
1414  |   wileyonlinelibrary.com/journal/jeb J Evol Biol. 2022;35:1414–1431.© 2022 European Society for Evolutionary Biology.

1  |  INTRODUC TION

Independent populations that experience similar selective pres-
sures often evolve similar phenotypes (Arendt & Reznick, 2008; 
Clarke, 1975; Langerhans & DeWitt, 2004; Losos, 2011). Notable 
examples include the repeated reduction of eyes in the cave 
dwelling amphipod Gammarus minus (Jones et al., 1992), the re-
peated reduction of body armour in marine threespine stickleback 

(Gasterosteus aculeatus) that colonize fresh water (e.g., Colosimo 
et al., 2005), and the repeated divergence of benthic and limnetic 
ecomorphs in Nicaraguan cichlid fishes (Elmer et al., 2014). These 
examples, and many others, of populations seemingly evolving in 
parallel have been crucial for our understanding of adaptation and 
the deterministic role of natural selection (Bolnick et al., 2018). Yet 
even in classic study systems, parallelism is often imperfect. That 
is, even when environments are similar –  and so natural selection 
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Abstract
Examples of parallel evolution have been crucial for our understanding of adapta-
tion via natural selection. However, strong parallelism is not always observed even in 
seemingly similar environments where natural selection is expected to favour simi-
lar phenotypes. Leveraging this variation in parallelism within well- researched study 
systems can provide insight into the factors that contribute to variation in adaptive 
responses. Here we analyse the results of 36 studies reporting 446 average trait val-
ues in Trinidadian guppies, Poecilia reticulata, from different predation regimes. We 
examine how the extent of predator- driven phenotypic parallelism is influenced by 
six factors: sex, trait type, rearing environment, ecological complexity, evolutionary 
history, and time since colonization. Analyses show that parallel evolution in gup-
pies is highly variable and weak on average, with only 24.7% of the variation among 
populations being explained by predation regime. Levels of parallelism appeared to be 
especially weak for colour traits, and parallelism decreased with increasing complex-
ity of evolutionary history (i.e., when estimates of parallelism from populations within 
a single drainage were compared to estimates of parallelism from populations pooled 
between two major drainages). Suggestive –  but not significant –  trends that warrant 
further research include interactions between the sexes and different trait categories. 
Quantifying and accounting for these and other sources of variation among evolution-
ary ‘replicates’ can be leveraged to better understand the extent to which seemingly 
similar environments drive parallel and nonparallel aspects of phenotypic divergence.

K E Y W O R D S
convergent evolution, divergence, evolutionary history, parallelism, Poecilia reticulata, 
predation, repeatability, Trinidadian guppies
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is expected to favour similar traits –  the resulting extent of pheno-
typic parallelism can be weak or highly variable (Bolnick et al., 2018; 
Fitzpatrick et al., 2014; Kaeuffer et al., 2012; Langerhans, 2018; 
Oke et al., 2017; Stuart et al., 2017). Langerhans and Riesch (2013) 
highlight several such examples of ‘nonparallel’ responses in classic 
systems (see Table 1 in Langerhans & Riesch, 2013); examples such 
as these highlight the need to quantify the extent to which various 
factors contribute to deviations from parallelism. (Throughout, we 
use the term ‘(non)parallelism’ as defined by Bolnick et al. (2018): 
‘the distribution of outcomes across populations and traits forming 
a continuum from parallel to orthogonal, or even antiparallel, evo-
lution’. This term is not to be confused with ‘nonparallelism’, which 
specifically refers to evolutionary outcomes that are not parallel). 
Potential reasons for weakly parallel outcomes include unrecognized 
(i.e., cryptic) –  or simply unappreciated –  environmental differences 
(e.g., variation in selection), different evolutionary histories (e.g., 
leading to different genetic backgrounds), evolutionary constraints 
(e.g., not enough time, excessive gene flow, drift), sexual selection 
(e.g., among- population variation in mate preferences), and many- 
to- one trait- to- function mapping (Bolnick et al., 2018). These various 
contributors to variation in the extent of parallelism can be assessed 
via extensive novel sampling (e.g., Stuart et al., 2017) or through 
meta- analysis of particularly well researched and appropriate study 
systems (e.g., Langerhans, 2018).

In a previous analysis where we quantified parallelism for 23 fish 
species in 92 studies, we found that the extent of parallelism was 
highly variable and often weak (Oke et al., 2017). That analysis in-
cluded several study systems considered to be classics for studying 
parallel evolution, including the Trinidadian guppy (Poecilia reticulata 
-  hereafter just ‘guppy’ or ‘guppies’). Indeed, for over 40 years, gup-
pies have provided one of the most profitable systems for reveal-
ing parallel evolution, particularly in the context of differences in 
predation intensity driving predictable evolutionary changes (e.g., 
Endler, 1978, 1980, 1995; Magurran, 2005; Reznick & Endler, 1982). 
The value of the guppy system for this endeavour is most apparent 

in Trinidad's Northern Mountain Range, where waterfalls sometimes 
allow guppies, but often not dangerous predatory fishes, to travel 
upstream. These natural barriers thus establish evolutionary rep-
licates of low-  and high- predation environments within many wa-
tersheds (that are independent across watersheds) (Reznick, Butler, 
et al., 1996). This low- predation versus high- predation dichotomy 
replicated across many streams has facilitated extensive research 
and, accordingly, many traits have been described as evolving in 
parallel between the two predation regimes, including life history 
(e.g., Reznick, Butler, et al., 1996), behaviour (e.g., Magurran & 
Seghers, 1994), and colour traits (e.g., Endler, 1980).

Despite being a classic system for illustrating parallel evolu-
tion (Endler, 1995), guppy traits often show substantial nonpar-
allel components. For example, male guppies tend to be brightly 
coloured and can manifest complex colour patterns due to sex-
ual selection based on female choice (Brooks & Endler, 2007; 
Houde, 1987; Houde & Endler, 1990). However, although males 
in ‘high- predation’ sites are classically described as having fewer, 
smaller, and duller colour spots resulting from predation- based 
selection against conspicuous males, this caricature does not 
do justice to a much more complex reality (Endler, 1978, 1980; 
Fuller, 2022). In particular, many studies have reported substan-
tial variation in male colour among populations within a given 
predation regime, leading to substantial variation in the extent of 
parallelism between predation regimes among replicates (Kemp 
et al., 2009; Millar et al., 2006; Weese et al., 2010). Shoaling be-
haviour provides another example of a mixture of parallel and non-
parallel patterns. Guppies in high- predation sites have been found 
to shoal more than those in low- predation sites, likely due to pre-
dation selecting for increased anti- predator behaviour (Magurran 
et al., 1992; Seghers, 1974). However, a recent study of six guppy 
populations found that predation regime explained only a small 
amount of the variance in shoaling behaviour (Jacquin et al., 2016). 
Further, traits such as brain size (Mitchell et al., 2020) and some 
traits related to life history (e.g., age at maturity) (Fitzpatrick 

TA B L E  1  Structure of, and data that informed, each of the factor- specific question models

Model name
Model (dependent variable ~ 
explanatory variable)

Categories excluded from dataset 
(term: Category) Reason for exclusion

Trait type R2 ~ Trait Type Trait type: Other Low sample size

Sex 1. R2 ~ Sex
2. R2 ~ Sex

1. Trait type: Colour
2. NA

1. Traits only reported 
for one sex, expected 
to impact R2

2. NA

Rearing environment R2 ~ Rearing environment Rearing environment: Common 
Garden (F1)

Low sample size

Trait type and sex R2 ~ Sex + Trait type NA NA

Sex and Rearing environment R2 ~ Sex + Rearing Environment Rearing environment: Common 
Garden (F1)

Low sample size

Ecological complexity R2 ~ Slope * Sex NA NA

Evolutionary history R2 ~ Drainage * Sex NA NA

Time since colonization R2 ~ Introduction history NA NA

Note: All models include study as a random intercept term.
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1416  |    HECKLEY et al.

et al., 2014) have been described as sometimes evolving along 
nonparallel trajectories. We suggest that this extensive variation 
in the extent of parallelism in guppies provides an excellent sub-
strate for insights into the factors shaping patterns of phenotypic 
divergence across seemingly similar environments.

