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An experimental test of the ecological mechanisms driving
density-mediated carry-over effects in a seasonal population
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Abstract: Carry-over effects occur when past experience influences current individual performance. Although variation in
conspecific density in one season has been shown to carry over to influence dynamics in the following season, the proximate
ecological mechanisms driving these effects are unknown. One hypothesis is that high density decreases food availability,
resulting in poor physiological condition, which in turn compromises performance the next season. Alternatively, high conspe-
cific density could also lead to a high degree of antagonistic interactions, decreasing the amount of time individuals spend
foraging. To investigate these hypotheses, we applied a factorial design where both conspecific density and per capita food
availability during the non-breeding period were independently manipulated in seasonal populations of common fruit flies
(Drosophila melanogaster Meigen, 1830). Individual condition at the beginning of the breeding period was influenced by per capita
food availability but not density during the previous non-breeding period. In contrast, reproductive output was most strongly
influenced by the interaction between per capita food availability and density in the previous non-breeding period, such that
populations that experienced high non-breeding densities and low food availability had the lowest reproductive output. How-
ever, the strength of this effect was relatively weak. Our results demonstrate how environmental and social conditions in one
part of the annual cycle can carry over to influence individual performance in subsequent periods.

Key words: body condition, Drosophila melanogaster, food availability, fruit fly, population density, reproductive output, seasonal
interactions.

Résumé : Les effets reportés se produisent quand I’expérience passée influence la performance présente des individus. S’il a été
démontré que les variations de la densité de conspécifiques durant une saison ont une influence sur la dynamique durant la
saison suivante, les mécanismes écologiques proximaux a I’origine de ces effets ne sont pas connus. Une hypothése veut qu'une
forte densité réduise la disponibilité de nourriture, ce qui se traduit par un faible embonpoint qui, lui, compromet la perfor-
mance durant la saison suivante. Une autre explication serait qu'une forte densité de conspécifiques pourrait aussi mener a un
degré élevé d’interactions antagonistes, réduisant du coup le temps affecté par les individus a la quéte de nourriture. Afin
d’évaluer ces hypotheses, nous avons appliqué un schéma factoriel dans lequel 1a densité de conspécifiques et la disponibilité de
nourriture par individu durant la période internuptiale étaient manipulées de maniére indépendante dans des populations
saisonniéres de drosophiles (Drosophila melanogaster Meigen, 1830). L’embonpoint individuel au début de la période de reproduc-
tion était influencé par la disponibilité de nourriture par individu, mais non par la densité durant la période internuptiale
précédente. En comparaison, la plus forte influence sur I’efficacité de la reproduction était I'interaction entre la disponibilité de
nourriture par individu et la densité durant la période internuptiale précédente, I'efficacité de la reproduction étant la plus
faible dans les populations caractérisées par une forte densité internuptiale et une faible disponibilité de nourriture. L’intensité
de cet effet était toutefois assez faible. Nos résultats démontrent comment des conditions ambiantes et sociales durant une partie
du cycle annuel peuvent avoir des effets reportés qui influencent la performance des individus durant des périodes subséquen-
tes. [Traduit par la Rédaction]

Mots-clés : embonpoint, Drosophila melanogaster, disponibilité de nourriture, drosophile, densité de population, efficacité de la
reproduction, interactions saisonnieres.

Similar results have been found in resident bird populations (Robb
etal. 2008; Salton et al. 2015), fish (Bunnell et al. 2007), and mammals
(Cook et al. 2004; Perryman et al. 2006). In some cases, carry-over
effects have been shown to scale up to influence population-level

Introduction

Carry-over effects occur when an individual’s past experience
explains its current performance (O’Connor et al. 2014). In sea-
sonal environments, there is growing evidence that carry-over

effects play an important role in explaining variation in individ-
ual success (Norris 2005; Harrison et al. 2011; Betini et al. 2014). For
example, in migratory birds, variation in habitat quality and
weather during the non-breeding period can impact reproductive
performance in the following season (Norris et al. 2004; Costantini
et al. 2010; Inger et al. 2010; Duriez et al. 2012; Rockwell et al. 2012).

processes, including population growth rate and long-term stability
(Van Allen and Rudolf 2013; Liz and Ruiz-Herrera 2016).

