 10, 14, 18 and 22 m
m

. 
These size classes represent different life-history stages in guppies 
(10 and 14 m

m
 =

 juveniles, 18 m
m

 =
 young adults, 22 m

m
 =

 older 
adult fem

ales; Reznick et al., 2001) and juvenile stages of killifish, 
w

hich m
ature at approxim

ately 35 m
m

 (W
alsh &

 Reznick, 2008). 
Each aquarium

 had either one or tw
o size classes of fish, and sizes 

w
ere paired so that each size category com

peted against fish of all 
other size categories in the experim

ent (112 possible unique com
-

petition trials). Sim
ulations and experim

ental studies have show
n 

that this experim
ental design has enough pow

er to estim
ate the 

param
eters of the interaction surfaces (B

assar, Travis, et  al.,  2017; 
Potter et  al.,  2019). Som

e experim
ental com

binations w
ere not 

possible because 22  m
m

 killifish tended to kill guppies sm
aller than 

18 m
m

.

2.4 
| 

Sam
pling and allocating fish to treatm

ents

W
e ran the experim

ent w
ith fish from

 tw
o different river system

s: 
the A

ripo and the Q
uare. These system

s represent independent 
origins of allopatric KG

P guppies invading KO
 habitats to establish 

coevolved sym
patric KG

 com
m

unities (W
alter et al., 2011; W

illing 
et al., 2010). In the A

ripo drainage, w
e collected guppies from

 KG
P 

com
m

unities dow
nstream

 from
 H

askins' Falls on the A
ripo River. 

W
e collected KG

 guppies and killifish from
 the N

aranjo and Endler 
stream

s and KO
 killifish from

 the upper reaches of the N
aranjo 

stream
. In the Q

uare drainage, w
e collected KG

P guppies from
 the 

m
ain branch of the Q

uare River, adjacent to the pum
p house on the 

H
ollis Reservoir Road. W

e collected KG
 guppies and killifish from

 the 
El C

am
po and Q

uare 2 tributaries to the Q
uare River and KO

 killifish 
from

 the upper reaches of each of these tributaries.
W

e perform
ed our experim

ents during the dry season (February 
to June). W

e collected guppies w
ith butterfly nets and transported 

them
 to our field station in plastic bottles w

ith m
edicated w

ater 
(0.15 m

l/L of Stress C
oat ®, M

ars Fishcare; 0.075 m
l/L A

m
Q

uel Plus ®, 
Kordon LLC

). K
illifish w

ere collected w
ith hand nets and transported 

to the laboratory in H
efty

®-bags. In the laboratory, w
e treated all 

fish w
ith a salt bath (sea salt 25 g/L, 15 m

in) to elim
inate ectopara-

sites and w
ith antibiotics (0.187 g/20 L Tetracycline or 1.25 g/20 L 

Furan) to reduce the likelihood of bacterial infections.
A

t the beginning of the experim
ents, w

e assigned each fish to 
an appropriate size class based on standard length (SL, ±

0.5 m
m

), 
m

easured its m
ass (±

0.001 g ), and classified it as m
ale, fem

ale or 
juvenile. W

e used only fem
ales and juvenile guppies, and juvenile kil-

lifish in our experim
ent. W

e did not use adult m
ale guppies because 

they do not grow
 after m

aturity (14 m
m

), w
hich lim

its our ability to 
evaluate the fitness consequences of the com

petitive environm
ent. 

W
e random

ly assigned each individual to a size class and density 
treatm

ent (Figure 1). Before adding them
 to their tanks, w

e m
arked 

individuals w
ith a single subcutaneous injection of a coloured elas-

tom
er (N

orthw
est M

arine Technology) for identification. W
e kept 

extra fish in glass tanks at approxim
ately tw

o fish per litre of w
ater 

to replace any fish that died during the experim
ent, and to m

aintain 
the density and size-structure treatm

ent for the experim
ental fish.

2.5 
| 

Fish feeding and housing

W
e 

perform
ed 

the 
com

petition 
trials 

in 
plastic 

tanks 
( L
×
W

×
H
:2
6
×
1
6
×
1
7
c
m

) for 28 days and provided food to each 
tank once a day as a 1,000 μl solution of Artem

ia nauplii (≈
4
0
0  live 

larvae). W
e filled each tank w

ith ≈
4
L of m

edicated w
ater (0.15 m

l/L 
of Stress C

oat, M
ars Fishcare; 0.075  m

l/L A
m

Q
uel Plus ®, Kordon 

LLC
). O

n the first day of the experim
ent, w

e added 500 μl of 10%
 

form
alin to each tank to further reduce ectoparasites such as 

G
yrodactylus spp. and to avoid secondary bacterial infections. W

e 
perform

ed w
ater changes every other day by siphoning out up to 

75%
 of the w

ater, m
aking sure to rem

ove organic w
aste and excess 

food. D
ead or m

issing individuals w
ere replaced w

ith another fish of 
the sam

e species, com
m

unity of origin and size class to m
aintain the 

experim
ental treatm

ent.