Several factors could contribute to variation in the extent of 
parallelism in response to the classic low- predation versus high- 
predation dichotomy for guppies. Here, we investigate a non- 
exhaustive set of factors that could contribute to the extent of (non)
parallelism using published studies on guppies. We start with fac-
tors that can stem from variable responses within populations: that is, 
among traits, and between sexes or rearing environments. First, dif-
ferent types of traits might be expected to show different patterns, 
such as when more complex traits (e.g., male colour patterns) show 
‘many- to- one’ solutions (Bolnick et al., 2018; Thompson et al., 2017; 
Wainwright, 2005) to the same problem of conspicuousness ver-
sus crypsis (Millar & Hendry, 2012). For example, many different 
male colour patterns can be attractive to female guppies (Kodric- 
Brown, 1985). The extent of parallelism could appear low when 
attempting to quantify individual traits, even though they might 
show high extents of parallelism at the functional level. Additionally, 
different traits can have different genetic constraints (Blows & 
Hoffmann, 2005), or could experience different strengths or direc-
tions of selection (e.g., Kingsolver et al., 2001; Siepielski et al., 2013). 
Second, males and females could show different evolutionary tra-
jectories and extents of parallelism owing to their different trait 
values (e.g., colour, behaviour, life history, physiology, and/or mor-
phology) that cause differences in selection or genetic constraints 
(Butler et al., 2007; Oke, Motivans, et al., 2019). Indeed, some traits 
in guppies diverge between predation regimes in similar ways for 
males and females, whereas other traits are more variable in their 
responses, including aspects of morphology (Hendry et al., 2006), 
and parasite resistance/tolerance (Dargent et al., 2016; Stephenson 
et al., 2015). Third, different rearing environments (e.g., wild caught 
versus common- garden) could generate different outcomes due to 
the differential effects of plasticity –  as has been show for other fish 
species (Oke et al., 2016).

We now turn to factors contributing to (non)parallelism that 
stem from variable responses among populations.

1. Substantial ecological variation exists within and among water-
sheds even within a predation regime (Grether et al., 2001; 
McKellar et al., 2009; Reznick et al., 2001), but especially be-
tween the different slopes of Trinidad's Northern Mountain 
Range. Most notably, the predator community differs, with 
cichlids and characins dominating in high- predation sites on the 
southern slope, and gobies dominating in high- predation sites 
on the northern slope (Phillip & Ramnarine, 2001; Reznick, 
Rodd, et al., 1996). In low- predation sites, the killifish Rivulus 
hartii is found on both slopes, whereas freshwater prawns 
(Machrobrachium spp.) are much more common on the north-
ern slope (McKellar et al., 2009; Millar et al., 2006; Phillip & 
Ramnarine, 2001; Reznick, Rodd, et al., 1996). These and other 

ecological differences between the two slopes could impose 
divergent selection between populations despite the same (high 
vs. low) predation regime –  similar to effects documented for 
other contexts in fish (Stuart et al., 2017).

2. Guppy populations can show large genetic differences among 
river drainages (Fraser et al., 2015; Shaw et al., 1991; Suk & 
Neff, 2009) as a result of their different evolutionary histories. 
In particular, guppies in the west- draining (Caroni) versus east- 
draining (Oropouche) watersheds have been separated for an 
estimated 1.2 million years (Fajen & Breden, 1992) –  to the point 
that some authors have suggested they are different species 
(Schories et al., 2009). These different genetic backgrounds could 
generate different responses to a given predator regime –  similar 
to effects documented for other contexts in fish (e.g., lateral plate 
evolution in stickleback fish colonizing freshwater environments; 
Leinonen et al., 2012).

3. Many experimental introductions have taken place in Trinidad, 
where guppies from one predation regime have been trans-
planted to the other predation regime, typically in the direction 
of high predation to low predation. Thus, time since colonization 
could influence the extent of current (non)parallelism, as intro-
duced populations could differ from long- established natural 
populations in their extent of divergence from ancestral pheno-
types –  again, similar to effects documented in other contexts 
for fish (e.g., loci that repeatedly diverge as stickleback colonize 
freshwater environments; Roberts Kingman et al., 2021).

To investigate the extent to which the above factors contribute 
to parallelism in guppies, we first quantify phenotypic (non)paral-
lelism using studies that have measured guppy traits from both 
low- predation and high- predation sites in Trinidad (Figure 1). We 
next investigate how sex, trait type, and rearing environment influ-
ence the extent of parallelism. Finally, we consider how the extent 
of parallelism varies with differing levels of ecological complexity, 
evolutionary history, and time since colonization. For ecological 
complexity, we compare estimates of parallelism from populations 
within only the southern slope to estimates of parallelism from 
populations pooled between the northern and southern slopes 
of the Northern Mountain Range, where the ecological contexts 
(e.g., predator communities) differ. For evolutionary history, we 
compare estimates of parallelism from populations within only the 
Caroni to estimates of parallelism when populations are pooled 
between the Caroni and the Oropouche drainages, between which 
the populations have been separated for about 1.2 million years. 
For time since colonization, we compare parallelism within stud-
ies that have been conducted exclusively on natural populations 
to estimates of parallelism where natural and introduced popu-
lations are pooled. If increasing ecological complexity, differing 
evolutionary history, or decreasing time since colonization result 
in nonparallel outcomes (see above), then we predict traits mea-
sured within a single group will show higher extents of parallelism 
than traits pooled among groups. Stated another way, estimates 
measured within a single slope or drainage, or only within natural 

 14209101, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeb.14086 by M

cgill U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  1417HECKLEY et al.

populations will be more parallel than estimates between pooled 
slopes or drainages, or when considering both natural and intro-
duced populations.

2  |  METHODS

2.1  |  Search and inclusion criteria

To find studies where guppy traits were measured in both low- 
predation and high- predation sites, we searched Web of Science 
using terms related to guppies (gupp*, Poecilia reticulata), and 
to predation regime (predat*, high, low) –  note that the asterisk 
indicates that the search should include the exact letters before 
the asterisk, but any combination of letters after the asterisk (e.g., 
gupp* could include both guppy and guppies). The last search was 
conducted on February 1, 2021, resulting in 630 studies. From this 
full list, we included only studies that measured guppy traits from at 

least one low- predation and one high- predation site in each of two 
or more rivers in Trinidad. We included studies that measured ‘wild- 
caught’ guppies and ‘common- garden’ guppies raised in a laboratory 
for up to two generations (F2). Guppies that were raised in captivity 
for longer than two generations were excluded. This cut- off was 
selected because our focus was on (non)parallelism in natural 
guppy populations, and two generations are likely to include studies 
attempting to account for plasticity while still working with guppies 
that are genetically and phenotypically similar to wild populations.

