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itly relies on the absence of interaction between the competing genotypes. In other

words, the performance of the reference strain must not depend on the competitor.
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was common with opposite effects in genetically diverged populations. (2) Temporal
heterogeneity of fitness estimates, which can be partially attributed to a competitor-
specific delay in the eclosion of the reference strain. We propose that this inconsist-
ent behavior of the reference strain can be considered a specific case of a genotype
X environment interaction. Focal populations could modify the environment of the
reference strain, either indirectly by altering the microbiome composition and food
availability or directly by genotype-specific cannibalism. Our results provide new in-
sights into the interaction of diverged genotypes and have important implications for

the interpretation of competitive fitness assays.
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1 | INTRODUCTION

empirical fitness estimates can be grouped into two categories:

firstly, measuring fitness across the entire life cycle of an organism

Fitness is a fundamental concept in evolutionary biology where
genotypes with higher fitness produce more offspring and conse-
quently increase in frequency in the population. However, despite
the simplicity of this concept, accurately quantifying fitness remains
a significant empirical challenge. The hurdles for obtaining reliable
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(Prout, 1965, 1971) and secondly, the uncertainty about the best ap-
proach to measure fitness (Haymer & Hartl, 1983).

Fitness can be assessed through either competitive or non-com-
petitive assays (Haymer & Hartl, 1983). Non-competitive fitness es-
timates aim to quantify parameters that serve as proxies for fitness,
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with a focus on life history traits, such as the number of eggs/seeds
or developmental time. Yet, indirect traits like body size and biomass
have also been used. The conceptual problem of non-competitive fit-
ness lies in the assumption that comparison of absolute trait values
can predict how different genotypes will perform in a competitive set-
ting. Furthermore, for practical reasons fitness proxies are measured
in a specific time interval, which can introduce biases and affect the
accuracy of fitness estimates. For instance, the duration of female
egg laying is limited to a fraction of the total fecundity period or the
number of offspring is measured for a restricted time interval only.
If the fecundity peak or developmental time differs between popu-
lations, this has strong effects on the fitness estimate although it is
unclear whether these differences really translate in biologically rel-
evant fitness differences. In contrast, relative fitness measurements
make fewer implicit assumptions but, they also encounter several chal-
lenges, including frequency-dependent selection (Curtsinger, 1990;
DeBenedictis, 1977) and complex genotypex environment interac-
tions (Burny et al., 2022; Fry, 2008; Fry et al., 1998; Kondrashov &
Houle, 1994; Takano et al., 1987; Teotonio et al., 2002). As a result,
competitive and non-competitive fitness measurements do not always
agree (Ayala, 1970; Haymer & Hartl, 1983).

In Drosophila, researchers measured competitive fitness by com-
bining experimental evolution with balancer chromosomes to mea-
sure fitness of single chromosomes (Fowler et al., 1997; Gardner
et al., 2005; Sved, 1975). Balancer chromosomes are a special tool
in Drosophila genetics. With several inversions covering almost the
entire chromosome recombination is suppressed, which allows mea-
surements of allele frequency changes across multiple generations.
Phenotypic markers allow the distinction of different chromosomes.
Because frequency changes are determined across multiple gener-
ations, this approach provides reliable fitness measurements. In the
absence of balancer chromosomes fitness estimates in outcrossing
organisms are limited to single-generation fitness measurements as
recombination mixes genotypes.

The challenge for a wide-spread use of competitive fitness assays
is the availability of phenotypic markers which distinguish offspring
from different parents. Because such markers are typically not avail-
able for the comparison of natural populations, competitive fitness
assays rely on a reference strain with a phenotypic marker, which
allows screening of many offspring. The use of reference strains for
competitive fitness assays offers a significant advantage for compar-
ing the fitness of strains/populations originating from different en-
vironments. Rather than comparing each strain/population against
each other, it is possible to make an indirect comparison relative to
the reference strain. For example, the relative fitness of five popu-
lations can be inferred by five competitive fitness assays with the
same reference strain rather than with 10 pairwise fitness assays in-
volving each possible combination of population pairs. Nevertheless,
the success of competitive fitness assays with a reference strain crit-
ically depends on the absence of an interaction between genotypes.
In other words, the performance of the reference strain must not be

affected by the focal population.