2.6 
| 

D
ata analysis

2.6.1 
| 

Statistical m
odel

W
e estim

ated the com
petition param

eters in Equation 2 using the 
som

atic grow
th increm

ent. The som
atic grow

th increm
ent is an ideal 

dem
ographic rate from

 w
hich to estim

ate the effects of com
petition—


both fish species of these size classes grow

 considerably over a 28-
day period—

and fitness is extrem
ely sensitive to effects on som

atic 
grow

th (Bassar et al., 2013; Bassar, Sim
on, et al., 2017). The dem

o-
graphic equation for som

atic grow
th is a slightly m

odified version 
of Equation 2 (G

riffiths et al., 2020). O
ur som

atic grow
th increm

ent 
equation for guppies w

as:

w
here z

′G  is the observed length of an individual guppy after the inter-
val and z

G  is the observed length of the sam
e guppy at the beginning 

of the experim
ent. The som

atic grow
th increm

ent typically decreases 

(4)

ln

(

z
�G

z
G

)

=
�
0
,G
+
�
z,G
ln
(

z
Gv

)

+
�
z
2
,G
ln

(

z
2G

v
2

)

+

[�
N
,G
+
�
zN

,G
ln
(

z
Gv

)
]

Ω
G

∑x
G

e
�
G (

x
G
−
v)

−
�
G (

z
G
−
v)

+

[�
N
,G
+
�
zN

,G
ln
(

z
Gv

)
]

Ω
K

∑x
K

e
�
G
K
+
�
K (

x
K
−
v)

−
�
G (

z
G
−
v)
+
�
(0
,�

2
),
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w
ith increased length (�

z,G ) and som
etim

es it is slightly convex, w
hich 

is captured by the quadratic term
, �

z
2
,G . W

e also included other term
s 

to the m
odel (�

N
,G  and �

zN
,G ) that describes how

 individuals of distinct 
sizes respond to resource com

petition. x
G  and x

K  capture the initial 
size of each guppy and killifish, respectively, com

peting w
ith the focal 

individual. The integrals in Equation 2 are replaced by sum
m

ations in 
Equation 4 because the populations in the experim

ent are sm
all and 

are better described in discrete term
s rather than continuous func-

tions. The indexes on the sum
m

ation thus represent individual guppies 
or killifish. The term

 �
(0
,�

2
) is a norm

al residual error term
 w

ith m
ean 

of zero and variance �
2. A

n analogous equation w
as fitted to the killi-

fish data.

2.6.2 
| 

M
odel fitting

W
e estim

ated all param
eters in Equation 4 using a Bayesian m

od-
elling fram

ew
ork in Stan via the RStA

N package in R 3.6 (C
arpenter 

et al., 2017). W
e fitted data for the Q

uare and A
ripo drainages 

separately. To allow
 com

parisons betw
een species and phenotypes 

w
ithin drainages, w

e fit m
odels that included both species from

 al-
lopatric and sym

patric locations. W
e used dum

m
y coding to identify 

param
eters for the distinct species and phenotypes. Posteriors w

ere 
sam

pled from
 six H

am
ilton M

onte C
arlo (H

M
C

) chains, 8,000 itera-
tions and a w

arm
up of 5,000 iterations. W

e used inform
ative priors 

for the guppy interaction surface param
eters that w

e derived from
 

sim
ilar experim

ents on intraspecific com
petition using KG

P and KG
 

guppies (Potter et al., 2019, see Supporting Inform
ation). For the rest 

of the param
eters, w

e used w
eakly inform

ative priors, for exam
ple, 

m
ean =

 0.0 and SD
 =

 0.5 (see Supporting Inform
ation). For all m

od-
els, w

e verified that all four chains converged using the estim
ated 

potential scale reduction statistic ( R̂) and visually checking the trace 
plots. A

dditionally, w
e evaluated each m

odel's behaviour by plotting 
the predicted versus observed values and the distribution of their 
residuals (Figure S1).