We categorized sites as either low- predation or high- predation 
using the classifications described by Reznick, Rodd, et al. (1996) 
based on the predatory fishes documented (or expected) to be pres-
ent by a study's authors, by other investigators working at the same 
sites, and based on our own extensive experience at many of the 
sites. On the northern slope of the Northern Mountain Range, low- 
predation sites included those primarily with (as potential non- avian 
and non- mammalian guppy predators) Rivulus hartii or Macrobrachium 
spp; and high- predation sites also variously included Eleotris pisonis, 

F I G U R E  1  Map of the Northern Mountain range of Trinidad, coded to illustrate how we considered ecological complexity (within 
one slope: Southern; or between both slopes: Southern and Northern), evolutionary history (within one drainage: Caroni; or between 
both drainages: Caroni and Oropouche), and time since colonization (with only natural populations or with both natural and introduced 
populations). Data points (n = 205) represent the sites that were sampled where GPS coordinates were provided by the original authors; 
black circles are natural sites, and white circles are introduction sites. Individual rivers are outlined, and the opacity of the river colour 
represents the number of studies that were conducted in that river, with more highly studied rivers being darker. The river shading includes 
all of the sites in our data set, including those where GPS coordinates were not provided.

 14209101, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeb.14086 by M

cgill U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1418  |    HECKLEY et al.

Gobiomorus dormitor, Dormitator maculatus, or Agnostamus monticola. 
(The latter species is not necessarily a guppy predator but is a good 
indicator for areas with access to the other species listed before 
it.) On the southern slope of the Northern Mountain Range, low- 
predation sites included those with primarily Rivulus hartii (histori-
cally, some sites also contained Macrobrachium) and high- predation 
sites also included Crenicichla sp. Other species are variously pres-
ent at these southern slope sites (Phillip & Ramnarine, 2001), but 
Crenicichla presence/absence is a good indicator of the overall pre-
dation regime (e.g., Endler, 1978, 1980; Magurran & Seghers, 1994; 
Reznick, Rodd, et al., 1996). In one study, the authors classified 
some sites with Aequidens pulcher but without Crenicichla as medium 
risk (Ioannou et al., 2017), and those sites were excluded from our 
analysis.

Thirty- six studies had sampling designs (see above) that allowed 
their inclusion in our analyses (see Table S1). For each study, we ex-
tracted site- level trait means (including proportions, for example, 
the proportion of broods that had multiple sires) from the text, the 
within- text figures (using webplotdigitizer: Rohatgi, 2020), online 
data repositories, or by e-mailing the authors directly. Additionally, 
we recorded the following details when available: (1) the sex of the 
guppies sampled; (2) whether the guppies were wild caught or com-
mon garden; (3) the site where the guppies were collected (including 
ancestors of common- garden fish); (4) the start year, end year, and 
total duration of the study in years; (5) the standard deviation or 
standard error of the trait mean; and (6) the sample size (the num-
ber of guppies from which a given site mean was estimated). We 
also recorded whether the populations at a site were natural or the 
result of an introduction experiment. For the introduction sites, we 
additionally recorded when available the original source population, 
the introduction year, and how many years had passed after the 
introduction event until the guppies were sampled. Finally, we as-
signed each trait to a grouping category derived from Kingsolver and 
Diamond (2011): life history (n = 48), size (n = 47), other morphology 

(n = 42), behaviour (n = 133), colour (n = 109), physiology (n = 64), 
and other (n = 3). In all, we extracted 5176 population trait means 
for 446 different traits, of which 274 were measured in males and 
172 in females.

2.2  |  Statistical analysis

Starting from the methodology of Oke et al. (2017) and 
Langerhans (2018), we first quantified the effects of predation re-
gime (i.e., low- predation or high- predation) on estimates of pheno-
typic variance among the site- level trait means within each study. 
This quantification was done using an ANOVA on the site means 
with predation regime as a fixed effect. The resulting R2 values thus 
provide estimates of the extent of parallelism for each trait from 
each study (Figure 2).

We next used these R2 values as the response variable in three 
binomial generalized linear mixed models (GLMM) that combined 
traits and studies to explore several basic potential determinants 
of parallelism (Table 1). These data were modelled with binomial 
error distributions because R2 values are bounded between zero 
and one. The first model (the ‘trait type model’) was used to investi-
gate whether the extent of parallelism differed across different trait 
types, and thus had only trait type as a fixed effect. ‘Other’ traits 
were excluded from the trait model due to small sample size. The 
second model (the ‘sex model’) was used to investigate whether the 
extent of parallelism differed between the sexes, and thus had only 
sex as a fixed effect. We ran this sex model with colour traits included 
and then with colour traits excluded, to ensure that colour was not 
driving any potential sex effects. We made this decision because 
colour was only reported for male guppies and shows low extents 
of parallelism (Yong et al., 2022). Traits from the ‘other’ category –  
‘testosterone effect on melanophores’, ‘testosterone effect on xan-
thophores’ (Gordon et al., 2012), and the ‘probability of recapture of 

F I G U R E  2  Example of traits from our 
data set that are (a) highly parallel and 
(b) highly nonparallel. The data for this 
figure were extracted from (a) Reddon et 
al. (2018) and (b) Easty et al. (2011).
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    |  1419HECKLEY et al.

marked female and immature fish’ (Reznick & Bryant, 2007) –  were 
exclusively female, but given that we did not have a priori expec-
tations about the direction or magnitude of the effect of including 
‘other’ traits, these traits were not excluded from the model (i.e., 
we did not include and then exclude, as we did for male colour). The 
third model (the ‘rearing model’) was used to investigate whether 
the extent of parallelism differed between rearing environments 
(i.e., wild caught or common garden), and thus had ‘rearing environ-
ment’ as the only fixed effect. First generation (F1) common garden 
fish were excluded from the rearing model because the sample size 
was too small; we thus only considered wild caught versus second 
generation (F2) common garden fish. Because the effects of sex, 
trait type, and rearing environment are not mutually exclusive, we 
also ran one model with sex and trait type as fixed effects (the ‘sex 
and traits’ model), and another with sex and rearing environment 
as fixed effects (the ‘sex and rearing’ model). Unfortunately, efforts 
to include all three terms in the same model, or to include interac-
tion terms, were unsuccessful due to low sample size. Study was 
included as a random intercept term in all models to account for non- 
independence of the estimates from a given study.