In addition to habitat quality, another potential generator of
carry-over effects that could have wide-ranging effects is conspe-
cific density. Variation in density over time and between habitats
is characteristic of almost all wild populations and the negative

Received 26 November 2019. Accepted 12 March 2020.

J.B. Burant, A. Griffin, and G.S. Betini. Department of Integrative Biology, University of Guelph, 50 Stone Road East, Guelph, ON N1G 2W1, Canada.
D.R. Norris. Department of Integrative Biology, University of Guelph, 50 Stone Road East, Guelph, ON N1G 2W1, Canada; Nature Conservancy of

Canada, 245 Eglinton Avenue East, Suite 410, Toronto, ON M4P 3J1, Canada.

Corresponding author: Joseph B. Burant (email: jpurant@uoguelph.ca).

Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from copyright.com.

Can. J. Zool. 98: 425-432 (2020) dx.doi.org/10.1139/cjz-2019-0271

< Published at www.nrcresearchpress.com/cjz on 6 June 2020.


mailto:jburant@uoguelph.ca
https://www.copyright.com/search.action?page=simple
http://dx.doi.org/10.1139/cjz-2019-0271

Can. J. Zool. Downloaded from www.nrcresearchpress.com by Joseph Burant on 06/07/20
For personal use only.

426

Can. J. Zool. Vol. 98, 2020

Fig. 1. Schematic of the treatments and the experimental setup used to simulate seasonality in common fruit fly (Drosophila melanogaster)
populations. Flies spent 4 days in the non-breeding season, where they were fed 5% (m/v) sugar water and exposed to one of four treatments that
consisted of a combination of density (20 or 180 flies) and food availability (2.22 or 1.11 pL-fly-d-2) manipulations. Those that survived were
transferred to the breeding season, where they remained for 24 h. During the breeding season, each replicate was maintained at a population
density of 20 flies and was fed 10 mL of a protein-rich food. Colour version online.
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effects of increased density on reproductive success and survival
within a season have been well documented in a variety of taxa
(Astrém et al. 1996; Frederiksen and Bregnballe 2000; Szostek
et al. 2014). However, changes in density in one part of the annual
cycle could also carry over to influence individual success in the
following season. Experimental evidence has shown that in-
creased conspecific density during the non-breeding period nega-
tively influences individual condition, which then carries over to
affect per capita reproductive output and dispersal during the sub-
sequent breeding period (Betini et al. 2013a, 2013b, 2015). These
density-mediated carry-over effects on individuals can also influence
the stability of long-term population dynamics and intrinsic rates
of population growth (Betini et al. 2013b, 2015).

While it is clear that variation in conspecific density leads to
carry-over effects, the specific ecological mechanism that links
density with individual condition and reproductive output is still
unclear. One possibility is that, given a specific resource quantity,
high densities simply reduce per capita resource availability in
the non-breeding period season, resulting in poor condition and
lower reproductive success the following season (hereafter the
resource limitation hypothesis). Previous work has demonstrated
that, in many cases, fluctuations in fecundity can be explained by
variation in food availability (Robertson and Sang 1944; Harshman
et al. 1988; Richardson and Baker 1997; Sorensen et al. 2009; Wells
et al. 2016) and associated changes in physiological condition
(Lefranc and Bundgaard 2000). Likewise, there is evidence that
food availability, independent of density, can act to stimulate
aggression in common fruit flies (Drosophila melanogaster Meigen,
1830) (Lim et al. 2014). A second possibility is that, by virtue of
being at high densities, individuals experience an increase in the
number of conspecific interactions, many of which could be an-
tagonistic in nature. In European Starlings (Sturnus vulgaris Lin-
naeus, 1758), for example, experimental elevation of conspecific
density resulted in more aggressive interactions between residents
and intruders, resulting in a change in foraging behaviour and
general activity (Nephew and Romero 2003). In D. melanogaster,
increased population density results in differential survival of
individuals displaying different levels of aggression (Kilgour et al.
2018). Time and energy spent defending against such interactions,
regardless of absolute food availability, could alter levels of stored
energy available for reproduction the following season (hereafter
the overcrowding hypothesis). Of course, these hypotheses are not

| Breeding (1 d) |

mutually exclusive because both mechanisms, in theory, could be
operating at the same time.