W
e m

odelled som
atic grow

th increm
ent w

ith a norm
al error 

distribution and length centred at 1
0
m
m

 (i.e. v). To facilitate the in-
terpretation of the param

eters describing the interaction surface, 
beginning from

 near birth to older individuals, w
e set v equal to 

10 m
m

 in both species. This estim
ates the difference betw

een the 
species in their com

petitive abilities at 10 m
m

. W
e report the m

eans 
of the posterior sam

ples of the param
eters and the 95%

 com
patibil-

ity interval (i.e. m
ean [2.5%

, 97.5%
 C

I]). For com
parisons betw

een 
param

eters, w
e estim

ated the difference betw
een the posterior 

sam
ples and reported the m

ean differences, C
I and the level of sup-

port (LO
S) of the difference in the param

eters. The LO
S is estim

ated 
as the proportion of the posterior difference distribution greater or 
less than zero. W

e asked w
hether the species- and size-dep endent 

com
petition param

eters im
proved the overall fit of the grow

th m
od-

els to the data by com
paring the m

odels for each treatm
ent w

ith a 
null m

odel assum
ing sym

m
etric species- and size-dep endent com

pe-
tition param

eters (�
G
K
=
0 ; �

G
=
�
K
=
0 ) using the function com

pare() 
from

 the rethinking R package (M
cElreath, 2020). W

e chose the 

best m
odel as the m

odel w
ith the low

est W
A

IC (W
atanabe A

kaike 
Inform

ation C
riterion) and highest w

eight.
For the statistical analyses, w

e used the grow
th data of any fish 

that began and com
pleted the experim

ent (776/891; 87%
). Survival 

to the end of the experim
ent w

as higher in the A
ripo com

pared to 
the Q

uare (92%
 vs. 82%

), yielding slightly higher sam
ple sizes in the 

A
ripo com

pared to the Q
uare. W

e replaced any fish that died during 
the experim

ent w
ith a sim

ilar-sized fish. These replacem
ents w

ere 
not used as dependent data for grow

th unless they w
ere in the ex-

perim
ent for m

ore than 25 of the 28 days of the experim
ent. W

e 
used the size of the replacem

ent fish to calculate the w
eighted av-

erage size of com
petitors. To do so, w

e m
ultiplied the body size of 

the replaced and replacem
ent fish by the num

ber of days they w
ere 

in the experim
ent and divided by the total num

ber of days in the 
experim

ental tanks.

2.6.3 
| 

C
om

parisons of the change in the com
petitive 

asym
m

etries betw
een com

m
unities

W
e used the posterior sam

ples of the param
eters describing the 

interaction surfaces to ask how
 the differences betw

een the in-
traspecific and interspecific com

petitive effects of each species on 
the other changed betw

een allopatric (i.e. KG
P guppies vs. KO

 kil-
lifish) and sym

patric phenotypes (i.e. KG
 guppies vs. KG

 killifish). For 
each species, w

e calculated the change in com
petitive asym

m
etry 

by subtracting the difference in the intraspecific and interspecific 
interaction surfaces from

 the allopatric trials (representing the initial 
conditions follow

ing the invasion of guppies) from
 the difference in 

the intraspecific and interspecific interaction surfaces in the sym
pa-

tric trials (representing the com
petitive conditions in established KG

 
com

m
unities). For exam

ple, for guppies, w
e calculated the change in 

com
petitive asym

m
etry as (Δ

C
A ):

w
here subscripts ‘sym

’ and ‘allo’ denote the sym
patric and allo-

patric com
parisons, respectively. The effect is independent of the 

size of the individual experiencing the com
petitive im

pact (i.e. 
z
G

), w
hich can be seen by replacing the alphas w

ith the param
eters 

[�
G
K
(z

G
,x

K
)
=
e
�
G
K
+
�
K
(x

K
−
v
)
−
�
G
(z

G
−
v
)] and rearranging them

:

C
alculating the difference in com

petitive asym
m

etries in this 
w

ay captures how
 the differences betw

een the effects of intraspe-
cific and interspecific com

petitors change from
 allopatric to sym

-
patric phenotypes. Positive values of Δ

C
A  indicate that the effects 

of interspecific com
petition are stronger in sym

patric phenotypes 
com

pared w
ith allopatric ones, negative values of Δ

C
A  indicate that 

the effects of interspecific com
petition are w

eaker in sym
patric phe-

notype, com
pared w

ith allopatric ones.