Next, we asked whether the extent of parallelism differed when 
sites from multiple slopes (or drainages or introduction histories) 
were included in the same model, compared to a model that included 
sites from only a single slope (or drainage or introduction history). 
For each trait in each study where sufficient data were available, 
we created two subsets of data for each of our questions (ecolog-
ical complexity, evolutionary history, and time since colonization). 
In other words, data were only used to calculate R2 values if a single 
study sampled across both slopes or drainages, or with both natu-
ral and introduced populations. The first subset was a ‘within’ group 
(slope, drainage, or introduction history) subset, which included sites 
from only a single group, and the second was a ‘pooled’ group sub-
set. For example, for a trait measured in sites from both northern 
and southern slopes, we created a south only subset and a north and 
south (pooled between slopes) subset. For each of our questions, we 
compared these within- group to pooled- group subsets; we were un-
able to compare only within- group categories, due to limited sample 
sizes (e.g., because there were an insufficient number of sites sam-
pled on the northern slope, we could not compare sites only on the 
northern slope to sites on the southern slope). With these subsets 
of sites, identical ANOVAs to the ones above were then conducted 
to calculate distinct ‘within- group’ or ‘pooled- group’ R2 values for 
each trait for the ecological complexity, evolutionary history, and 
time since colonization questions. We will now discuss how we spe-
cifically subset the sites from each of the studies in the data set to 
calculate each of these R2 values.

To investigate the potential effect of ecological complexity on 
parallelism, we selected studies that measured traits in populations 
on both the northern and southern slopes. We ran ANOVAs for 
each trait within each study on only populations from the southern 
slope (‘within one slope’) and calculated R2 values. We then repeated 
these ANOVAs on the same traits with populations sampled from 
both the southern and northern slopes (i.e., ‘pooled between the 

slopes’). The ‘northern and southern’ and ‘only southern’ R2 values 
were then compared. If differences in ecological complexity be-
tween the slopes (notably, the different predator communities) con-
tribute to nonparallelism, then we expect that traits measured on a 
single slope will have higher R2 values than when traits measured 
across both slopes are pooled.

To investigate the potential effect of evolutionary history on 
parallelism, we selected studies that measured traits in populations 
from both the Caroni and Oropouche drainages. We ran ANOVAs 
for each trait within each study using only populations in the Caroni 
(‘within one drainage’) and calculated R2 values. We then repeated 
these ANOVAs on the same traits with populations sampled from 
both the Caroni and Oropouche drainages (i.e., ‘pooled between 
the drainages’). Note that we did not include the Northern drain-
age as well, owing to the potential confounding effects of the dif-
fering predator communities. These ‘Caroni and Oropouche’ and 
‘only Caroni’ R2 values were then compared. If evolutionary history 
contributes to nonparallelism in guppies, then we expect traits mea-
sured in a single drainage will have higher R2 values and thus greater 
extents of parallelism than when traits measured across both drain-
ages that have distinct evolutionary histories are pooled.

To investigate the potential effect of time since colonization on 
parallelism, we selected studies where traits were measured from 
both natural and introduced populations. We ran ANOVAs for each 
trait within each study using only natural populations (‘only natural’) 
and calculated R2 values. We repeated these ANOVAs on the same 
traits where guppies were sampled from both natural populations 
and introduced populations (‘natural and introduced’). These ‘natural 
only’ and ‘natural and introduced’ R2 values were then compared. 
Because some studies did not say whether the sites were natural or 
introduced, and some reported sites as natural that were reported 
in other studies or known to us to be introductions, we calculated 
R2 values based on whether we knew the sites to be natural or in-
troduced (based on other literature –  see Table S2). If the extent of 
parallelism differs depending on the amount of time that guppies 
have been evolving in a particular environment, then we expect 
traits measured from sites with only natural populations will have 
higher R2 values than when traits measured with both natural and 
introduced populations are pooled.

The R2 values obtained from ANOVAs run for each question- 
specific among- site factor (ecological complexity, evolutionary his-
tory, time since colonization) were then used as response variables 
in three binomial GLMMs. Each model had a different fixed effect, 
depending on the question. For the ‘ecological complexity model’, 
the fixed effect variable was slope (‘northern and southern’ or ‘only 
southern’), and we included an interaction between slope and sex. 
For the ‘evolutionary history model’, the fixed effect variable was 
drainage (‘Caroni and Oropouche’ or ‘only Caroni’), and we included 
an interaction between drainage and sex. Because our sample size 
was small, we also compared the results from these GLMMs to those 
from a similarly structured generalized linear model (GLM -  which 
had the same fixed effects and distribution as the GLMM, but had no 
random effect) and linear mixed effects model (LMM -  which had the 
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1420  |    HECKLEY et al.

same fixed and random effects as the GLMM, but did not have a bi-
nomial distribution) to confirm that the conclusions were consistent 
across all models. For the ‘time since colonization model’, the fixed 
effect variable was introduction history (‘natural and introduced’ or 
‘only natural’). We were unable to include an interaction between 
introduction history and sex due to the small sample size, so intro-
duction history was the only fixed effect term in these models.

All of our models were constructed in the R environment with 
version 4.0.2 (R Development Core Team, 2021) using the lme4 
package (Bates et al., 2015), and model validation was done using 
the DHARMA package (Hartig, 2022) and following recommenda-
tions outlined in Zuur et al. (2011). For all models where interactions 
were not significant, models were re- run without interactions and 
only results with the interaction dropped are presented.

Finally, we conducted additional tests to account for sample size, 
given that sample size can affect R2 estimates. We first conducted 
a simple linear regression with sample size (fixed effect) against the 
overall R2 values (without subsetting the data in any way; depen-
dent variable). Next, we re- ran the six aforementioned models (trait 
type, sex, rearing environment, ecological complexity, evolutionary 
history, time since colonization) with mean sample size among pop-
ulations for each trait as an additional fixed effect, when available. 
Sample size was not available for all traits so the models included 
fewer traits than our original models (n = 372). Due to insufficient 
sample sizes, these models were LMMs (rather than GLMMs; i.e., 

they were not modelled with binomial error distributions). We then 
conducted a permutation test where each trait within each pre-
dation regime was permuted 100 times without replacement, and 
reran the above ANOVA with these permutated values to generate 
R2 values that might be observed if estimations of parallelism were 
due to chance alone (Oke et al., 2017). Finally, we constructed a lin-
ear model with the R2 values from the observed data against the 
mean R2 from the permutation data and extracted the residuals, and 
re- ran all of the six GLMMs with these residual R2 values as the de-
pendent variable.

3  |  RESULTS

Although some guppy traits did show high levels of parallelism, the 
majority showed only low- to- moderate parallelism, as indicated by 
the high proportion (82%) of R2 values less than 0.5 (Figure 3a). At 
the extremes, 43% of R2 values were <0.1, and only 1% were over 
0.9. In the overall dataset (including all traits, sites, and studies), pre-
dation regime explained an average of 24.7% of the variance among 
sites in mean trait values (Table 2A), and variation in these R2 values 
was high (SD = 0.261).

The trait type, sex, and rearing environment models revealed 
only weak or non- significant effects on the extent of parallelism (trait 
type: χ2

5
= 10.23, p = 0.0689; sex (with colour): χ2

1
= 0.472, p = 0.492; 

F I G U R E  3  Frequency distributions (in %) of parallelism (R2 –  the proportion of variance among site means explained by predation regime 
for a given trait in a given sex in a given study) in guppies (a) overall, (b, c) in the two different rearing environments, and in the (d– f) two 
sexes. For males, distributions are shown with ‘colour’ traits (d) included, and (e) excluded.