Here, we examine these hypotheses using a full-factorial exper-
iment in populations of D. melanogaster with distinct breeding and
non-breeding periods. During the non-breeding period, we ma-
nipulated either food availability (high versus low per capita food)
or density (high versus low density) and then examined body con-
dition (dry mass) at the beginning of breeding period and total
reproductive output during the breeding period. Following the
resource limitation hypothesis, we predicted that, compared
with the high food treatments, individuals in low food treatments
would have lower body mass and that these populations would
have lower per capita reproductive output. Following the over-
crowding hypothesis, we predicted that, relative to the low-
density treatments, individuals in the high-density treatments
would have lower body mass and that these populations would
have lower per capita reproductive output. Given that these hy-
potheses are not mutually exclusive, it is possible that there
would be interactive effects when both treatments are applied.

Materials and methods

Experimental system

Following previous studies (Betini et al. 2013a, 2013b; Elliott
et al. 2016), we used D. melanogaster from an outbred stock popu-
lation collected in Benin in 1970 and maintained in a cage culture
at 25 °C prior to the application of the treatments. During the
experiment, flies were maintained at 25 °C, 12 h light : 12 h dark
photo period, with 30% to 50% relative humidity. In all stages,
populations were housed in polypropylene vials of the same size
(28 mm x 95 mm; VWR catalogue No. 75813-156).

Prior to experimentation, flies from the aseasonal (i.e., typical
constant-breeding conditions) stock population were acclima-
tized to seasonal conditions for one generation. In this acclimati-
zation period and throughout the experiment, seasonality was
induced by manipulating the quality of food provided. During the
non-breeding period, D. melanogaster were fed specific volumes of
5% (m/v) sugar water (0.20 mL-d~! during the acclimatization gen-
eration) through a small hole in the bottom of a microcentrifuge
tube located at the top of the vial (Fig. 1). This method of feeding
prevented females from producing and laying eggs because it
provided neither the protein needed for egg production nor a
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suitable substrate upon which to oviposit (Bownes and Blair 1986;
Elliott et al. 2016). The breeding period was simulated by provi-
sioning the flies with 10 mL of a dead yeast-agar medium (see
formula in Betini et al. 2013a; Fig. 1). On reintroduction to this
protein-rich food source, the ability of females to lay eggs recovers
within approximately 12 h (Betini et al. 2013b).

We used a 16-d cycle with discrete generations and two distinct
periods (breeding and non-breeding) in each generation, follow-
ing protocols outlined by Elliott et al. (2016). After a 24 h breeding
period, adult flies were removed and their eggs were left to de-
velop over the course of 12 d. We discarded all offspring that
emerged prior to day 9 and transferred flies that emerged be-
tween days 9 through 12 to holding vials containing 5 mL of fresh
yeast—agar medium. This allowed us to control for differences in
body size between offspring that emerge under different densi-
ties, with the vast majority of flies emerging between 9 and 13 d
(Elliott et al. 2016). On day 13, we lightly anesthetized the flies with
CO, and randomly sorted them into groups with equal numbers
of males and females. These groups were then transferred to non-
breeding vials where they remained until day 16, after which they
were again lightly anesthetized with CO,, recounted, and trans-
ferred to new breeding vials for a 24 h period. During the acclima-
tization generation, all populations were maintained at low
densities (20 flies; 10 males and 10 females) so that all individuals
start the experiment in similar body condition. Densities were
later adjusted with the application of each treatment (see below).

Food and density treatments

To test the ecological mechanisms through which non-breeding
density carries over to influence reproduction, we independently
manipulated population density and food availability during the
non-breeding period. Following a factorial design, we created a
total of four treatments by combining high (180 flies) and low
(20 flies) densities with high (2.22 pL-fly-d-2) and low (L11 pLfly.d2)
per capita food availability (i.e., low- and high-density populations
received 22.2 and 199.8 pL-d~! under low-food treatments, respec-
tively, and 44.4 and 399.6 pL-d~! under high-food treatments, re-
spectively). Separating the effects of food availability and density
in this way allowed us to determine the potential ecological mech-
anisms driving carry-over effects in high-density populations (Betini
et al. 2013aq).

