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Keywords: Spatio-temporal gradients in thermal and oxygen conditions trigger evolutionary and developmental responses in

Cell size ectotherms’ body size and cell size, which are commonly interpreted as adaptive. However, the evidence for cell-

Fcr)emperat“re size responses is fragmentary, as cell size is typically assessed in single tissues. In a laboratory experiment, we
Xygen

Temperature-size rule
TSR
Sexual dimorphism

raised genotypes of Drosophila melanogaster at all combinations of two temperatures (16 °C or 25 °C) and two
oxygen levels (10% or 22%) and measured body size and the sizes of cells in different tissues. For each sex, we
measured epidermal cells in a wing and a leg and ommatidial cells of an eye. For males, we also measured
epithelial cells of a Malpighian tubule and muscle cells of a flight muscle. On average, females emerged at a
larger body size than did males, having larger cells in all tissues. Flies of either sex emerged at a smaller body size
when raised under warm or hypoxic conditions. Development at 25 °C resulted in smaller cells in most tissues.
Development under hypoxia resulted in smaller cells in some tissues, especially among females. Altogether, our
results show thermal and oxygen conditions trigger shifts in adult size, coupled with the systemic orchestration of
cell sizes throughout the body of a fly. The nature of these patterns supports a model in which an ectotherm
adjusts its life-history traits and cellular composition to prevent severe hypoxia at the cellular level. However,
our results revealed some inconsistencies linked to sex, cell type, and environmental parameters, which suggest
caution in translating information obtained for single type of cells to the organism as a whole.

1. Introduction

et al., 2010; Hunt and Roy, 2006; Poulsen et al., 2015; Scotese et al.,
2021). Human impacts have accelerated these effects on an unprece-

Environments represent a wide range of abiotic variables, including dented scale (Jaureguiberry et al., 2022; Portner et al., 2022). For ec-
radiation, water content, temperature and oxygen availability (Angil- totherms, changes in thermal and oxygen conditions impose immediate
letta, 2009; Harrison et al., 2018; Huang et al., 2021; Kellermann et al., physiological responses of cells and tissues by influencing their meta-
2012). Over large time scales, changes in these parameters on a global bolic demand and supply, and initiate cascading responses that alter
scale have impacted the ecology and evolution of organisms (Harrison ecological interactions, such as competition, predation, and parasitism
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(Angilletta, 2009; Woods et al., 2022). The ability to survive and
reproduce in the face of a changing environment depends on existing
physiological tolerance and the ability to respond adaptively through
phenotypic plasticity. In the long term, local populations may adapt to
these changes through microevolutionary processes. Abundant evidence
shows that life-history traits vary in ectotherms along environmental
gradients. For example, comparisons of different populations of the
rotifer Keratella cochlearis reported that body size decreased under
hypoxic and warmer conditions (Czarnoleski et al., 2015b). At large
geographic scales, many ectotherms show a systematic increase in body
size at higher latitudes (Ashton, 2002; Ashton and Feldman, 2003; De
Jong and Bochdanovits, 2003; Sears and Angilletta, 2004; Zwaan et al.,
2000), reminiscent of Bergmann’s rule, which was originally formulated
for endotherms under the assumption that a larger animal can thermo-
regulate better in a cold climate (Meiri, 2011). Ectothermic animals are
also strikingly consistent in their developmental responses to thermal
and oxygen conditions. According to the temperature-size rule (TSR),
ectotherms tend to develop more slowly under cold conditions, but ul-
timately achieve larger body sizes at maturity compared to their warm
counterparts (Atkinson, 1994; Horne et al., 2015; Klok and Harrison,
2013). Experiments also commonly show slower growth and smaller
adult size in ectotherms exposed to low-oxygen conditions during
development (Harrison et al., 2018; Harrison et al., 2015; Heinrich et al.,
2011; Peck and Maddrell, 2005). Life-history traits are strong de-
terminants of Darwinian fitness (Stearns, 1992), so there is little doubt
that their response to environmental factors manifests adaptive phe-
nomena rather than fundamental physiological constraints (Angilletta
and Dunham, 2003; Kozlowski et al., 2004). However, while this
expectation may seem well-founded on conceptual grounds, the adap-
tive mechanism underlying these patterns of plasticity remain unknown.