In this study, we tested this assumption by asking whether the
fitness of the reference strain depends on the competing popu-
lation. We took advantage of experimental Drosophila simulans
populations, which adapted for more than 100 generations to dif-
ferent temperature regimes in the laboratory. We used competitive
fitness assays in which focal populations were competed against
the same reference strain. We collected offspring over a broad
time course to explore the reliability of fitness estimates across
time. Our results are in agreement with previous findings indi-
cating a significant frequency dependence on competitive fitness
(Curtsinger, 1990; DeBenedictis, 1977). Additionally, we observed
that fitness estimates vary with time. We attribute these uncer-
tainties to the complex interactions of the reference strain with the

focal populations.

2 | METHODS

Fitness components of natural populations are frequently measured
in the laboratory, where samples with a different adaptive history
are compared at well-defined culture conditions. While it is appar-
ent that the laboratory cannot fully replicate natural conditions, this
approach allows a tight control of focal environmental parameters,
such as temperature. Here, we used polymorphic D. simulans popu-
lations, which evolved in different temperature regimes, but we
measured their fitness in a hot fluctuating temperature regime. The
focus was fitness of these populations in a temperature environment
fluctuating between 18°C and 28°C. We were not interested in the
influence of other differences in maintenance regime (e.g., timing of
transfer to fresh food). Hence, we extended the observational pe-
riod well beyond time interval of the experimental evolution main-
tenance regime.

Since we were interested to obtain fitness estimates that include
most aspects of the life cycle, we allowed 100 mated females to lay
eggs for 48h. Hence, our fitness assays include fecundity and via-
bility. We did not include sexual competition in our fitness assays
to exclude confounding effects arising from pre-mating reproduc-
tive isolation which was detected in some of the focal populations
(Hsu et al., 2023). The interpretation of fitness can differ when
sexual competition is not included; therefore, it is in general advis-
able to measure fitness across the entire life cycle of an organism
(Prout, 1965, 1971). In our study, the inclusion of sexual competition
would have only introduced an additional complication, which would
have distracted from the key message, the complications of compet-

itive fitness assays.
2.1 | Experimental D. simulans populations
All experimental populations were founded from the same set of

isofemale lines originating from a natural D. simulans population col-
lected in Florida (Barghi et al., 2019).
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1. Untreated: Reconstructed ancestral population established from
the same isofemale lines that were used to start the selection
experiments (19 lines were missing, because they have been lost
during maintenance). The small population size of the isofemale
lines strongly reduces the efficacy of selection and therefore
very limited adaptation is expected during the maintenance.
This expectation was confirmed in a comparison of ancestral
and reconstructed ancestral populations, which show no allele
frequency differences (Nouhaud et al., 2016). We refer to the
untreated population as ancestral throughout the manuscript.

2. Hot fluctuating treatment (28/18°C): Populations were set up
using 202 isofemale lines (Barghi et al., 2019). Five mated fe-
males from each isofemale line were used to establish the rep-
licates. These replicates were kept in 12-h light:12-h dark cycles
with a temperature of 28°C (light) and 18°C (dark) for about 240
generations.

3. Cold fluctuating treatment (20/10°C): Populations were estab-
lished from the same isofemale lines as the replicate populations
from the hot fluctuating treatment but maintained under a differ-
ent temperature regime: 12-h light:12-h dark cycles with a tem-
perature of 20°C (light) and 10°C (dark) for 115 generations.

4. Constant hot treatment (23°C): Populations were set up using
191 isofemale lines. Five mated females from each isofemale line
were used to establish the replicates. Replicates were kept in 12-h
light:12-h dark cycles with a constant temperature of 23°C for

173 generations.

All evolved populations were maintained at a census size of 1250
flies with a 50:50 sex ratio.

Hot fluctuating experimental evolution regime: In the hot fluctu-
ating regime (28/18°C) flies have a generation time of approximately
2weeks. Considering Day 1 as the day when flies start to eclose,
flies that eclose between Day 1 and Day 4 will contribute to the next

generation.