Replicate populations were exposed to one of the four treat-
ments during the non-breeding period, after which we recorded
mortality rates and transferred the survivors to breeding vials. We
standardized breeding period conditions following the non-
breeding treatment so differences in reproductive output could
be solely attributed to differences in non-breeding food availabil-
ity and population density (Betini et al. 2013b). Across all treat-
ments, the conditions during the subsequent breeding period
were the same: adult breeding density was maintained at low
density (20 flies; 10 males and 10 females) and food availability was
high (10 mL yeast-agar medium). For the low-density treatments
(LDLF: n = 9; LDHF: n =12), this involved combing individuals from
two or more replicates to maintain breeding population density at
20 flies. For the high-density treatments (HDLF: n = 20; HDHF: n = 22),
breeding individuals were randomly sampled from the population at
the end of the non-breeding period.

Body condition and reproductive output

At the beginning of the breeding period, before the flies were
transferred between vials, we measured the body condition of five
randomly selected females from each population. Dry mass has
been previously used as a metric of body size (Betini et al. 2014),
with condition often measured as size-corrected mass (Droney
1998). However, given that the breeding density of flies was main-
tained across all treatments, we did not anticipate offspring struc-
tural size differences among treatments (Ashburner and Thompson
1978). Dry body mass was used as an index of body condition because,

427

in other species, body mass has provided a good indication of body
nutrient contents and was easily and reliably measured (Labocha and
Hayes 2011). We used only female flies to preclude the introduction of
sex differences in body mass (Carreira et al. 2009) and because repro-
duction in D. melanogaster is female-limited (Morgan 1913). Dry
masses were taken by first drying the selected flies for 24 h at 55 °C
before weighing them on an electronic balance (Mettler Toledo XP26;
readability (scale division value) = 0.001 mg).

To estimate per capita reproductive output at the end of the
breeding period, we counted the total number of eggs laid and
divided by adult population size. To facilitate counting, we dyed
the agar medium with green food colouring to provide contrast to
the off-white eggs. We then took macroscopic photos of the me-
dium and used them to determine the egg count. To count the
eggs, we divided the vials into six sectors and counted the eggs
manually in each sector. A subsequent recount of five random
vials was used to estimate repeatability (Pearson’s r = 0.97), with
all counts conducted by the same observer (A.G.).

Statistical analysis

To test the effect of treatment (non-breeding food availability
and population density) on body condition, we used a generalized
linear mixed model (GLMM; Gaussian) that included a two-way
interaction between food availability (two-level factor: low, high)
and density (two-level factor: low, high). Since multiple individu-
als were weighed from each replicate, vial ID was fitted as a ran-
dom effect. We used a general linear model (GLM) to test the
effects of food availability and density on reproductive output.
Since per capita reproductive output was estimated as a mean for
each replicate, this model only included the interaction between
food availability and density and does not include vial ID as a
random effect.

For both body condition and reproductive output, 95% confi-
dence intervals (95% ClIs) on the mean (B) pairwise effect sizes of
independent changes in density and food availability were estimated
using bootstrapping (sample size = 5000) as the mean difference
between groups (Cohen 1994; Ho et al. 2019). Bootstrapping was per-
formed using randomized resampling with replacement. For both
statistical models, we used low density and low food as the reference
levels. For the GLMM of body condition, we calculated both marginal
R? (includes just the fixed effects) and conditional R? (includes ran-
dom and fixed effects) R? values as estimates of model fit (Nakagawa
and Schielzeth 2013). For all tests, effects were considered significant
at o = 0.05 threshold.

All analyses were conducted in the R statistical environment
version 3.5.0 (R Core Team 2018). The GLMM was fitted using the
Ime4 package (Bates et al. 2015), with p values estimated using
ImerTest (Kuznetsova et al. 2017). Bootstrapped estimates of pair-
wise treatment effects were taken using the dabestr package
(Ho et al. 2019). The results are presented using Gardner-Altman
difference estimation plots, which have been advocated as an
informative, data-centered tool for visualizing treatment effects
(Halsey 2019; Ho et al. 2019). The data used for the analyses are
publicly available through the Figshare open access repository at
https://doi.org/10.6084/m9.figshare.12009516.v1 (Burant et al. 2020).

Results

Body condition

Our results provided evidence that only per capita food avail-
ability during the non-breeding period, not non-breeding density,
influenced body condition of individuals at the beginning of the
breeding period (GLMM; marginal R? = 0.18, conditional R? = 0.32;
Table 1). Consistent with the prediction from the resource limita-
tion hypothesis, increased food availability during the non-
breeding period resulted in heavier flies at the start of the
breeding period (Figs. 2A-2D). At the beginning of the breeding
period, individuals in the low-density and high-food treatment
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Table 1. The effects of food availability and population density on common fruit fly (Drosophila
melanogaster) body mass and per capita reproductive output obtained from linear models.