Variation in body size is the most conspicuous feature of organisms,
but it cannot be fully understood without considering its rarely studied
component: variation in the cellular composition of organs or tissues.
The emergence of new life forms on Earth and the diversification of
organisms has been closely linked to changes in their cellular compo-
sition (Grosberg and Strathmann, 2007; Valentine et al., 1994). Such
evolution in turn has occurred in close association with changes in the
molecular pathways controlling the cell cycle during development
(Roustan et al., 2016; van Dam et al., 2011). Close links between vari-
ation in life history traits and cellularity have been supported by com-
parisons of populations within species. For example, when the
subtropical African population of Drosophila melanogaster expanded to
occupy different continents and latitudes, they evolved latitudinal clines
in body size, cell size and the activity of cell-cycle regulators (De Jong
and Bochdanovits, 2003; Fabian et al., 2012). Large size confers clear
fitness consequences, such as protection from predators, high potential
for fertility, and attractiveness to mates (Schmidt-Nielsen, 1984;
Stearns, 1992). The sizes and shapes of cells are strongly associated with
the functions of tissues and organs (Ginzberg et al., 2015). Therefore, the
evidence that body size, cell phenotypes, and cell-cycle controllers vary
in unison among organisms provides a strong argument for the adaptive
nature of this covariation. Following a theoretical framework, which we
refer to as the theory of optimal cell size (TOCS), a change in cell size
should bring physiological costs and benefits that balance differently
with shifts in the metabolic demand and supply of resources and oxygen
(Antot et al., 2020; Atkinson et al., 2006; Czarnoleski et al., 2015b;
Czarnoleski et al., 2018; Davison, 1955, 1956; Glazier, 2022; Hermaniuk
et al., 2017; Kozlowski et al., 2020; Kozlowski et al., 2003; Liu et al.,
2022; Miettinen et al., 2017; Szarski, 1983; Szlachcic and Czarnoleski,
2021; Szlachcic et al., 2023a; Verspagen et al., 2020; Walczynska et al.,
2015). Smaller cells offer larger cell surface areas for transport and
communication, but at the same time require more molecular work to
maintain plasma membranes and electro-chemical potentials. For an
ectotherm, a balance between metabolic demand and supply changes
rapidly along a gradient of temperature and oxygen supply. TOCS pre-
dicts that warm and hypoxic environments should favour ectotherms
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with smaller cells, which would help to deliver oxygen to tissue and
ultimately to mitochondria. However, the fitness consequences of vari-
ation in cell size remains incompletely understood, because the study of
cell size and its effects on organismal performance have been extremely
rare. This situation is not surprising, since studying such cell size in an
ecological-evolutionary context is logistically challenging, requiring the
comparison of cell sizes among organisms, and development of histo-
logical techniques for each tissue. The shortage of information on cell
size poses the risk of building an oversimplified view that obscures the
complex nature of the links among cell size, life history, and Darwinian
fitness. Most of the evidence for variation in cell size among organisms
comes from measurements of a single type of cells (e.g., Arendt, 2007;
Calboli et al., 2003; Czarnoleski et al., 2015a; Verberk et al., 2022), with
the assumption that cell sizes are systemically orchestrated throughout
the organism. However, emerging works has shown that cell size can
vary either consistently (Czarnoleski et al., 2018; Privalova et al., 2023;
Szlachcic et al., 2023b) or inconsistently (Antot et al., 2020; Czarnoleski
et al., 2016; Czarnoleski et al., 2017; Kozlowski et al., 2010; Savage
et al., 2007) among tissues, suggesting that broader generalisations
cannot be made. To address the need to understand how cell sizes in
diverse tissues contribute to the plasticity of body size, we performed a
laboratory experiment with D. melanogaster, raising flies of distinct ge-
notypes in four combinations of thermal and oxygen conditions,
focusing on the relationship between body size and cell size in five tis-
sues. We also considered sex-related differences in body size and cell
sizes. Our main goal was to explore whether variation in cell size, caused
by developmental mechanisms related to either abiotic factors or sex,
occur in a systemic way throughout the body. Ultimately, we integrate
information about patterns at the levels of organismal size and cell size
into one phenomenon, which is discussed in light of its potential impact
on fitness.