(5)
Δ
C
A
=
ln

(

�
G
G

(

z
G
,x

G

)

�
G
K

(

z
G
,x

K

)

)

sy
m

−
ln

(

�
G
G

(

z
G
,x

G

)

�
G
K

(

z
G
,x

K

)

)

a
llo ,

(6)
Δ
C
A
=
[(�

G
−
�
K
)x
−
�
G
K
]sy

m
−
[(�

G
−
�
K
)x
−
�
G
K
]a
llo ,
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TA B L E  1   Parameter estimates of the models

Parameter

Aripo Quare

Allopatric Sympatric Allopatric Sympatric

Mean SD
2.50% 
(CI)

97.50% 
(CI) Mean SD

2.50% 
(CI)

97.50% 
(CI) Mean SD

2.50% 
(CI)

97.50% 
(CI) Mean SD

2.50% 
(CI)

97.50% 
(CI)

Guppy

�0 0.397 0.03 0.337 0.456 0.328 0.037 0.255 0.401 0.423 0.024 0.377 0.47 0.318 0.034 0.25 0.385

�z −0.762 0.073 −0.909 −0.619 −0.575 0.096 −0.761 −0.387 −0.859 0.068 −0.994 −0.727 −0.591 0.087 −0.761 −0.413

�z2 0.355 0.054 0.25 0.462 0.253 0.068 0.12 0.386 0.385 0.058 0.271 0.499 0.279 0.087 0.107 0.45

�N −0.073 0.009 −0.089 −0.056 −0.038 0.01 −0.057 −0.019 −0.081 0.007 −0.095 −0.068 −0.034 0.011 −0.056 −0.012

�zN 0.084 0.016 0.054 0.115 0.035 0.02 −0.002 0.074 0.107 0.013 0.081 0.132 0.028 0.022 −0.017 0.071

� 0.04 0.003 0.035 0.046 0.055 0.004 0.048 0.063 0.037 0.003 0.032 0.042 0.046 0.004 0.039 0.055

Killifish

�0 0.39 0.033 0.324 0.455 0.695 0.032 0.631 0.758 0.17 0.028 0.119 0.232 0.559 0.055 0.451 0.667

�z −0.707 0.076 −0.861 −0.559 −0.976 0.09 −1.153 −0.799 −0.322 0.123 −0.573 −0.091 −0.863 0.148 −1.153 −0.569

�z2 0.249 0.068 0.114 0.382 0.418 0.069 0.283 0.552 0.157 0.125 −0.081 0.402 0.295 0.095 0.106 0.482

�N −0.06 0.009 −0.078 −0.042 −0.096 0.009 −0.114 −0.079 −0.002 0.003 −0.009 0.000 −0.085 0.014 −0.113 −0.058

�zN 0.078 0.016 0.047 0.109 0.06 0.017 0.027 0.093 −0.007 0.006 −0.019 0.006 0.085 0.029 0.029 0.144

� 0.038 0.003 0.032 0.045 0.048 0.004 0.042 0.056 0.062 0.005 0.054 0.073 0.053 0.005 0.044 0.065

Interaction surface

�G 0.02 0.01 0.000 0.039 0.05 0.009 0.032 0.069 0.038 0.011 0.017 0.06 0.022 0.014 −0.005 0.049

�K 0.02 0.017 −0.013 0.053 0.067 0.01 0.048 0.086 0.19 0.082 −0.005 0.325 0.062 0.021 0.019 0.102

�GK −0.506 0.121 −0.761 −0.285 −0.191 0.096 −0.379 −0.003 −3.091 0.927 −4.893 −1.277 −0.463 0.139 −0.732 −0.184
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2.6.4 
| 

H
ow

 changes in com
petitive asym

m
etry alter 

predictions of coexistence

W
e param

eterised the m
odel of Bassar, Travis, et al. (2017) using the 

posterior m
eans of the param

eters from
 this study to illustrate how

 
changes in the interaction surfaces betw

een the tw
o com

m
unities 

alter predictions about species coexistence. W
e param

eterised the 
m

odel, assum
ing that the only differences betw

een the species are 
the values of the intraspecific and interspecific interaction surfaces. 
A

ll other param
eters w

ere identical and based on KG
 guppies, as de-

scribed in Bassar, Travis, et al. (2017). U
sing param

eters from
 a single 

species and changing only the com
petition param

eters isolates the 
effect of the change in the com

petition param
eters on coexistence. 