Dry mass

Fixed effects Estimate (B) Standard error (SE) t p
(Intercept) 0.311 0.014 23.04  <0.0001
Density (HD) -0.016 0.016 -0.98 0.334
Food (HF) 0.048 0.016 2.94 0.005
Density (HD) x food (HF) interaction =~ —-0.011 0.020 -0.54 0.593

Random effects

Estimate (0?)

Standard deviation (o)

Vial ID 0.0005 0.022

Residual 0.0024 0.049

Reproduction

Fixed effects Estimate (B) Standard error (SE) t P
(Intercept) 6.61 0.53 12.48  <0.0001
Density (HD) -1.50 0.64 -2.35 0.022
Food (HF) -0.76 0.70 -1.09 0.282
Density (HD) x food (HF) interaction 1.83 0.85 2.14 0.036

Note: In both models, low density (LD) and low (LF) food availability were used as the reference levels.

(LDHF = 0.36 * 0.06 mg (mean * SE)) weighed, on average, 14%
more (mean difference between treatments: 8 = 0.050 mg and
95% CI = (0.019 mg, 0.077 mg)) than individuals in the low-density
and low-food treatment (LDLF = 0.31 * 0.06 mg; Fig. 2A), whereas
individuals in the high-density and high-food treatment (HDHF =
0.33 + 0.05 mg) weighed, on average, 11% more (8 = 0.036 mg and
95% CI =(0.020 mg, 0.051 mg)) than individuals in the high-density
and low-food treatment (HDLF = 0.30 * 0.04 mg; Fig. 2B).

Consistent with the model results, there was a smaller effect of
density on body condition compared with the effect of food avail-
ability (Figs. 2A-2D, Table 1). At the beginning of the breeding
period, body condition of individuals in the low-density and low-
food treatment was, on average, 4% greater than individuals in the
high-density and low-food treatment (8 = -0.013 and 95% CI =
(-0.043, 0.012); Fig. 2C), whereas individuals in the low-density and
high-food treatment were, on average, 8% heavier than individu-
als in the high-density and high-food treatment (8 = -0.027 and
95% CI = (-0.048, —0.007); Fig. 2D).

Per capita reproductive output

A GLM with non-breeding food availability, population density,
and the interaction between the two factors explained 11% of the
variation in reproductive output (GLM; R?=0.11, F3 59, = 2.45, p = 0.07;
Table 1). Reproductive output was predicted by the interaction be-
tween food and density (Table 1), such that per capita reproductive
output was lowest when populations were at high density and low
food availability (Table 1, Figs. 3A-3D).

On average, populations subject to the low-density and high-
food treatment (LDHF = 5.9 + 1.5 eggs-individual~?) produced 11%
fewer eggs per capita (mean difference between treatments: 3 =
-0.076 eggs-individual~' and 95% CI = (-1.90 eggs-individual-?,
0.42 eggs-individual~?)) than those in the low-density and low-food
treatment (LDLF = 6.6 + 1.3 eggs-individual™; Fig. 3A). In contrast, per
capita reproductive output was 17% greater (8 = 1.07 eggs-individual
and 95% CI = (0.11 eggs-individual ™, 2.08 eggs-individual™)) in the high-
density and high-food treatment (HDHF = 6.2 + 1.6 eggs-individual?)
than in the high-density and low-food treatment (LDLF = 5.1
1.8 eggs-individual; Fig. 3B). When non-breeding food availability
was low, per capita reproductive output was lower at high density (8 =
-1.50 eggs-individual-! and 95% CI = (-2.57 eggs-individual-,
-0.32 eggs-individual); Fig. 3C), whereas there was little effect
of density when per capita food availability was high (8 =
0.34 eggs-individual~! and 95% CI = (-0.74 eggs-individual-!,
1.38 eggs-individual'); Fig. 3D).