2.2 | Phenotypic assays

Phenotypic assays were performed in two independent common
garden experiments (CGE). Each experiment was performed in the
hot fluctuating regime (28/18°C): 12-h light:12-h dark cycles with
a temperature of 28°C (light) and 18°C (dark) with controlled egg
density (400 eggs/bottle). All phenotypes were measured after two
generations of the CGE to minimize transgenerational effects.

For phenotyping, we used up to five independently evolved pop-
ulations from each evolutionary treatment. For the two CGEs, the
ancestral population was reconstructed from the same isofemale
lines that were also used to establish the experimentally evolved
populations. Within each CGE, all populations were assayed on the
same day to avoid potential uncontrolled temporal variation in each
CGE. In both CGEs, we used technical replicates to account for sam-
pling introduced by picking a subset of flies from the main focal pop-
ulation, as well as other technical factors.
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Two populations evolved in a hot fluctuating treatment (237 gen-
erations) and an ancestral population were measured for relative fit-
ness after two generations of common garden. For each population
(Hot fluctuating-a, Hot fluctuating-b, and Ancestral), three replicates
were measured.

After two generations of common garden, 3-day-old mated fe-
males (focal populations) were mixed with D. simulans w501 gravid
females (reference population; https://www.ncbi.nlm.nih.gov/biopr
oject/PRINA170244) and maintained in CGE conditions. Prior to
mixing, w501 flies were maintained at room temperature, and cov-
ered a broader age distribution than the polymorphic population
samples but had the same age distribution across measurements.
Mated females were mixed with 3 different ratios (focal: reference):
20:80, 30:70, and 40:60, with a total of 100 females. After 24h of
CO, recovery, mixed females were allowed to oviposit in a bottle
for 48h. Newly eclosed flies were collected daily for 13days after
the first fly eclosed. Although almost all flies were eclosed by Day
13, we included a final collection days later (Day 18), to collect the

remaining flies.

222 | CGE2

Five hot fluctuating evolved (generation 241), five cold fluctuating
evolved (generation 115), five hot constant evolved (generation
173), and one reconstructed ancestral population were phenotyped
for relative fitness after two generations of CGE in the same fluctu-
ating hot regime as described for CGE1. Each independently evolved
population was phenotyped for all selection regimes, but jointly ana-
lyzed for the comparison of selection regimes.

For each evolved population, three replicates were created by
merging 30 focal gravid females (4-day to 6-day old, the same age
distribution in each bottle) with 70 w501 gravid females (4-day to
9-day old, the same age distribution in each bottle). The ancestral
population had 15 replicates to match the evolved treatments. Prior
to mixing, the w501 flies were maintained for multiple generations
at room temperature. After 24h of CO, recovery, the mixed fe-
males oviposited in a bottle for 48h in the hot fluctuating regime.
The eclosed flies were collected daily over 10days after the first fly
eclosed. Based on results from CGE1, most flies eclosed during the
first 10days, and patterns between ancestral and evolved persist

and do not change after Day 10.

2.3 | Data analysis

All data analyses (including Fisher's exact test) were performed in R
(v4.1.0) (R Core Team, 2018) and plots were done using ggplot2 package
(v3.3.6) (Wickham, 2016). Since we were mostly interested to show the
performance differences when different focal populations were used,
rather than specific comparisons, we plot the 95% confidence intervals
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and consider non-overlapping intervals as distinct trajectories. Hence,
the “differences” mentioned in the main text reflect to non-overlapping
confidence intervals, rather than specific tests. When we compare time
points explicitly, the tests are mentioned explicitly.

The data from CGE2 were fitted into a generalized linear mixed
model using the glmer() function from Ime4 package in R (Bates
et al., 2015). The proportion of focal flies (red-eyed) was treated as
the response that follows a binomial distribution with the total num-
ber of flies given as weights, treatments were considered as fixed
effects and populations within the treatment as random effects. An
extra observation level random effect was fitted into the model to
correct for overdispersion. The proportion of focal flies (red-eyed)
until Day 5 (1=0.171) and Day 10 (1=0.102) were fitted into the
model separately. Significance tests were performed with the pack-
age emmeans (v 1.7.5) (Lenth, 2022), and multiple testing correction
(FDR) was performed on all p-values across the two models. The
alpha level was set at 0.05 to determine significance.