O
ther differences betw

een the species that m
ay contribute to coex-

istence or com
petitive exclusion w

ill not be included.
W

e used the m
odel to calculate the invasion exponent of each 

species in each com
m

unity type as the dom
inant eigenvalue of 

the m
atrix approxim

ation of the continuous m
odel (for details on 

these calculations, see Bassar, Travis, et  al.,  2017). C
oexistence is 

predicted by m
utual invasibility, m

eaning that each species can in-
vade a population of the other w

hen the resident population is at 
its single species equilibrium

 (Bassar, Travis, et  al.,  2017; Siepielski &
 

M
cPeek,  2010). W

e illustrate the predictions of the m
odel by evalu-

ating m
utual invasibility over a range of ontogenetic niche shift pa-

ram
eters ( �) in both species. W

e varied � from
 no niche shift ( �

=
0) 

to a value indicating m
oderate niche shifts ( �

=
0
.1
8) betw

een new
-

born individuals (≈
6
m
m

 SL) and larger individuals (≈
2
5
m
m

 SL), as in 
Bassar, Travis, et al. (2017).

3 
| 

R
ESU

LT
S

3.1 
| 

A
re com

petitive interactions betw
een guppies 

and killifish asym
m

etric and size-structured?

Yes, resource com
petition w

ithin and betw
een guppies and killifish 

depends strongly on the species identity of their com
petitors ( �) and 

on body size ( �, Table 1). Incorporating the param
eters that describe 

species- and size-dependent com
petition into the grow

th m
odels 

increased the fit of the m
odels to the data com

pared w
ith m

odels 
that did not include these effects (Δ

W
A
IC

>
1
0
.9  for all four m

odels, 
Table 2). A

t 10 m
m

 (SL), there w
as strong and consistent support for 

killifish exerting w
eaker species-dependent com

petitive effects on 
guppies than guppies on them

selves (all L
O
S
𝜂
G
K
<
0
>
9
7
%

, see Table 1; 
Figure 2b). A

t the sam
e tim

e, sm
all (10 m

m
 SL) guppies exerted a 

stronger com
petitive effect on killifish than a killifish of equal size 

on them
selves (−

𝜂
G
K
=
𝜂
K
G
>
0 ). For both species, larger individu-

als w
ere stronger com

petitors (Table 1, Figure 2a: 𝜙
>
0, i.e. positive 

size-dependent com
petitive effects for both species). The level of 

support for positive size-dependent com
petitive asym

m
etry ( 𝜙

>
0) 

w
as larger than 94%

 in all but allopatric killifish from
 the A

ripo drain-
age ( L

O
S
𝜙
K
>
0
=
8
8
.4
%

, Table 1).

3.2 
| 

Is there evidence for the evolution of changes 
in the com

petitive asym
m

etry betw
een guppies and 

killifish follow
ing guppy invasion?

Yes, for both guppies and killifish, the level of interspecific com
-

petitive asym
m

etry w
as sm

aller betw
een sym

patric phenotypes—


representing 
coadapted 

com
m

unities—
than 

betw
een 

allopatric 
phenotypes—

representing the initial invasion of guppies into killifish 
populations (L

O
S
Δ
C
A
<
0
>
9
9
.3
%

, Figures 3a and 4a). C
ontrary to the 

A
ripo system

, in the Q
uare system

, the level of interspecific com
pe-

tition increases w
ith the size of com

petitors, suggesting that sym
-

patric killifish outside the body size range of guppies have stronger 
com

petitive effects than guppies. A
lthough the greatest change oc-

curred in the largest size classes of com
petitors (m

iddle and right col-
um

ns in Figures 3 and 4), the change in the interspecific differences 
in com

petitive asym
m

etry w
as consistent across all sizes.

In 
both 

com
petitive 

settings, 
the 

com
petitive 

asym
m

etries 
across all sizes favoured guppies. First, guppies exerted larger 
com

petitive effects on conspecifics com
pared to those exerted by 

killifish on guppies across all but the largest body sizes (Figure 3). 

M
odel

W
A

IC
SE

dW
A

IC
dSE

pW
A

IC
w

eight

A
ripo allopatric

W
ith

−670.6
39.76

0
N

A
22.8

1

W
ithout

−623.6
34.38

47
17.35

16.7
0

A
ripo sym

patric

W
ith

−728.9
49.11

0
N

A
30.8

1

W
ithout

−690.8
33.34

38.1
27.48

19.9
0

Q
uare allopatric

W
ith

−692.4
24.54

0
N

A
17.8

1

W
ithout

−617.9
30.45

74.5
21.8

17.2
0

Q
uare sym

patric

W
ith

−448.4
26.46

0
N

A
17.2

1

W
ithout

−437.6
22.55

10.9
9.28

12.9
0

TA
B

LE
 2

 
Fit statistics for grow

th 
m

odels of guppies and killifish. Including 
the interaction surface param

eters 
increased m

odel fit (low
er W

A
IC

) and 
m

odel w
eight
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Second, the effect of interspecific com
petition of guppies on killifish 