2. Materials and methods
2.1. Flies

We used ten isofemale lines which were created in 2017 by sib-
mating over 29 generations from a wild population of D. melanogaster
near Krakéw, Poland (49°58'00.8" N, 20°29'54.1" E). Lines are main-
tained in a small fly stock at the Institute of Environmental Sciences
(Jagiellonian University, Krakoéw) as a source of genotypes for studies
(Szlachcic and Czarnoleski, 2021; Szlachcic et al., 2023a; Szlachcic
et al., 2023b). The flies were kept in polyurethane 40-ml vials with foam
plugs and cornmeal yeast medium (Bloomington Drosophila Stock
Center, Bloomington, USA) in thermal cabinets (POL-EKO, Wodzistaw
Slaski, Poland), in 20.5 °C, 70% relative humidity and a 12 h:12 h L:D
photoperiod. Transfers were performed every three weeks to prevent
generational overlap.

2.2. Experimental design

Following a previous approach (e.g., Szlachcic et al., 2023b), we
sampled stock flies to produce two consecutive generations of each line
under conditions of controlled larval density. Upon each transfer, we
placed 10 females with 5 males from each line in a 68-ml vial (20 ml of
food medium) for 48 h for oviposition. The first generation was created
under stock conditions. The second generation was placed for develop-
ment in four environments, with each line represented in each envi-
ronment, by placing parental flies for oviposition in our four
developmental environments (Fig. 1). Adult flies originating from the
second generation were used for body size and cell size measurements
(2.1.3). Enclosing flies were monitored daily and the emergence of the
first flies was noted to control for age in the cell size measurements
(1-17 days after eclosion). Flies were reared under a combination of two
oxygen levels (10% or 22%) and two temperatures (16 °C and 25 °C).
The conditions were generated in two thermal cabinets (POL-EKO) with
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Fig. 1. Each of ten genotypes (isolines) of Drosophila melanogaster was raised in two thermal environments crossed with two oxygen conditions to study
correlated phenotypic responses in the body size and cell sizes of adult flies. Thermal environments (16 °C and 25 °C) were generated by two thermal cabinets.
Oxygen conditions (normoxia with 22% O, and hypoxia with 10% O,) were generated by two air chambers placed to in each cabinet. Oxygen level was controlled by
oxygen fuel cells placed to each air chamber and a four-channel gas regulator ROXY-4 connected to nitrogen and oxygen gas tanks. As the atmospheric air (21% O5)
was slowly leaking into the air chambers, the regulatory system was adding nitrogen to hypoxic chambers and oxygen to normoxic chamber. Air inside chambers was
circulated by fans and constantly pushed by the PP2 pump through a close system with CO; scrubber and a humidifier. Gases supplied to air chambers by the ROXY

system passed through another humidifier.