Discussion

Our results indicate that non-breeding food availability has im-
portant implications for the condition of individuals at the begin-
ning of the breeding period, and that the interactive effects of
non-breeding food availability and population density can gener-
ate carry-over effects on subsequent reproductive output. Body
condition at the start of the breeding period was worse in individ-
uals fed low per capita volumes of food when compared with
individuals fed high per capita volumes. Consistent with the re-
source limitation hypothesis, any differences in body condition
can be attributed to differences in food availability given that
similar effects were seen at two different population densities.
Upon entering the breeding season, the effects of low food avail-
ability on body condition carried over to negatively influence per
capita reproductive output, but only for populations exposed to
high non-breeding densities. This latter result suggests that with
high non-breeding densities, resource limitation drives carry-over
effects on reproductive output, whereas when per capita food
availability is low, these effects result from overcrowding.

We found a positive effect of per capita food availability on
individual body condition (dry mass), which suggests that re-
source limitation, and not population density per se, acts as the
proximate mechanism for driving density-mediated carry-over
effects on condition. Whereas previous studies have shown that
individual condition decreases with population density (Ashburner
and Thompson 1978; Betini et al. 2013a, 2017), these experiments
held the total volume of food provided to a population constant and
so any change in population density had the effect of increasing or
decreasing per capita food availability. Here, we show that when
food availability scales with population density, there is no apparent
impact on individual condition (but see below). The positive effect of
food availability on individual condition is interesting in light of the
known positive relationship between body size and fecundity, par-
ticularly for female D. melanogaster (Robertson 1957; Lefranc and
Bundgaard 2000).

Despite the absence of evidence for an effect of non-breeding
density on individual condition at the start of the breeding period,
the frequency of aggressive interactions between conspecifics is
expected to change with density and access to food. While there
was no effect of density on body condition when per capita food
availability was low, when food availability was high, individuals
in high-density populations were in poorer condition than indi-
viduals in low-density populations (although this difference was
not significant in our statistical models, Fig. 2D provides evidence
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Fig. 2. Effects of non-breeding per capita food availability and population density on individual body condition of common fruit flies
(Drosophila melanogaster) at the beginning of the breeding season. Populations were exposed to one of four treatments that consisted of a
combination of low (20 flies; LD) or high (180 flies; HD) density and low (1.11 nL-fly~*-d-2; LF) or high (2.22 pL-fly~*-d-2; HF) food availability.
Body condition was measured as dry mass (mg) of flies sampled at the beginning of the breeding period. Effect sizes were estimated as the
mean pairwise difference (B) between treatments, with 95% confidence intervals (95% CIs) calculated with bootstrapping (see Statistical
analysis in the Materials and methods). For each comparison, the low treatment (LD or LF) is shaded in light blue (light grey in print) and the
high treatment (HD or HF) is shaded in dark blue (dark grey in print). Colour version online.
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of a negative effect of density with high food availability). This
result may indicate that once basic nutritional requirements are
satisfied (which may not be the case with low per capita food
availability), further differences in condition are driven by den-
sity. Previous work has shown that increased aggressive intraspe-
cific interactions can limit foraging intake rates (Goss-Custard
et al. 1984; Janson 1985), and that the relative frequency of differ-
ent foraging strategies can be density-dependent (Sokolowski
et al. 1997). Moreover, rates of aggressive interactions and ulti-
mately foraging rates can also be determined by variation in food
availability (Hodge et al. 2009; Lim et al. 2014) or group composi-
tion (Kilgour et al. 2018).