w
as greater than the effect of intraspecific com

petition betw
een kil-

lifish (Figure 4).
A

lthough the direction of change in species-dependent com
-

petitive asym
m

etries (follow
ing guppy invasion, i.e. from

 allopatric 
to sym

patric com
m

unities) w
as consistent, the m

agnitude of this 
change differed betw

een drainages (Figure 2). In both drainages, 
co-evolved, sym

patric killifish w
ere stronger com

petitors to guppies 
than the allopatric killifish, but this effect w

as stronger in the Q
uare 

drainage com
pared to the A

ripo (Q
uare Δ

�
G
K
=
2
.6
2
8 [0

.8
1
,4
.4
3
4
] ; 

A
ripo Δ

�
G
K
=
0
.3
1
6
[0
.0
1
7
,0
.6
3
7
] ; Figure 2b).

There w
as a difference betw

een the drainages in how
 the as-

sociation betw
een body size and com

petitive effect changed be-
tw

een allopatric and sym
patric phenotypes (Δ

�
G
=
�
G
,sy

m
−
�
G
,a
llo  

and Δ
�
K
=
�
K
,sy

m
−
�
K
,a
llo ). In the A

ripo drainage, com
petitive effects 

increased w
ith body size to a greater extent in sym

patric fish than 
in allopatric fish ( Δ

�
K
=
0
.0
5[0

.0
0
9
,0
.0
8
5
] ; Δ

�
G
=
0
.0
3 , [0

.0
0
4
,0
.0
5
7
]

). By contrast, in the Q
uare drainage, there w

as no clear difference 

in how
 com

petitive effects changed w
ith body size betw

een sym
-

patric and allopatric phenotypes ( Δ
�
K
=

−
0
.1
2
8, [

−
0
.2
7
0
,0
.0
7
2
] ; 

Δ
�
G
=

−
0
.0
1
7 , [

−
0
.0
5
0
,0
.0
7
2
] ).

3.3 
| 

H
ow

 m
uch do these changes in com

petitive 
asym

m
etry shift predictions about coexistence in 

guppies and killifish?

The tw
o species IPM

 m
odel of Bassar, Travis, et al. (2017), w

hen 
param

eterised w
ith the interaction surfaces from

 these experi-
m

ents, suggests that coexistence is slightly m
ore likely betw

een 
the sym

patric phenotypes of both species than the allopatric phe-
notypes (Figure 5). In general, throughout m

ost of the param
eter 

space defined by the size-dependent niche shifts in each species, 
the m

odel predicts that guppies w
ill exclude killifish. H

ow
ever, the 

area in w
hich coexistence is possible expands from

 the allopatric to 
the sym

patric phenotype com
binations (Figure  5). In the A

ripo and 
Q

uare drainages, the percentage of param
eter space in w

hich coex-
istence is predicted to increase from

 allopatry to sym
patry (A

ripo: 
6.6%

– 8.3%
; Q

uare: 0%
– 12.2%

). In both drainages, the region w
here 

killifish can exclude guppies also expands (A
ripo: <

1%
– 19%

; Q
uare: 

0%
– 2.5%

). C
oexistence betw

een these species is predicted to occur 
above the diagonal, w

here killifish shift their resource use w
ith in-

creased body size to a greater degree than guppies.