two Plexiglass chambers for oxygen control (40 x 50 x 55 cm) placed in
each cabinet (air chambers; Fig. 1). Temperature was constantly moni-
tored to the nearest 0.1 °C with fast-response thermocouple thermom-
eters (Delta OHM, Padova, Italy). The air inside thermal cabinets was
circulated by two fans, one at the top and one at the bottom of each
cabinet. Oxygen conditions inside air chambers were controlled by a
four-channel gas regulator ROXY-4 (Sable Systems International (SSI),
Las Vegas, NV, USA) connected to nitrogen and oxygen gas tanks (Air
Products Sp. z 0.0., Krakow, Poland). As the atmospheric air was slowly
leaking into the air chambers, the regulatory system was adding nitro-
gen to hypoxic chambers and oxygen to normoxic chamber. Note that
such control was possible in both oxygen treatments because we used
22% O, for normoxia, which is slightly above the oxygen concentration
in the atmospheric air. Inside the chambers, air circulation was main-
tained by fans, and additionally by the airflow created by external PP2
pumps (SSI). The primary aim of the pumps was to prevent desiccation
and CO4 accumulation inside air chambers. The air from each chamber
was constantly taken by the pump through a CO; scrubber and then
pushed through a Nafion based humidifier bottle (SSI) before returning
to the chamber. To further ensure that the relative air humidity inside
the chambers stayed stably above 95% (monitored by a TFA 30.5015.02
thermo-hygrometer, TFA Dostmaann GmbH & Co, Wertheim, Ger-
many), gases supplied to air chambers by the ROXY system passed
through a glass bottle with distilled water. Also, we placed plastic

containers with water on bottoms of air chambers and thermal cabinets
to provide a baseline source of water vapour in the whole experimental
space.

2.3. Measurements of traits

To measure body size and cell size, we followed methods established
for D. melanogaster (Privalova et al., 2023; Szlachcic et al., 2023b),
which are detailed in Supplementary material (S 1.1). We used a ste-
reomicroscope with a calibrated ocular (Olympus SZX12, Olympus,
Tokyo, Japan) for dissections and measurements of thorax length, and a
light microscope (Eclipse 80i, Nikon, Tokyo, Japan), camera (Axio Cam
MRc5, Zeiss, Oberkochen, Germany) and ZEN software (ver. 2011,
ZEISS, Oberkochen, Germany) to image the wings, legs, ommatidia,
flight muscles (with bright-field microscopy) and Malpighian tubules
(with phase contrast objectives).

Flies from the second generation of controlled density were anaes-
thetized with CO, and dissected with a microtome knife and forceps to
obtain organs for cell size measurements (Fig. 2). For each fly, we
measured the distance from the neck edge to the tip of the scutellum
(thorax length, mm). We took the left wing, left middle leg, and a head
from two males and two females per line per treatment. We dissected
Malpighian tubules from each male, but fat bodies prevented us from
obtaining Malpighian tubules from females. From another two males per
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Fig. 2. Adult Drosophila melanogaster originating from the experiment (Fig. 1) were dissected to obtain organs for measuring body size (thorax length) and
cell size in five cell types. Thorax: indirect flight muscles (mean cross-sectional area of fibres); wings: epidermal cells (from trichome number per area unit);
ommatidia: ommatidial cells (mean area of ommatidia); legs: epidermal cells (from bristle number per length unit); Malpighian tubules: epithelial cells (from nuclei/

nucleoli number per area unit). See Supplementary material for methodology.

line per treatment, we dissected thoraxes with flight muscles; because of
time constraints, we did not obtain flight muscles for females. The legs,
wings, heads and thoraxes were fixed and preserved for further analysis
(see S 1.1 in Supplementary material for histological procedures); Mal-
pighian tubules were imaged immediately without fixing. Using either
direct images of cells or cellular structures (see S 1.1 in Supplementary
material for measuring details), we estimated the size (pmz) of
epidermal cells in the wing and leg, ommatidial cells in the eye,
epithelial cells in the Malpighian tubule, and muscles cells in the dorsal
longitudinal indirect flight muscle. Overall, each fly was characterized
by thorax length and the mean cell size in each tissue type. Each mean
was calculated from the following number of cellular structures: 20 to 65
muscle cells of the thorax; 124 to 270 trichomes of the wing; 27 to 717
ommatidia of the eye; 9 to 17 bristles of the leg; 53 to 211 nuclei/
nucleoli of the Malpighian tubule. Because histological techniques can
alter the absolute size of a cell, our techniques were applied consistently
among experimental groups, such that we preserved the relative cell size
among flies. We also assumed that our indicators of cell size (ommatidia,
wing trichomes, leg bristles) retained the same association with cell size
over the range of environmental conditions in our experiment.