 14209101, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jeb.14086 by M

cgill U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  1421HECKLEY et al.

sex (without colour): χ2
1
= 0.08, p = 0.780; rearing: χ2

1
= 1.14, 

p = 0.285). The effects of these factors are not likely to be mutually 
exclusive –  and they would ideally be analysed together. Although 
low sample size meant that models with all three factors were not 
possible, GLMMs combining two of the three factors provided some 
nuance. Specifically, an effect of trait type was revealed when ac-
counting for sex (trait type: χ2

6
= 55.82, p = 3.167 × 10−10), though the 

sex effect itself was not significant (sex: χ2
1
= 0.022, p = 0.883). This 

result appears to be driven by colour traits, which were measured 
only in males and showed lower extents of parallelism than other 
trait types (Figures 4 and 6, Table 2). Including rearing environment 
and sex in the same model did not change our conclusions as neither 
had a significant effect (rearing: χ2

1
= 1.06, p = 0.302; sex: χ2

1
= 0.212 , 

p = 0.646).
Trait- level ANOVAs that pooled populations from different 

slopes (northern and southern) of the Northern Mountain Range, 
and thus had increased ecological complexity owing to different 
major predators, did not result in significantly lower R2 values than 
when considering populations from only a single slope (south). When 
sites were pooled between the slopes, the mean R2 was 0.153, and 
when sites were analysed for the southern slope only, the mean R2 
was 0.197 (Table 2E, Figures 5a/d and 6). Nevertheless, the slope 
term was not significant in the ecological complexity GLMM (slope: 
χ
2

1
= 0.587 , p = 0.444), and nor was sex (sex: χ2

1
= 2.31, p = 0.129).

Trait- level ANOVAs that pooled populations from different 
major drainages (Caroni and Oropouche), and thus different evolu-
tionary histories, resulted in R2 values that were lower than when 
considering populations from a single drainage (Caroni). When popu-
lations from the two drainages were pooled, the mean R2 was 0.181, 
but when populations were from the Caroni only, the mean R2 was 
0.250 (Table 2F, Figures 5b/e and and 6). In the corresponding evolu-
tionary history GLMM, the drainage term was significant (χ2

1
= 7.93, 

p = 0.00487) whereas sex (sex: χ2
1
= 2.48, p = 0.116) was not. When 

the model was run without the random effect (as a GLM), the ef-
fect of drainage was only marginally significant (drainage: χ2

1
= 3.64, 

p = 0.0563), whereas LMM results were similar to GLMM (drainage: 
χ
2

1
= 14.87, p = 0.000115).
Trait- level ANOVAs that considered populations from both nat-

ural and introduced populations did not result in significantly lower 
R2 values than ANOVAs on natural populations only. When only nat-
ural populations were included the mean R2 was 0.186, compared to 
0.151 when both natural and introduced populations were included 
(Table 2G, Figures 5c/f and and 6). These values were not signifi-
cantly different (introduction history: χ2

1
= 1.48, p = 0.224) in the 

time since colonization GLMM.
Finally, R2 was higher for traits with lower sample sizes (F1 = 9.16, 

p = 0.00259) (Figure 7). When mean sample size for each trait was 
included in the model the results were consistent for some models 

Factor Mean R2 SD

(A) Overall 0.246 0.261

(B) Sex

Females 0.310 0.275

Males 0.206 (with colour)
0.275 (without colour)

0.243 (with colour)
0.269 (without colour)

(C) Trait type

Colour 0.102 0.146

Behaviour 0.284 0.284

Life history 0.387 0.286

Size 0.309 0.257

Other morphology 0.335 0.288

Physiology 0.179 0.178

Other 0.760 0.967

(D) Rearing environment

Common garden (F2) 0.351 0.280

Wild- caught 0.227 0.253

(E) Ecological complexity

Within one slope 0.197 0.210

Between both slopes 0.153 0.196

(F) Evolutionary history

Within one drainage 0.250 0.248

Between both drainages 0.181 0.193

(G) Time since colonization

Only natural 0.186 0.213

Natural and introduced 0.151 0.191

TA B L E  2  Summary of parallelism 
(R2 –  The proportion of variance among 
site means explained by predation regime 
for a given trait in a given sex in a given 
study), (A) overall and for each of the 
(B– D) within- population and (E– G) among- 
population factors
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1422  |    HECKLEY et al.

(the sex, rearing, sex and traits, and sex and rearing models), al-
though for other models some terms that were not significant in 
the original models were significant once sample size was added. 
For the trait- type model, the trait- type term, which was previously 
marginal, became significant (χ2

5
= 12.598, p = 0.0275, previously 

p = 0.0689). For the ecological complexity and time since coloni-
zation models, the slope/introduction history terms were signifi-
cant when sample size was included (ecological complexity (slope): 
χ
2

1
= 7.153, p = 0.00749; time since colonization (introduction his-

tory): χ2
1
= 4.721, p = 0.0298), although they previously were not 

(ecological complexity (slope): p = 0.444; time since colonization 
(introduction history) p = 0.224). We present the full GLMM results 
in Table S4. Note that these models included fewer traits than the 
original models because only 83% of studies reported sample sizes. 
As such, we do not interpret the results from these models beyond 
discussing the possible effects of sample size on R2. The permuta-
tion test results suggest that our observed R2 estimates were higher 
than expected by chance (Figure S1) and re- running our six GLMMs 
with the residual R2 values provided equivalent results as the orig-
inal models (Table S5). Taken together, these results suggest that 
although our results are not driven by statistical artefacts arising 
from estimating R2 on traits measured in different numbers of pop-
ulations, there does seem to be an effect of sample size on our esti-
mates of parallelism, such that highly parallel results are more likely 
to occur in traits measured on relatively few individuals.

4  |  DISCUSSION

We compiled data on (non)parallelism in Trinidadian guppies (by 
quantifying the variance among populations in mean trait values 
explained by predation regime) to explore possible contributors to 
the extent of parallelism. Overall, we found that about a quarter 
(24.7% on average) of phenotypic variation among populations was 
explained by predation regime. This result supports over 40 years of 
literature highlighting the value of the guppy system for investigat-
ing parallel evolution in nature. At the same time, our result makes 
clear that many other factors must be shaping mean trait values in 
this system. Thus, the important question to address now is: how 
do factors other than predation contribute to variation in mean trait 
values?

Previous studies have shown that trait type, sex, and rearing en-
vironment can influence (non)parallelism (e.g., Hendry et al., 2006; 
Langerhans, 2018; Oke et al., 2016, 2017; Vinterstare et al., 2021). 
In the current study, only trait type had a significant influence on the 
extent of parallelism, and only when sex was included in the model. 
In addition, we investigated several factors that might be expected 
to contribute to high- low predation (non)parallelism among evolu-
tionary replicates: comparing populations from different ecological 
backgrounds (different mountain slopes with different predator 
communities), different evolutionary histories (different drainages), 
and different times since colonization (natural versus introduced). 

F I G U R E  4  Frequency distributions (in %) of parallelism (R2 –  the proportion of variance among site means explained by predation regime 
for a given trait in a given sex in a given study) in guppies for each trait type.
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    |  1423HECKLEY et al.

At face value, pooling populations from different ecological back-
grounds, different evolutionary histories, and different times since 
colonization resulted in lower estimated mean R2 values, as would 
be expected if these complexities increase nonparallelism. Of these 
three factors, however, only evolutionary history had a statistically 
significant effect –  and the level of this significance depended on the 
specific structure of the various models used.