4 
| 

D
ISC

U
SSIO

N

In this study, w
e quantified scenarios of intra and interspecific com

-
petition at tw

o stages of the form
ation of a new

 fish com
m

unity. 
W

e described the degree of com
petitive asym

m
etry betw

een the 
initial (allopatric phenotypes) and final stages (sym

patric pheno-
types) of a guppy–killifish com

m
unity form

ation, follow
ing the up-

stream
 invasion of guppies into killifish habitats. In both stages of 

the KG
 com

m
unity developm

ent, guppies tended to be stronger 
com

petitors than killifish. H
ow

ever, w
e found that guppies and killi-

fish becam
e m

ore equal com
petitors in sym

patry. This change in the 
degree of com

petitive asym
m

etry increased the likelihood of coex-
istence of these species in sym

patry. The decrease in the com
peti-

tive asym
m

etry betw
een the allopatric and sym

patric populations 
w

as due to changes in both species- and size-dependent com
petitive 

asym
m

etries.
The different pattern of size-dependent com

petitive asym
m

e-
tries betw

een the tw
o drainages suggests that there are several 

routes to achieve the sam
e effect across the life cycle of guppies and 

killifish. In the A
ripo drainage, the change in com

petitive asym
m

e-
try am

ong sm
all com

petitors w
as m

oderate com
pared to the change 

in larger com
petitors (Figures 3 a and 4a). In contrast, in the Q

uare 
drainage, the change in com

petitive asym
m

etry w
as m

uch greater 
for sm

aller com
pared to larger com

petitors (Figures 3 d and 4d). 
Integrated across the entire life cycle of the guppies and the juvenile 
stages of killifish, the effect on the ability of each species to invade 

F
IG

U
R

E
 2

 
Estim

ated species- and size-dependent com
petitive 

asym
m

etry param
eters. In (a), values >

0 indicate positive size-
based com

petitive asym
m

etry. In (b), �
G
K  indicate that individual 

killifish have a sm
aller com

petitive effect on guppies than guppy of 
them

 selfs at 10 m
m

(a)

(b)
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the other w
as sim

ilar; changes in com
petitive asym

m
etry led to an 

expanded region of coexistence and a region w
here killifish could ex-

clude guppies, depending on the degree of ontogenetic niche shifts 
in each of the species (Figure 5).

A
s predicted, the com

petitive advantage of guppies over killi-
fish in allopatric and sym

patric trials indicates that killifish should 
have stronger ontogenetic niche shifts than guppies in both new

ly 
founded and established KG

 com
m

unities (Balfour et al., 2003; 
Bassar, Sim

on, et al., 2017; Bassar, Travis, et al., 2017; Reichstein 
et al., 2013). There is som

e support for these predictions from
 niche 

occupancy from
 existing data. G

uppies in KG
 com

m
unities have a 

broader resource use than guppies from
 KG

P com
m

unities (Bassar 
et al., 2010; Zandona et al., 2011). K

illifish rely m
ore on terrestrial 

invertebrates than aquatic ones (Fraser et al., 1999; O
w

ens, 2010) 
and increase their consum

ption of terrestrial prey (D
. Fraser, pers. 

com
m

.), but currently there is no em
pirical data supporting this claim

. 
U

sing stable isotopes, how
ever, A

naya-R ojas, Bassar, M
atthew

s, 
et a l. ( 2021) show

 that killifish have stronger size-d ependent shifts 
in trophic position (δ

1
5
N ) and resource use (δ

1
3
C ). Yet, w

e do not cur-
rently know

 how
 differences in resource use at the species level or 

across sizes w
ithin a species m

ap to the fitness of the tw
o species.

In a previous study, Fraser and Lam
phere (2013) found that al-

lopatric (KO
) killifish are stronger com

petitors than allopatric (KG
P) 

guppies. In contrast to their study, w
e found that KG

P guppies are 
better com

petitors than KO
 killifish. These differences are m

ainly 
the result of distinct experim

ental approaches. First, Fraser and 
Lam

phere (2013) perform
ed their experim

ent w
ith sim

ilarly sized in-
dividuals of the tw

o species, particularly guppies from
 the larger end 

of their natural size distribution. This restricts their results to only 
part of the range of sizes in w

hich guppies and killifish partly share a 
niche, in particular the part in w

hich com
petition for resources m

ight 
not be so strong or w

here killifish m
ay be stronger com

petitors than 
guppies. The range of body sizes used in this study captures m

ost 
stages in the life history of guppies and the initial stages in the life 
history of killifish (Reznick et al., 2001; W

alsh &
 Reznick, 2008), in 

w
hich these species are m

ore likely to com
pete for resources (Travis 

et al., 2014). O
ur results are therefore a better representation of the 

effects of resource com
petition and allow

 us to derive m
ore robust 

conclusions about the changes in com
petition am

ong guppies and 
killifish in the region w

here their niches overlap.
A

 caveat to our study is that w
e perform

ed the experim
ents w

ith 
w

ild-caught individuals. Thus, a com
bination of phenotypic plasticity, 

F
IG

U
R

E
 3

 
C

hange in com
petitive asym

m
etry for guppies. (Panel a) show

s the change in com
petitive asym

m
etry from

 allopatry to 
sym

patry. (Panels b, c, e and f) show
 slices of the interaction surface for a ‘focal’ 10 m

m
 guppy com

peting against either other guppies (red) 
or killifish (black) of all sizes. Values <