2.4. Statistical analysis

Thorax lengths and cell sizes were analysed with general linear
mixed models (GLMMs) in R software (v4.0.3) (R Core Team, 2020) with
the Ime4 (Bates et al., 2015), ImerTest (Kuznetsova et al., 2017) and car
(Fox and Weisberg, 2019) packages. Figures were generated with the
ggplot2 (Wickham, 2016) and emmeans (Lenth, 2020) packages, as well
as Inkscape (Harrington et al., 2004-2005). To improve the assumptions
of parametric methods, thorax lengths were cube transformed (mm?).
Each GLMM included temperature (16 °C or 25 °C), oxygen supply (10%
or 22%), and sex as fixed factors (except for analysis of cell sizes in
Malpighian tubules and muscles, which were obtained for males only).
Isofemale line was treated as a random factor. We used dredge function
of MuMIn package to identify the model with the lowest value of AICc
(Barton, 2022). This most likely model was used to estimate coefficients.

3. Results

The most likely models of thorax length and the sizes of wing
epidermal cells, leg epidermal cells, and ommatidial cells included an
interaction between sex and oxygen supply (see Table 1). The most
likely model of the sizes of muscle cells and Malpighian tubule cells
contained no interaction terms; these models also omitted the main ef-
fect of sex, because no data were collected from female flies.

Looking at sex differences (Table 1), independently of developmental
environments, females were characterised by larger thoraxes and
consistently larger cells in wings, legs and ommatidia (Fig. 3a-d).
Moreover, models for all of these cell types retained an interaction be-
tween sex and oxygen supply during development (Table 1), indicating
that males were generally less responsive to hypoxia than were females
(Fig. 3a-d). For thorax length and the size of epidermal cells in wings,
males responded to oxygen supply in the same fashion as females, but
their response was less pronounced (Fig. 3a,b). For the sizes of leg
epidermal cells and ommatidial cells, males did not respond, while fe-
males responded to oxygen conditions, as seen for (Fig. 3c,d). At the
same time, thermal conditions did not interact with either sex or oxygen
conditions, as indicated by the removal of interaction terms for these
effects from all models (Table 1).

Looking further at the effects of developmental conditions (Table 1),
temperature and oxygen conditions both affected phenotypes of eclosing
flies, but generally the effects of temperature were more pronounced
than the effects of oxygen (Fig. 3). Moreover, as noted earlier, the effects
of oxygen were more pronounced in females than in males. Focusing on
temperature (Table 1), the only trait whose value increased with
developmental temperature was the size of leg epidermal cells (Fig. 3c),
with males and females eclosing with larger cells at the higher tem-
perature. The value of all other traits decreased in response to a higher
temperature; specifically, flies that developed at 25 °C had smaller
thoraxes and smaller wing epidermal cells (Fig. 3a,b; effects studied in
males and females), smaller muscle cells, and smaller epithelial cells of
the Malpighian tubule (Fig. 3e,f; effects studied in males only). Addi-
tionally, ommatidial cells were smaller in flies that developed at the
higher temperature (Fig. 3d), but this trend was not statistically
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Fig. 3. Body size and cell size in multiple organs of adult Drosophila melanogaster was differentiated by thermal and oxygen conditions during devel-
opment. The experiment (Fig. 1) crossed low and high temperatures (16 °C and 25 °C) with normal and hypoxic air (22% O and 10% O). Modelled means and 95%
confidence intervals (Table 1). Thorax length was back-transformed for display.