3 | RESULTS

In the absence of phenotypic markers, which distinguish evolved
and ancestral populations or independently evolved replicate popu-
lations, measuring competitive fitness using a reference strain with
a phenotypic marker are a natural choice. We used an inbred ref-
erence strain with white eyes (w501) in pairwise competition with
multiple polymorphic populations, which evolved in different tem-
perature regimes (Table 1). Since our focal populations show pre-
mating reproductive isolation (Hsu et al., 2023), we did not include
sexual competition in our fitness assays. Our fitness estimates com-

bined the fitness components fecundity and viability.

3.1 | Frequency dependence of competitive
fitness estimates

We used different ratios of mated females from the focal popula-
tions (20%, 30%, 40%) and the white-eyed reference (80%, 70%,
60%) for egg laying over 2days (i.e., the same number of flies were
used in each experiment). Three genetically distinct populations, the
ancestral population, and two independently evolved populations
were tested in a hot fluctuating environment (28/18°C).

TABLE 1 Overview of the two common garden experiments
(CGE).

CGE Focal populations (humber of technical replicates)?
CGE1 1 Ancestral (3), 2 hot fluctuating (3).
CGE2 5 Ancestral (3), 5 hot fluctuating (3), 5 cold

fluctuating (3), 5 hot constant (3).

?Populations refer to the replication of the experimental evolution (or
establishment of the ancestor) and the common garden treatment.
Technical replicates refer to independent measurements of the same
population (but different flies) for the relative fitness assays.

18days after the first fly eclosed, the total number of eclosed
flies was similar for all three ratios, although some differences
among the three genetically diverged focal populations could be de-
tected (Figure 2a). The influence of the different ratios was more
apparent when the offspring of the focal and reference population
were analyzed separately. In the absence of frequency-dependent
selection, twice as many red-eyed flies are expected with 40%
rather than 20% of females from the focal group. For all three focal
populations, the 40% experiment differed from the expected fac-
tor of two (Figure 2b). While the two evolved populations produced
fewer offspring than expected, the opposite trend was seen for the
ancestral population: more offspring eclosed at 40% than expected
from the number of focal eclosed flies at 20%.

A striking pattern was observed for the white-eyed reference
strain w501. The white-eyed reference always eclosed later than
the focal populations, but the delay was less pronounced for the
competition with ancestral flies than with evolved flies (Figure 1c).
Furthermore, with a decreasing fraction of white-eyed females, the
time of eclosion was even more delayed. In competition with hot-
evolved flies, the eclosion of white-eyed flies was delayed by about
5days at a 40:60 ratio compared with the 20:80 ratio (Figure 1c):
the number of eclosed white-eyed flies from Days 1 to 5 and from
Days 6 to 10 differed for these two ratios (Fisher's exact test p-value
for Fluctuating-a=1.94e-13 and Fluctuating-b=1.34e-20, Table S1).
This pattern clearly demonstrates that the presence of the red-eyed
focal flies retards the development of the reference strain and that
the delay depends on the competitor and the ratio of reference to
focal population during egg laying. The three different ratios did not
only affect the eclosion time but also the total number of eclosed
white-eyed flies. While the number of white-eyed offspring did not
differ in the competition with the three different reference popu-
lations at the ratio 20:80, at the ratio 40:60 more white-eyed flies

eclosed in competition with the ancestral population.

3.2 | The critical importance of time

We monitored the total number of eclosed flies for up to 18days
(Figure 1a) and observed different eclosion trajectories for focal and
reference populations (Figure 1c,d). The number of eclosed flies pla-
teaued later for white-eyed than for red-eyed flies. At least to some
extent, this difference can be attributed to the delayed eclosion of
the white-eyed flies (Figure 1c,d). This implies that fitness measured
relative to the reference will depend critically on the time at which
the number of eclosed flies is monitored (see Figure S2 for time-

resolved relative fitness).
3.3 | Population-specific effects
CGE1 already indicated that the interaction between reference and