The frequent lack of statistical significance was likely due to 
modest sample sizes (36 studies maximum) and the highly variable 
level of parallelism within each ‘category’ (e.g., the male and female 
categories encompassed by the sex term, or the within one slope vs. 

pooled between both slope categories encompassed by the slope 
term). That is, even if the estimated change between two models 
(e.g., with and without introduced populations) in mean R2 was sub-
stantial in response to many of the above variables, the heteroge-
neity was so high within each category that statistical support was 
weak. For these reasons, we thus interpret the specific output from 
these models with caution, and instead focus on suggestive trends. 
Indeed, even some non- significant trends warrant discussion given 
shifts in the expected direction. Although, we do note that even if 
we had the power to detect effects of the non- significant trends, 
they are unlikely to be very strong. Stated another way, although the 

F I G U R E  5  Frequency distributions (in %) of parallelism (R2 –  The proportion of variance among site means explained by predation regime 
for a given trait in a given sex in a given study) for (a, d) ecological complexity, (b, e) evolutionary history, and (c, f) time since colonization. 
For panels on the top row (a, b, c), the corresponding boxplot is directly beneath, and for panels on the bottom row (d, e, f) the corresponding 
box plot is above. The vertical line through the box plots denotes the median.

F I G U R E  6  The mean R2 value for each 
category within each of the factor- specific 
questions. Each question is shown in 
a different colour block. The values in 
parentheses denote the sample sizes for 
each group. The question being asked by 
these different factors is shown on the 
top right of each colour block.
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1424  |    HECKLEY et al.

effects of ecological complexity and time since colonization might 
contribute to (non)parallelism, and evolutionary history likely does, 
the effects are probably minor (at least on average) in comparison to 
other sources of variation.

Our results suggest that estimates of parallelism are higher 
at low sample sizes, as has previously been shown in broadscale 
meta- analyses of effect sizes in ecology and evolution (Jennions 
& Møller, 2002; Low- Décarie et al., 2014). Most guppy traits were 
measured at low sample sizes, which had both higher average R2 val-
ues and a greater spread of R2 values than did traits measured at 
high samples sizes. The combination of publication bias and highly 
variable estimates of R2 at small sample sizes has been proposed as 
an explanation for decreasing explanatory power through time in 
the field of ecology (Low- Décarie et al., 2014). Both factors could 
contribute to our results. High estimates (R2 > 0.8) of R2 were not 
observed at high sample sizes (n > 100), which, in combination with 
the large spread in R2 values at low samples sizes, could suggest 
that some of the R2 values might be artificially high due to sam-
pling error at small sample sizes (Jennions & Møller, 2002; Low- 
Décarie et al., 2014). Additionally, publication biases that typically 
favour strong and significant effects (Button et al., 2013; Jennions 
& Møller, 2002) could be contributing. In our case, guppies are often 
considered in the context of predation regimes, so the literature 
could be biased towards earlier reporting of strongly parallel traits 
that are ‘low hanging fruit’ and can be detected at smaller sample 
sizes (Low- Décarie et al., 2014). Finally, traits are not equally easy 

to quantify. Complex traits like life history traits demonstrated gen-
erally higher parallelism (Figures 4 and 6), but are likely often more 
time consuming to measure than traits like body size that can easily 
be included in studies focused on other traits, even if they are not 
expected to be highly parallel. Relatively few guppy traits included 
in our study were measured at high sample sizes, so generalization of 
our results awaits more studies with high sample sizes, which should 
be prioritized.

4.1  |  (Non)parallel evolution overall

Generally, our findings align with those from previous analyses of 
fishes (Langerhans, 2018; Oke et al., 2017; Stuart et al., 2017). In 
that, the extent of (non)parallel evolution is highly variable and many 
traits exhibit low extents of parallelism, although some traits in 
some populations do show remarkably high extents of parallelism. 
Surprisingly, our focused analysis on only guppies generated lower 
estimates of parallelism than did the broader multi- species survey 
of Oke et al. (2017). In that study of 23 fish species, the variance 
among population means (R2) that could be attributed to ‘ecotype’ 
(e.g., high predation vs. low predation, marine vs. freshwater, benthic 
vs. limnetic) was 0.460 across all species, including a mean of 0.493 
for guppy studies that used the low- predation versus high- predation 
dichotomy. Our new estimate of the mean extent of parallelism is 
–  by contrast –  about half (R2 = 0.247) of those earlier estimates.

F I G U R E  7  The relationship between 
sample size and R2 value. Each point 
represents a trait in our data set and are 
semi- transparent so that overlapping 
points are visible. The line is a linear 
regression fit by ggplot2 (Wickham, 2016), 
and the grey shading is the standard error.
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    |  1425HECKLEY et al.

What could explain the generally low extent of parallelism ob-
served in studies on guppies, given that the vast majority of the 
factors we expected might contribute to variation among replicated 
environments appeared to have nonsignificant effects? To start, al-
though we were unable to consider them here, other factors such as 
gene flow, drift, genetic covariances, and variation in heritability or 
in selection could also contribute to (non)parallelism. For example, 
gene flow has been reported (or suggested) to occur in several ways, 
including floods flushing upstream guppies into downstream environ-
ments as well as human- mediated movements (Blondel et al., 2019), 
such as for introduction experiments (e.g., Shaw et al., 1991). In cases 
where the amount of gene flow between predation regimes differs 
among replicates, the extent of parallelism could be reduced if gene 
flow from one predation regime (the immigrant population) limits ad-
aptation towards the optimal phenotype in the other predation re-
gime (the resident population) –  as has been demonstrated in other 
systems (Bolnick & Nosil, 2007; Hendry & Taylor, 2004). Conversely, 
extents of parallelism could decrease if some populations (particu-
larly small populations; Szendro et al., 2013) are more susceptible 
to drift or if selection on a given trait acts indirectly through other 
traits (i.e., genetic covariances) (Bolnick et al., 2018). Other sources 
of variation beyond predation could also contribute to the extent of 
parallelism. In the guppy system, in particular, substantial research 
has highlighted effects of guppy density (e.g., Bassar et al., 2013), 
predator biomass (e.g., Barbosa et al., 2018), resource availabil-
ity (e.g., Grether et al., 2001), and parasite infection (e.g., Gotanda 
et al., 2013) on guppy phenotypes. Although we were unable to 
consider these (and other) additional factors in the present analysis, 
they almost certainly contribute to aspects of nonparallelism.