with only some tissues showing consistent variation in cell size that
aligns with the variation in body size. For example, such complexity has
been reported for geckos and snails raised at different temperatures
(Czarnoleski et al., 2016; Czarnoleski et al., 2017), and for woodlice
raised at different temperatures and oxygen concentrations (Antot et al.,
2020). Our results for developmental plasticity of D. melanogaster also
indicate that cell sizes respond differently among tissues. In sharp
contrast, Szlachcic et al. (2023b) demonstrated that larvae of
D. melanogaster raised on a rapamycin-enriched diet developed a smaller
adult size and smaller cells in five tissues. At the molecular level,
rapamycin blocks a protein kinase called target of rapamycin (TOR),
reducing its activity in TOR complex 1, a key part of the TOR/insulin
signalling pathways that control cellular processes (Bjedov et al., 2010).
The activities of TOR/insulin pathways appear to be involved in how
environmental factors affect the body size and cell size of Drosophila
(Harrison et al., 2018; Mirth and Shingleton, 2012). Therefore, the
inconsistent patterns of cell size in response to thermal and oxygen
treatments in our experiment suggest that changes in TOR activity may
not be the only molecular mechanism involved. Interestingly, Privalova
et al. (2023) demonstrated that mutations permanently downregulating
the activity of two molecular elements in the TOR/insulin pathways also
resulted in systemic changes in cell size throughout the body of adults of
D. melanogaster; one type of mutation resulted in smaller cells and the
other type resulted in larger cells. However, compared to other cell
types, the sizes of cells in indirect flight muscles (also studied here) were
unaffected by mutations.

Emerging evidence suggests that the cellular composition of tissues
and organs in Drosophila is mediated by systemic control mechanisms, as
well as cell-autonomous ones (Hudry et al., 2016; Mirth and Shingleton,
2012; Rideout et al., 2015). It would be interesting to explore how these

two types of regulatory mechanisms produce the complexity of devel-
opmental responses of cell size to environmental conditions, such as
ones revealed by our study. Interestingly, Szlachcic et al. (2023b)
showed that, with or without rapamycin in the larval diet, females
eclosed with larger body size and larger cells in various tissues than did
males. Also, Privalova et al. (2023) showed that, despite mutations
altering the activity of TOR/insulin pathways, females had larger cells
than males in all tissues studied. Similar sex differences and its consis-
tency across different cell types characterised flies emerging in four
different environmental conditions in our experiment. Recent findings
show that developmental programmes that affect the sexually dimorphic
phenotypes of D. melanogaster rely on autonomous mechanisms that
regulate cell size, which in females but not in males, are also linked to a
systemic signalling network via TOR/insulin pathways (Deng and
Jasper, 2016; Hudry et al., 2016; Rideout et al., 2015). Interestingly, a
simultaneous inhibition of the activity of TOR and insulin pathways in
larvae blurred sex differences in body size of D. melanogaster, but the
inhibition of TOR activity alone did not do so (Rideout et al., 2015). In
light of our results, this sex-dependent regulatory system seems to show
tolerance to thermal and oxygen conditions during development,
maintaining sex differences at the level of body size and the cellular
composition of organs. We speculate that, at a molecular level, a change
in thermal and oxygen conditions may not influence the TOR and insulin
pathways strongly enough to blur the sexual dimorphism in body size
and cell size, but this hypothesis needs to be tested.

The available evidence for D. melanogaster, including the results of
this study, indicates that molecular pathways controlling development
of flies orchestrate cellular composition in various tissues throughout a
body, while also shaping body size of adult flies. So, what are the
evolutionary implications of these phenomena? Effects of oxygen supply
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on the life-history traits of ectotherms have been less frequently studied
than those of temperature, and most studies targeting oxygen effects
have focused on aquatic species, because they are considered more
oxygen-limited than terrestrial species (Verberk et al., 2021). Also,
contrasting our approach here, most previous studies of ectotherms have
focused on only one of the two variables (but see Atkinson et al., 2006;
Hoefnagel and Verberk, 2015). In our experiment, D. melanogaster
responded to either warm or hypoxic environments, eclosing at a smaller
body size. These responses were very consistent in males and females,
which agrees with the findings of Hirst et al. (2015) on the sex-
dependent responses of body size to ambient temperatures in various
arthropods, including Diptera. The body-size responses in our experi-
ment support the temperature-size rule (TSR) and common effects of
oxygen supply on growth (Atkinson, 1994; Harrison et al., 2018). These
responses are often regarded as adaptive, because life-history theory
identifies adult size as one of the key determinants of Darwinian fitness
(Kozlowski et al., 2004). Larger adult size is often associated with
greater fertility, sexual attractiveness, competitiveness, or protection
from predators (Stearns, 1992). Nevertheless, low oxygen supply can
favour maturation at small size, given that a small body shortens in-
ternal pathways for transporting nutrients, which should help to supply
mitochondria with oxygen. The temperature-size rule seems to apply
more commonly to aquatic ectotherms than to terrestrial ones (Forster
et al., 2012; but see Klok and Harrison, 2013 for other generalizations),
suggesting that this type of reaction norm evolved more frequently
under restricted access to oxygen. According to Verberk et al. (2021),
this pattern of plasticity may manifest adaptations that prevent severe
hypoxia at the cellular level, which can be achieved by reducing body
size under high oxygen demands (increased body temperature speeds
metabolic rate and thus oxygen demand) and low oxygen supply (warm
habitats are often more hypoxic restricting oxygen supply). Consistent
with this view, the smallest flies in our experiment originated from the
warm and hypoxic treatment, whereas the largest flies originated from
the cold and normoxic treatment.