competitor could affect fitness estimates. In the second experiment
(CGE2), we explored how this interaction is modified when the focal
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FIGURE 1 Competitive fitness is @) Population Ancestral —e— Hot Fluctuating-a —— Hot Fluctuating-b
frequency-dependent (data from CGE1).
(a) Time-resolved cumulative number ﬁ 20:80 30:70 40:60
of total eclosed flies (white-eyed and :é ggg: ggg: égg:
red-eyed). (b) The number of red-eye 9 500~ 500 - 500 -
flies eclosed between Day 1 and Day % ;‘882 388: 288:
18. The number of red-eyed flies is 5 2001 2001 2001
shown in colored bars, while the dashed oo R o—— R~ ——
line indicates the expectation based 2 4 6 8 1012 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 1012 14 16 18
on the number of red-eyed flies from (b) Days Days Days
the experiments with 80% white-eyed ®
reference population. Error bars represent £ 500- 20:80
95% Cl. (c) Time-resolved eclosure of the 8 400 M 3070
white-eyed reference flies for the three _ig . W 4060
different ratios. Error bars represent the <
95% Cl. (d) Time-resolved eclosure of ? 200+
the red-eyed reference flies for the three 8 100~ =
different ratios. Error bars represent 95% g 0- r r i
Cl. The color of the lines distinguishes = Ancestral Holgzluzt;tiza_a Hot Fluctuating-b
the focal populations in the competition (c) P
and the background color indicates the
genotype of the displayed flies: total é 20:80 30:70 40:60
number of flies (red-eyed and white-eyed: § 500 500 500
light green), red-eyed flies only (light red), z 400+ 400 400
white-eyed flies only (white). § 300 :# 300 300 -
%5 200+ 2001 200+
g 1004 100 4 100 - “M&—é
£ 04 04 0+
Z 2 4 6 8 101214 16 18 2 4 6 8 1012 14 16 18 2 4 6 8 1012 14 16 18
Days Days Days
d) 20:80 30:70 40:60
-:12_’ 500 - 500 - 500 -
113 400- 400- 400 -
i’ 300- 300- 300-
% 200~ 200~ 200~
g 100~ 100- 100-
E o- 0- 0-
z 2 4 6 8 101214 16 18 2 4 6 8101214 16 18 2 4 6 8101214 16 18

Days

populations are genetically distinct (as a consequence of adapta-
tion to different environments). We included populations adapted
to four different evolutionary treatments: an untreated ancestral
population, cold treatment fluctuating between 10°C and 20°C for
115 generations, hot constant treatment at 23°C for 173 genera-
tions, and hot fluctuating treatment fluctuating between 18°C and
28°C for 241 generations. Within each experimental treatment, we
included five independently evolved populations, each with three
replicates. 15 replicates of the ancestral population were used to
match the evolved populations. The competitive fitness assays were
carried out in a hot environment fluctuating between 18°C and 28°C
using a ratio of 70% reference females and 30% females from the
focal evolutionary treatment.

Populations that evolved independently under the same exper-
imental treatment had a very similar number of offspring (similar
to CGE1 at 30:70 ratio) and were jointly analyzed for CGE2. Flies
from the two hot temperature treatments (23°C and 18/28°C)
eclosed faster than flies from the other treatments (Figure 2a).
Until Day 5, populations from the hot fluctuating treatment