4.2  |  Within- population factors that contribute to 
(non)parallel evolution

One might imagine that, by focusing on a single ecological context 
(predation regime) in a single system (guppies) that is a model for 
parallel evolution (Magurran, 2005; Reznick, Rodd, et al., 1996), 
we would generate higher estimates of parallelism than found in 
broader surveys or less well- studied systems. However, as discussed 
above, our mean estimate of parallelism in the present study is about 
half of what was found in the multi- species survey conducted by 
Oke et al. (2017). One explanation for the lower extent of parallel-
ism in our new study could be that the search terms used by Oke 
et al. (2017) were specifically related to parallel or convergent evolu-
tion, whereas we here considered all guppy papers –  regardless of 
whether or not they emphasized parallelism. Our approach gener-
ated a much larger sample of estimates for guppies (n = 443) than 
did the earlier study (n = 29) and our result is therefore presumably 
less biased towards high extents of parallelism. The study closest to 
ours in approach is that of Langerhans (2018), who examined effects 
of predation regime in Bahamas mosquitofish (Gambusia affinis) and 
generated parallelism estimates of R2 = 0.37 for males and R2 = 0.44 
for females. Here, our overall estimates of parallelism were again 

much lower than what Langerhans (2018) found: R2 = 0.206 for 
males and R2 = 0.310 for females (Table 1). That study, however, had 
a smaller geographical scope and did not explicitly consider some 
other layers of complexity that we assessed here, such as different 
predator communities, different evolutionary lineages, and experi-
mental introductions. A more appropriate comparison between our 
study and the Langerhans (2018) study would be to assess sex dif-
ferences with only natural sites within a single drainage. Among only 
natural populations in the Caroni drainage, our estimates of paral-
lelism were R2 = 0.158 for males and R2 = 0.279 for females –  still 
lower than those generated by Langerhans (2018). Overall, then, 
guppies are no exception to the emerging consensus that the extent 
of parallelism within a given system is variable and often not high 
(e.g., Langerhans, 2018; Oke et al., 2017; Stuart et al., 2017). This 
variation is an asset because it facilitates the assessment of factors 
contributing to the extent of parallelism –  which was the goal of our 
current analyses.

Colour traits appeared to be the least parallel of all the trait 
types that we examined (mean R2 = 0.102), and the removal of co-
lour traits increased parallelism estimates in males from R2 = 0.206 
to R2 = 0.275 (these values were calculated across the full dataset, 
including both slopes, drainages, and with introduced populations). 
Recent studies have similarly found especially low extents of par-
allelism for guppy colour across the low- predation versus high- 
predation dichotomy (Yong et al., 2022). There are several possible 
reasons for why colour traits showed such low extents of parallel-
ism. To start, colour represents an obvious situation of many- to- 
one mapping of traits- to- performance (Wainwright, 2005) –  that is, 
many different colour patterns can be attractive to females (Kodric- 
Brown, 1985). Indeed, female guppy preferences for male colour 
patterns vary dramatically among populations, and female guppies 
often base their preference on a combination of male colour aspects 
(Endler & Houde, 1995; Schwartz & Hendry, 2007). Of course, co-
lour traits are not the only traits that can be subject to many- to- 
one mapping –  however, owing to the high dimensionality of colour 
traits and the many ways that colour can generate high conspicuous-
ness for attracting females, we expect that many- to- one mapping 
would be stronger for colour traits than those in the other catego-
ries. Nevertheless, other factors likely contribute to the especially 
low extent of parallelism for colour traits. For instance, whether a 
colour pattern is cryptic to predators can depend on the specific 
predators present, as well as water clarity, forest cover, and other 
variables (Endler, 1980; Millar & Hendry, 2012; Weese et al., 2010). 
The colour patterns that are most attractive to females and the least 
conspicuous to predators also can vary through time at a given site 
due to negative frequency dependent selection (Hughes et al., 2013; 
Olendorf et al., 2006). However, temporal variation has been found 
to be less important than spatial variation in selection for generating 
variation in guppy colour (Gotanda & Hendry, 2014). Finally, male 
guppies sometimes engage in sneaky mating attempts and the deci-
sion to sneak or not can be impacted by aspects of the external en-
vironment, such as the ambient light spectrum (Gamble et al., 2003) 
or food availability (Kolluru & Grether, 2005).
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Males and females did not differ in their extents of parallelism 
when colour traits were excluded (Figure 6). This non- significant 
finding contrasts with other studies with other live- bearing fishes 
where males and females have been found to differ in their extents 
of parallelism. For example, Langerhans (2018) found that female 
G. affinis exhibit significantly higher extents of parallelism than 
males. One explanation for why we did not observe sex differences 
here could be that they vary by trait. In other words, males could 
show higher extents of parallelism for some traits, and females for 
others. In the present analysis, we had inadequate sample sizes to 
make this comparison. However, visualizing the raw data (Figure S2) 
highlights the value of future work investigating this interaction 
between sex and trait type, because males appear to show higher 
extents of parallelism for behaviour, morphology, and size, and fe-
males for life history and physiology. That such patterns of (non)par-
allelism are trait- dependent has been emphasized in past work on 
guppies; for example, in response to predation, males and females 
show higher extents of parallelism for body size than body shape 
(Hendry et al., 2006). Similarly, when considering another selective 
agent (parasitism), some aspects of resistance show high extents of 
parallelism within, but not between, the sexes (Dargent et al., 2016). 
With the studies conducted to date, however, we were unable to 
provide an unequivocal assessment of such effects on average.

We also assessed whether rearing environment (wild caught or 
lab reared) influenced estimates of parallelism based on the recogni-
tion that phenotypic plasticity could increase or decrease the extent 
of parallelism (Oke et al., 2016). Guppies reared in common- garden 
environments seemed to exhibit a higher extent of parallelism 
(R2 = 0.351) than those reared in the wild (R2 = 0.227), as would be 
expected if plastic responses to environmental variation resulted in 
nonparallelism among replicates, but this difference was not signifi-
cant. Oke et al. (2017) also did not detect a significant effect of rear-
ing environment on the extent of parallelism. Taken together, these 
results suggest that plasticity might not be playing an important 
role in shaping the extent of parallelism among replicates. However, 
greater insights will likely be gained from studies that explicitly test 
for an effect of parallelism by comparing the same traits and popu-
lations in the wild and in common gardens, such as Torres Dowdall 
et al. (2012) or Oke et al. (2016).

4.3  |  Ecological complexity

Many previous studies have suggested that increasing environmental 
heterogeneity should be associated with a decreasing extent of trait 
parallelism (e.g., Landry et al., 2007; Morales et al., 2019; Stuart 
et al., 2017). The basic idea is that combining different locations into 
a single ‘type’ (here high predation or low predation) that is expected 
to impose parallel selection on a given trait obscures meaningful 
variation in other environmental variables that impose nonparallel 
selection on that same trait. This idea was first formally tested for 
guppies by examining life history traits across the northern and 
southern slopes of the Northern Mountain Range –  because the 

predator faunas within each ‘regime’ are different between the 
slopes (Reznick, Rodd, et al., 1996). Many other factors also differ 
on average between the two slopes and even among sites on each 
slope, including within a predator regime. Examples include parasites 
(Gotanda et al., 2013), canopy cover (Grether et al., 2001), guppy 
density (Reznick et al., 2012), water turbidity (Ehlman et al., 2018), 
and human disturbance (Deacon et al., 2015).

We expected that these and other factors might lower estimates 
of parallelism when pooling data between the two slopes rather than 
only on a single slope. Although this anticipated trend was observed 
(within- slope R2 = 0.197; pooled- slope R2 = 0.153), the difference 
in these R2 values from the ANOVAs was not significant. A possi-
ble explanation is that categorizing populations into binary northern 
slope or southern slope categories collapses too much environmen-
tal variation into two coarse categories to meaningfully address eco-
logical complexity, much as has been described for binary ecotype 
categories (e.g., benthic versus limnetic: Boughman et al., 2005; cave 
versus surface: Tobler et al., 2006). However, including specific en-
vironmental variables was not possible in our analysis. Studies that 
formally account for environmental variation among populations are 
often able to attribute phenotype variation to environmental varia-
tion (e.g., Santi et al., 2020; Stuart et al., 2017).