The patterns of body size that we observed are consistent with those
documented for a species of rotifers (K. cochlearis) along natural gradi-
ents of thermal and oxygen conditions, studied at different depths in
twenty European lakes (Czarnoleski et al., 2015b). In this study, the
largest rotifers occupied cold, oxygen-rich water, while the smallest
rotifers occupied warm, oxygen-poor water. Importantly, a laboratory
experiment showed that large rotifers were less fertile than the small
rotifers when exposed to warm and hypoxic water (Walczynska et al.,
2015), despite a positive relationship between body size and fecundity
in this species. These two case studies of rotifers draw attention to
physiological consequences of plasticity in cell size, which is comple-
mentary to adaptive theories of life-history evolution along environ-
mental gradients of temperature and oxygen. Rotifers are eutelic, which
means that consist of a fixed number of cells; therefore a change in the
body size of a rotifer inevitably results from a change in the mean size of
its cells. Atkinson et al. (2006) hypothesized that oxygen limitation at
higher temperatures is more likely to occur in larger ectotherms, sug-
gesting the accompanying changes in physiological properties associ-
ated with oxygen transport and oxygen consumption are adaptive,
including changes in cell size and mitochondrial characteristics.
Although these mechanisms should be less relevant for terrestrial insects
that ventilate convectively through a tracheal system (Angilletta and
Dunham, 2003), our results for D. melanogaster showed that smaller
body size in a warm, hypoxic environment was coupled with a systemic
reduction in cell size among tissues. Indeed, the similarity between
plastic and evolutionary effects of temperature on body size and cell size
of D. melanogaster (Adrian et al., 2016; Partridge et al., 1994) indirectly
supports the adaptive value of coupled responses of body size and cell
size to developmental temperature.

According to the theory of optimal cell size (TOCS), smaller cells
offer a greater capacity to transport nutrients through an increased area
of plasma membranes, despite imposing higher metabolic costs to
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maintain membrane potentials. Moreover, oxygen diffuses better
through lipid than through an aqueous medium, especially at higher
temperatures, suggesting that the internal region of a phospholipid
bilayer provides a convenient path for oxygen to penetrate a tissue
(Subczynski et al., 1989). If so, a tissue composed of many small cells
could help to deliver oxygen to mitochondria under warm hypoxic
conditions. Indeed, the analysis of flight performance in flies with
different cell sizes revealed that flies with smaller cells performed better
under hypoxia (Szlachcic and Czarnoleski, 2021). Evidence suggests that
small cells can increase tolerance of acute heat stress in D. melanogaster
(Verspagen et al., 2020). Additionally, species of fish with smaller cells
tolerate hypoxia in warm waters better than other species (Verberk
et al., 2022). Therefore, if the temperature-size rule represents adaptive
plasticity to meet an elevated metabolic demand under conditions of low
oxygen supply, then coupling this response with a systemic reduction in
cell size throughout the body should help to keep tissue at a positive
oxygen balance. If so, we hypothesise an ectotherm living in warm and
hypoxic environments would need an even smaller body size to deliver
sufficient oxygen to tissues by reducing its number of cells, than it would
by reducing the size of its cells.