1 m
ean that the com

petitive asym
m

etry favours the 10 m
m

 guppy, and values >1 m
eans favours the 

com
petitor. Shaded areas represent the 95%

 C
I, and percentages are the level of support that Δ

C
A
>
0

(a)
(b)

(c)

(d)
(e)

(f)
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F
IG

U
R

E
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C

hange in com
petitive asym

m
etry for killifish. (Panel a) show

s the change in com
petitive asym

m
etry from

 allopatry to 
sym

patry. (Panels b, c, e and f) show
 slices of the interaction surface for a ‘focal’ 10 m

m
 killifish com

peting against either other killifish 
(black) or guppies (red) of all sizes. Values <

1 m
ean that the com

petitive asym
m

etry favours the 10 m
m

 guppy, and values >1 m
eans favours 

the com
petitor. Shaded areas represent the 95%

 C
I, and percentages are the level of support that Δ

C
A
>
0

(a)

(d)
(e)

(f)

(b)
(c)

F
IG

U
R

E
 5

 
Predictions from

 IPM
 

(Integral Projection M
odel) on species 

coexistence. The x- and y- axes represent 
how

 m
uch guppies and killifish, 

respectively, shift their niches w
ith 

increased body size. Light grey areas are 
those w

here guppies and killifish can 
coexist stably. Panes (a) and (b) show

 
the predictions for the sym

patric and 
allopatric from

 the A
ripo experim

ents, 
respectively. Panes (c) and (d) show

 
the predictions for the sym

patric and 
allopatric from

 the Q
uare experim

ents
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experience and genetic differences m
ay each explain a significant 

part of the variation in com
petitive asym

m
etries of the fish used in 

this study. The ideal experim
ent should use second-generation (F2) 

laboratory-bred individuals to separate the plastic and genetic dif-
ferences underlying the differences in com

petitive ability and test 
the effects of com

petition on m
ultiple life-history traits (e.g. survival 

and reproduction).
The evolution of size-com

petitive asym
m

etries increases the 
likelihood of coexistence, but only in relatively sm

all areas of pa-
ram

eter space defining size-dependent niche shifts (Figure 5). This 
suggests that KG

 guppies should still exclude KG
 killifish. Their de-

m
onstrable coexistence m

eans that other ecological m
echanism

s 
m

ust be acting. O
ne possibility is that tem

poral or spatial variation 
m

ay interact w
ith size-structured interactions (e.g. com

petition 
and predation) to favour coexistence via storage effects and non-
linear effects of com

petition on fitness (C
hesson, 2000; Kuang &

 
C

hesson, 2010; W
arner &

 C
hesson, 1985). In the w

ild, guppies and 
killifish experience pronounced w

et and dry seasons that change 
their resource landscape com

pletely (Travis et  al.,  2014). D
uring the 

w
et season, aquatic prey item

s are drastically reduced w
hile terres-

trial prey item
s increase (O

w
ens,  2010), a pattern that m

ight offer a 
benefit to killifish. Indeed, guppy m

ortality is m
uch higher in the w

et 
season than the dry season, w

hereas the reverse is true for killifish 
(Travis et  al.,  2014). O

ur experim
ental and m

odelling approach could 
be extended to investigate how

 other ecological factors influence 
size- dependent species interactions and eco- evolutionary dynam

ics 
(Edeline &

 Loeuille, 2021).
A

nother possibility is based on the fact that guppies and killifish 
each consum

e neonates of their ow
n and the other species (Fraser 

&
 G

illiam
,  1992; Fraser &

 Lam
phere,  2013). The extent to w

hich in-
traguild predation enhances the likelihood of coexistence depends 
on w

hether predatory effects are them
selves sym

m
etric betw

een 
species (Bassar et al., unpubl. data). In this case, w

e do not yet know
 

w
hether one species is a m

ore voracious predator of the other and 
w

hether this com
ponent of the interaction evolves after initial con-

tact as w
ell.

Regardless of the m
echanism

s, this study dem
onstrates that the 

effects of body size on com
petition and niche differences betw

een 
the species are likely to play an influential role in the evolution of 
coexistence. Size- based variation in these coexistence m

echanism
s 

is one w
ay that individual differences can alter species coexis-

tence through nonlinear effects of com
petition on fitness (H

art 
et  al.,  2016). G

iven the ubiquity in nature of size- based interactions 
and their im

portant ecological effects, understanding such interac-
tions ought to be a priority for understanding coexistence (or the 
lack thereof) in natural com

m
unities.
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