4.4  |  Evolutionary history

Many studies have argued that lineages experiencing longer periods 
(relative to shorter periods) of evolutionary isolation should show 
lower parallelism when subsequently colonizing similar environ-
ments (e.g., Conte et al., 2012; Liu et al., 2018). The basic idea is 
that longer periods of separation will lead to more divergent genetic 
backgrounds, which then will generate different responses to simi-
lar selective pressures. Past studies in guppies have often included 
samples from two major drainages (Caroni and Oropouche –  that 
have been separated for over a million years; Fajen & Breden, 1992), 
which could result in lower estimates of parallelism if differences in 
evolutionary history among the drainages are not accounted for. We 
here leveraged those cross- drainage studies into a test of the effects 
of evolutionary isolation on parallel responses to a similar environ-
mental contrast (predation regime).

Estimates of average parallelism were higher for models that in-
cluded populations from the Caroni drainage only (R2 = 0.250) com-
pared to those that included populations from both the Caroni and 
Oropouche drainages (R2 = 0.181). However, given that our various 
alternative models disagreed on the importance of evolutionary his-
tory, we must continue to equivocate on just how important this ef-
fect really is –  an uncertainty that will surely be resolved when more 
studies accumulate. Regardless, it seems unlikely that any effect of 
evolutionary history will be especially strong given our provisional 
results. We do note, however, that this effect of evolutionary history 
(a decrease in mean R2 from 0.250 in one drainage to 0.181 between 
drainages) was estimated to be larger than the above effect of eco-
logical complexity (a decrease in mean R2 from 0.197 to 0.153). In 
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short, evolutionary history does seem to be an obvious target for 
future work on parallelism in this system. Further, it is certainly pos-
sible that the Caroni and Oropouche drainages differ in other ways 
beyond evolutionary history (e.g., in environmental conditions or 
selective factors), which could confound the effect of evolutionary 
history –  although, we expect that these differences will be mini-
mal compared to the differences between the slopes (the ecological 
complexities question) which have difference predator communities. 
Quantifying other sources of environmental variation or selective 
factors between the two drainages is necessary to tease apart the 
effects of evolutionary history with these other possible effects.

As a subsidiary point, human influences have generated new 
mixing between the Caroni and Oropouche drainages (Becher & 
Magurran, 2000; Blondel et al., 2020; Suk & Neff, 2009) as well as 
among other watersheds (Blondel et al., 2019). These mixing events 
can complicate future analyses of evolutionary history; but they also 
provide opportunities. For example, trajectories of evolution of two 
lineages could now be compared in the Turure watershed (where 
mixing has occurred), akin to the similar analyses conducted for odd- 
year versus even- year lineages of pink salmon (Oke, Cunningham, 
et al., 2019).

4.5  |  Time since colonization

Evolution is not instantaneous –  and so we generally expect that 
populations introduced to new environments will take some time 
for their phenotypes to fully adapt to those conditions (Clegg 
et al., 2002). Further, evolutionary trajectories might initially be 
‘curved’ –  taking phenotypes in unexpected directions as a result 
of correlated shifts in selection or particular genetic correlations 
(Arnold et al., 2001) –  as has been argued for parasite resistance traits 
in guppies (Dargent et al., 2016). Thus, recently introduced popula-
tions might show lower parallelism than long- standing populations, 
a comparison facilitated by the many experimental introductions 
of guppies. Moreover, if populations from natural and introduced 
populations are compared, the extent of parallelism might appear 
to be lower because natural populations are much farther along on 
their trajectories. However, although the trend in R2 was observed 
in the expected direction (only natural = 0.186; natural and intro-
duced = 0.151), our study did not reveal a significant effect of time 
since colonization on the extent of parallelism.

The apparent lack of influence of time since colonization in our 
study might be due to either –  or both –  of two important points. 
First, the average amount of time that guppies had been evolving 
in their new environment (after an introduction experiment) prior 
to data collection in the studies we compiled was 20 years (min = 8, 
max = 36). Twenty years –  even the minimum of 8 years –  is likely 
sufficient for guppies to evolve traits consistent with those in nat-
ural populations –  especially given the fact that guppies can have 
up to three generations per year. That is, considerable evolution 
on even shorter time scales has been observed for many traits 
in guppies, including male gonopodium length within 2– 3 years 

(Broder et al., 2020), colour traits within 6 years (Endler, 1980; Kemp 
et al., 2018), and female life history traits (e.g., embryo number) 
within 8– 9 years (Gordon et al., 2009). Therefore, the introduced 
populations of guppies might now be locally adapted and perhaps 
introductions at shorter time scales need to be investigated to see 
if there is an effect of introductions. Second, some of the traits 
measured in wild- caught guppies could have shown rapid plastic re-
sponses in the expected direction, thus enhancing parallelism at the 
phenotypic level in introduced populations even if genetic changes 
are limited. Certainly, rapid adaptive plastic responses have been ob-
served in many taxa introduced to new environments (Ghalambor 
et al., 2007). In the guppy system, rapid changes are evident even for 
common- garden studies of recently introduced populations, where 
the differences are expected to be genetic; and plastic responses can 
sometimes be in the maladaptive direction (Ghalambor et al., 2015), 
which must then be counteracted by subsequent evolution. In short, 
guppies generally show exceptionally fast adaptation to new envi-
ronments –  as is the case in many other systems (Hendry, 2017).

5  |  CONCLUSIONS

Even in study systems considered to be classics for studying par-
allel evolution, variable and relatively low extents of parallelism 
are often observed. Thus, an opportunity –  and a need –  exists to 
quantify the extent to which various factors contribute to paral-
lelism. In this study, we assessed six sources of nonparallelism in 
the classic Trinidadian guppy system. Overall, we found that the 
extent of predator- driven trait parallelism is not as high as that 
reported in other reviews (Langerhans, 2018; Oke et al., 2017). 
Indeed, an average of only 25% of the among- population trait 
variation was explained by predation regime, and that the extent 
of parallelism was highly variable among traits and populations 
and studies. For the six factors, we investigated (trait type, sex, 
rearing environment, ecological complexity, differing evolution-
ary history, time since colonization), the effects were generally 
weak and often non- significant, and we suggest that even if we 
had the power to detect effects, they would be relatively small. 
Nevertheless, the trends point to several potentially promis-
ing avenues for future research –  especially the particularly low 
parallelism for colour traits and the likely effect of evolutionary 
history on reducing parallelism. We further suggest the value of 
examining other factors that were beyond the scope of our study 
but that could contribute to the large amount of unexplained vari-
ance –  such as other selective agents or sources of variation; or 
the effects of gene flow, genetic drift, or genetic constraints. We 
hope that our analyses and suggestions elicit new hypotheses 
for more empirical work on the factors that might contribute to 
(non)parallelism in well- researched and emerging study systems. 
Indeed, leveraging variation among evolutionary replicates within 
such systems will help provide substantial insight into the extent 
to which seemingly similar environments drive parallel patterns of 
phenotypic divergence.
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