TOCS predicts that an organism-wide coordination of the cellular
composition of tissues saves energy and promotes transport of oxygen
and resources. Nevertheless, highly specialized physiological functions
can require specific surface-to-volume ratios or organelle contents,
which could explain the variation in cell-size patterns among tissues
observed in our experiment and in earlier studies. Among the five tissues
of D. melanogaster that we studied, cells were smaller in four tissues
when flies were raised at a higher temperature, while the opposite
pattern was observed in leg epidermal cells. In females, all three types of
cells were smaller in flies raised in a hypoxic treatment. In males, cells of
only one tissue (wing epidermal cells) were smaller when flies were
raised in hypoxia while cells of the other four tissues were similar in size
between normoxia and hypoxia. The relative insensitivity of cell size in
males accords with the idea that changes in body size and cell size in-
fluence the capacity to meet oxygen demand by supply. Females are the
larger sex in D. melanogaster, and as shown here, they are also charac-
terised by consistently larger cells in various tissues. These two traits
combined, females should be more prone to oxygen limitation, dis-
playing more pronounced responses in cell size to decreased oxygen
supply compared to males. Supporting this scenario, Leiva et al. (2023)
reported that large-celled genotypes of D. melanogaster expressed
stronger thermal plasticity of body size compared to the small-celled
genotypes.

5. Conclusions

Altogether, responses of D. melanogaster to temperature and oxygen
supply involve shifts in body size coupled with a systemic orchestration
of cell size throughout the body. At the same time, we showed some
inconsistencies in this coupling, which can be attributed to sex, cell type,
and abiotic variables. These inconsistencies suggest caution in trans-
lating the findings for single tissue to the level of the organism. Overall,
our results are consistent with existing theories that invoke fitness
consequences of cell size and view the temperature-size rule as an
adaptation that prevents functional hypoxia within tissues. However,
looking at these responses solely in terms of oxygen limitation ignores a
basic principle of life-history evolution—adult body size is not "given’ to
an organism at birth, and reaching a certain body size takes time and
imposes a risk of mortality. Following these principles, allocating re-
sources to growth instead of reproduction is an investment with delayed
returns; if an organism lives, an increased body size may afford greater
reproduction in the future (Czarnoleski and Kozlowski, 1998; Kozlowski
et al., 2020; Stearns, 1992). Models of optimal resource allocation have
demonstrated that warm, hypoxic environments can favour early
maturation at a smaller body size if such environments impose a higher
risk of mortality (predation, parasitism), even without an effect of
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oxygen supply on physiological performance (Kozlowski et al., 2004;
Audzijonyte et al., 2022). Higher death rates in warmer environments
make investments in future reproduction less profitable, favouring an
earlier switch from growth to reproduction at a smaller body size.
Without invoking the thermal dependence of mortality, optimality
models show also that the temperature-size rule can become adaptive if
temperature determines the mass-scaling of the capacity to produce new
tissue (Kozlowski et al., 2004; Audzijonyte et al., 2022). As Kozlowski
et al. (2004) noted, this mechanism could indicate physiological effects
of correlated changes in cell size and body size. Indeed, a coupling be-
tween body size and cell size shapes the mass-scaling of metabolic rates
(Czarnoleski et al., 2018; Glazier, 2022; Kozlowski et al., 2020;
Schramm et al., 2021), and this scaling depends on temperature in ec-
totherms (Glazier, 2005, 2020, 2022). That said, the two explanations
for the evolution of the temperature-size rule, one relating to oxygen
limitation and cell size and the other to optimisation of life strategies,
should not be treated as mutually exclusive. On the contrary, all in-
dications are that we should strive for a better integration of these
theories of optimality, one focused on cell size and the other focused on
resource allocation.
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