Days Days

produced most offspring (Figure 2a). The ancestral population
had the fewest offspring, independent of the time point at which
the offspring were counted (Figure 2a). This pattern is fully con-
sistent with the expected fitness differences, and this also holds
for competitive fitness estimates (Figure 2b), although the differ-
ences between the evolved populations were more pronounced
for the number of red-eyed flies. Flies from the hot fluctuating
treatment were better adapted than flies from the hot constant
and ancestral treatment. Thus, the population which evolved in
the same temperature regime which was used to measure fitness,
produced most offspring. The cold-evolved flies, however, had
very interesting time-dependent dynamics. During the first days
of eclosion, they behaved similarly to the ancestral flies and had
fewer offspring than hot-evolved flies. Around Day 4, however, an
increasing number of cold-evolved flies eclosed, such that after
Day 6 more cold-evolved flies had eclosed than constant hot-
evolved flies (Figure 2a). At Day 10 the number of cold-evolved
flies was even similar to the ones that evolved in the hot fluctuat-
ing treatment. The time-dependent pattern observed for red-eyed
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FIGURE 2 Time-dependent fitness differences among flies evolved under different treatments (data from CGE2). (a) Time-resolved
cumulative number of red-eyed flies from different evolutionary treatments. (b) Time-resolved relative fitness (Competitive fitness=Number
of red-eyed flies/Total number of flies). (c) Time-resolved eclosion of white-eyed flies in competition with flies from different evolutionary
treatments. (d) Difference in competitive fitness estimates. The three experimental treatments are compared to the ancestral flies (mean
competitive fitness of evolved flies—mean competitive fitness of ancestral flies). The color code matches the evolved population that is
compared to the ancestral population. (e) Competitive fitness estimate based on the proportion of red-eyed flies eclosed between Day 1 and
Day 5. (f) Competitive fitness estimate based on the proportion of red-eyed flies eclosed between Day 1 and Day 10. Error bars represent
95% Cl. Colors indicate the treatment; background colors indicate different fitness estimates based on the number of red-eyed flies (light
red), the number of white-eyed flies (white), and the proportion of red-eyed flies (light gray). Only significant comparisons are shown, and
the significance levels are indicated as * (<.05), ** (<.01), *** (<.001), **** (<.0001). Note that in panel 2B, the data point for Day 1 is missing
for Ancestral and Cold populations, as no flies had eclosed. In panel 2D, the difference is measured from Day 2, as there is no data available

for the Ancestral population for Day 1.

flies (Figure 2a) also holds for competitive fitness estimates as ev-
idenced by the differences between Days 5 and 10 (Figure 2e,f).
Interestingly, the cold fluctuating population on Day 10 per-
formed significantly better than the hot fluctuating populations
(Figure 2f). Hence, competitive fitness measurements at different
time points could result in entirely different conclusions about the
fitness of cold-evolved and hot-evolved populations.

Similar to CGE1, the eclosion of the white-eyed flies was more
delayed in experiments with evolved flies than those with the ances-
tral population, which also produced the largest number of white-
eyed offspring (Figure 2c). At all time points the differences among
white-eyed flies from the three different experimentally evolved
populations were quite small. Only at the end of the experiment the
fewest white-eyed offspring were observed in competition with the
cold-evolved flies.

4 | DISCUSSION

In this study, we used the same reference strain either in differ-
ent frequency and/or in combination with different competitors.
Our analyses showed that the eclosure behavior of the reference
population was strongly affected by the competitor and frequency,
suggesting interaction effects among larvae from the two com-
peting populations. In total, we gathered four different pieces of
evidence for interaction between competing populations. (1) The
eclosion time of white-eyed flies was delayed to a different ex-
tent in experiments using different frequencies of the two com-
peting populations. (2) The proportion of white-eyed flies among
experiments differed more than expected by the mixture ratios
(Figure S1). (3) The eclosion time of white-eyed flies differed be-
tween competition experiments with ancestral and evolved flies.
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(4) The frequency dependence of the white-eyed flies was highly
dependent on the competitor.