The interactive effect between food and density on reproduc-
tive output was primarily driven by a decrease in reproductive
output at high densities when food was limited, while a similar
density-mediated effect was not found when food was abundant.
One possible explanation for this density-mediated effect of food
availability on reproductive output is that non-breeding food
availability drives reproductive plasticity and variable investment
in reproductive structures (Gage 1995; Bretman et al. 2009; Wigby
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et al. 2016). Although we only measured body condition in fe-
males, the effects of food availability on condition are likely sim-
ilar in males (Ashburner and Thompsom 1978), and change in
reproductive output is likely to be a product of variable invest-
ment by both sexes. For example, food limitation has been shown
to lead to a decrease in both condition and mating receptivity of
female D. melanogaster (Churchill et al. 2019). Poor condition, in
conjunction with density-dependent reproduction (whereby fe-
males produce fewer eggs as density increases; see, e.g., Betini
et al. 2013b), results in decreased reproductive output by females.
In males, high perceived risk of sperm competition at high densi-
ties has been shown to increase ejaculate and testes investment,
as well as copulation duration (Bretman et al. 2009; Lizé et al. 2011;
Wigby et al. 2016). This may help to explain why, despite having
reduced body condition, populations exposed to high non-
breeding density had similar per capita reproductive outputs to
those exposed to low density, but only when food availability was
high. In contrast, when food availability is low, differential invest-
ment in reproductive structures in response to changes in density
may not be viable since individuals direct these limited resources
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Fig. 3. Effects of non-breeding per capita food availability and population density on reproductive output of common fruit fly (Drosophila
melanogaster) populations in the breeding season. Following 4 days of non-breeding conditions comprising low (20 flies; LD) or high (180 flies; HD)
density and low (1.11 pL-fly-'-d-2; LF) or high (2.22 pL-fly-'-d-2; HF) food availability, flies were transferred to new breeding vials to reproduce for 24 h
(see Food and density treatments in the Materials and methods). Per capita reproductive output was calculated for each vial as the mean number of
eggs produced per individual. Effect sizes were estimated as the mean pairwise difference (8) between treatments, with 95% confidence intervals
(95% ClIs) calculated with bootstrapping (see Statistical analysis in the Materials and methods). For each comparison, the low treatment (LD or LF) is
shaded in light blue (light grey in print) and the high treatment (HD or HF) is shaded in dark blue (dark grey in print). Colour version online.
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towards self-maintenance, resulting in decreased reproductive
performance at high density.

In our experiment, we independently manipulated per capita
food availability and population density during the non-breeding
period to investigate the origins of carry-over effects on subse-
quent reproduction. Our choices of low-density (20 flies) and high-
density (180 flies) conditions were based on previous work in the
seasonal D. melanogaster system (Betini et al. 2013a, 2015), which
showed that carry-over effects begin to arise at high non-breeding
density (Betini et al. 2013b). That said, our experimental design
may not have captured the full range of density effects on repro-
duction, particularly for the larger non-breeding population sizes
(>300 flies) that regularly occur in this system (Betini et al. 2017;
Burant et al. 2019). In addition, although we manipulated the per
capita volume of food provisioned in the non-breeding period, we
were unable to control access to the food tip, which is known to
change with population density (Kilgour et al. 2020). As a result,
our food manipulations may not have reflected the actual volume
of food consumed per individual. This is supported by the fact that
a doubling of per capita food availability resulted in a mere 11%—
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14% increase in body mass, and that much of the food remained
unconsumed in the high-food treatments (J.B.B., personal obser-
vation). These considerations, in conjunction with limited sample
sizes for low-density treatments (due to the necessity of aggregat-
ing flies from multiple replicates; see Food and density treatments
in the Materials and methods), may have limited our ability to
assess the effects of low food and low density on condition and
reproductive output.

Based on the expected prevalence of density dependence in the
wild and the influence of density-mediated carry-over effects on
population dynamics (Norris 2005; Morrissette et al. 2010; Van Allen
et al. 2010; Betini et al. 2013q; Szostek et al. 2014), our results may be
applicable to the conservation and management of a wide range of
seasonal taxa. Understanding the mechanisms and drivers of carry-
over effects provides an opportunity to mitigate potentially neg-
ative carry-over effects in the natural environment before they
can impact the dynamics of at-risk populations or impede conser-
vation. With current trends in human development and global
climate change, suitable habitats and regional food availability
are becoming increasingly scarce and heterogeneous (Both et al.
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2006; Calizza et al. 2017). Common approaches to conserving or
managing declining populations include the manipulation of
food availability (e.g., through supplementation) and (or) density
(e.g., through the removal or introduction of individuals), with
these approaches varying in their efficacy and feasibility. In the
context of density-mediated carry-over effects, and given the dif-
ficulties inherent in permanently manipulating local population
densities, our results suggest management strategies targeting
populations in seasonal environments should focus on maintain-
ing per capita food availability at optimal levels during wintering
or non-breeding periods, rather than altering other density-
related factors or conditions during the breeding season.

These results bolster the growing body of evidence pointing to
the importance of habitat quality and food availability during the
non-breeding period. Our results suggest that food limitation is
the proximate mechanism that drives carry-over effects when
populations are at high densities. Although increased aggressive
interactions at high population density are a proximate mecha-
nism that may influence individual condition, such effects might
be offset by plasticity in sexual development and behaviour. Our
study also points to the importance of events throughout the life
of seasonal species for understanding population dynamics and
ultimately long-term population stability.
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