Genotype x environment interactions are common (e.g.,
Bochdanovits & de Jong, 2003; Horvath & Kalinka, 2016; Huang
et al., 2020; Nguyen et al., 2017) and have even been described in
the form of environmentally triggered differences in genome-wide
selection responses (Burny et al., 2022; Rudman et al., 2022).
We hypothesize that the non-additive effects in our study may
reflect an altered environment caused by the competing popula-
tion. Altering the ratio of focal and reference flies as well as the
competition with populations adapted to different treatments
could modify the competition environment, despite other com-
ponents of the experiment, in particular, culture conditions (e.g.,
food, temperature, and light) remain the same. We propose four
possible drivers that could modify the environment in our com-
petition experiments. (1) microbiome. It is well-understood that
the microbiome composition changes during temperature ad-
aptation and even replicate populations can differ (Mazzucco &
Schlotterer, 2021). Changing the ratio of competing flies or using
flies with a different evolutionary history will modify the microbi-
ome in the competition experiment. Since the microbiome com-
position changes the fitness (Rudman et al., 2019) and physiology
(Martino et al., 2017; Matos & Leulier, 2014; Shin et al., 2011) of
the flies, it is conceivable that the non-additive interactions in our
experiment are driven by the microbiome composition. (2) canni-
balism. An alternative, but not mutually exclusive, explanation is
population-specific larval cannibalism. Larvae have been shown
to distinguish between genetically distinct eggs and preferentially
cannibalize eggs with different ancestry (Narasimha et al., 2019).
Furthermore, the CHC composition has evolved during adapta-
tion to a hot fluctuating environment (Hsu et al., 2023). Hence,
it is conceivable that larvae cannibalize preferentially genetically
distinct larvae. The retarded eclosion of the white-eyed offspring
fits the cannibalism hypothesis. Because evolution during high lar-
val density leads to the evolution of cannibalism (Vijendravarma
et al., 2013) and the populations evolved at high larval density,
they are expected to show more cannibalism than ancestral one.
The cannibalism hypothesis matches the stronger delay in the
eclosion of white-eyed flies when competing with evolved pop-
ulations than with the ancestral one. Nevertheless, it does not
explain why the ancestral population shows more cannibalism
than the reference strain. Furthermore, the frequency-dependent
eclosure behavior of the white-eyed offspring would require a
non-linear genotype-specific cannibalism. (3) small differences in
developmental rate between flies from different treatments may
result in differential access to fresh food without waste prod-
ucts. As lower quality food further delays development (Botella
et al., 1985), this could amplify the initial differences and eventu-
ally result in the different suppression of eclosion of white-eyed
flies. We further anticipate that different adaptation to poor food
quality could also explain the time-dependent variation in compet-
itive fitness. (4) Genotype-by-density interactions were previously
observed for developmental time in D. melanogaster (Horvath &
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Kalinka, 2016), which implies that response to crowding varies
among strains. Hence, it is possible that the different fecundities
of the focal genotypes (Barghi et al., 2019; Mallard et al., 2018)
changes larval density, which in turn affects the performance of
the white-eyed strain.

The frequency-dependent fitness effects seen in CGE1 and
the dependence on the time point when fitness is measured indi-
cate substantial interactions between competing populations. We
illustrate the influence of these interactions on the inference of
fitness differences between two focal populations. Rather than
comparing two focal populations directly, we make an indirect
comparison: the competitive fitness estimates (with the same ref-
erence strain) are compared against each other. Each line depicts
the difference in fitness between one evolved population and the
ancestral population (Figure 2d). It is apparent that the fitness dif-
ference varies between time points and the crossing of the lines
indicates a change in rank order. Hence, our results have import-
ant consequences for the interpretation of competitive fitness
estimates.

As a note of caution, we need to emphasize that we used only
a single reference strain. While it is possible that other reference
strains would not show this pattern, our primary focus was to shed
light on the implications of genotype-by-genotype interactions for
relative fitness measurements. Our goal was not to explore differ-
ences among alternative reference strains with respect to variation
in the strengths of effects and the fraction of reference strains
that show genotype-by-genotype interactions for relative fitness.
Nevertheless, similar results have been previously reported (Adell
et al., 1990). The fitness component viability of two wild-type
strains cannot be predicted from their competition against reference
strains. This suggests that our findings of non-additivity are not con-
tingent on the choice of reference strain.

Our study adds to the ample literature on the complexity of fit-
ness measurements. We propose that competing populations are
creating a specific environment, which depends on the frequency
of the reference and/or the differentiation of the two competing
populations. It is not yet clear whether the difference between
populations is driven by a diverged microbiome, population-spe-
cific cannibalism, larval crowding, or a hitherto unknown process.
Nevertheless, if our hypothesis is substantiated by further studies,
we caution that results from competitive fitness assays need to be
evaluated against the effects of the changing environment. Our
study added the importance of time-dependent heterogeneity of
fitness components to the list of well-understood problems of fit-
ness estimates. We propose that reliable fitness measurements need
to account for the evolution of temporal patterns as well as for the
possibility of population-specific modifications of the environment.
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