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Abstract Atmospheric oxygen has varied substantially

over the Phanerozoic (the last 500 million years) with

periods of both hyperoxia and hypoxia relative to today.

Unlike some insect groups, cockroaches have not been

reported to exhibit gigantism during the late Paleozoic

period of hyperoxia. Studies with modern insects have

shown a diversity of developmental responses to oxygen,

suggesting that evaluation of historical hypotheses should

focus on groups most closely related to those present in the

Paleozoic. Here we investigated the impacts of Paleozoic

oxygen levels (12–31%) on the development of Blatella

germanica cockroaches. Body size decreased strongly in

hypoxia, but was only mildly affected by hyperoxia.

Development time, growth rate and fecundity were nega-

tively impacted by both hypoxia and hyperoxia. Tracheal

volumes were inversely proportional to rearing oxygen,

suggesting developmental responses aimed at regulating

internal oxygen level. The results of these experiments on a

modern species are consistent with the fossil record and

suggest that changes in atmospheric oxygen would be

challenging for many insects, despite plastic compensatory

responses in the tracheal system.
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Introduction

Over the last five hundred million years, geochemical data

and models suggest that atmospheric oxygen levels have

varied greatly including periods of hyperoxia ([21%) and

hypoxia (\21%) (Berner and Canfield 1989; Bergman

et al. 2004; Berner 2009; Glasspool and Scott 2010).

Many evolutionary events have been hypothesized to have

been caused by these changes in oxygen levels including

body size changes, speciation events, extinctions and

dispersal events (Berner et al. 2007). One of the most oft-

cited hypotheses is that a rise and fall of oxygen levels

through the Carboniferous, Permian and Triassic led to

the evolution and subsequent disappearance of insect

gigantism (Graham et al. 1995; Dudley 1998; Berner

2006; Ward 2006). However, the paucity of the insect

fossil record and the complexity of the interactions

between atmospheric oxygen level, insect physiology and

community interactions have made it difficult to defini-

tively reject or accept this hypothesis (Harrison et al.

2010).

Even if hyperoxia was not the main cause of the evo-

lution of insect gigantism, it remains likely that variations

in oxygen over geologic time would have impacted insect

development and evolution (Harrison et al. 2010). Modern

insects exhibit physiological, developmental and evolu-

tionary responses to varying atmospheric oxygen level.

Acute effects of changing oxygen level include adjusting

the degree and duration of opening of spiracular valves,

alteration of fluid levels in tracheoles, and changes in

ventilation (Harrison et al. 2006). Acute hypoxia inhibits

insect behaviors including feeding (Greenlee and Harrison

2005; Frazier 2007) and flight (Harrison and Lighton 1998),

with critical hypoxic values that limit insect behavior near

or above the 12% oxygen level (Harrison et al. 2006)
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suggested by some models to have occurred in the Triassic

(Berner 2001; Berner 2009). The majority of insects that

have been studied are smaller and grow slower when reared

in hypoxia (reviewed in Harrison et al. 2009; blowflies in

Houlihan 1974; mealworms in Loudon 1988 and Greenberg

and Ar 1996; fruitflies in Frazier et al. 2001; Peck and

Maddrell 2005 and Klok et al. 2009). The developmental

effect of hyperoxia on insects has been studied in much less

detail and almost all studies have focused on a single

hyperoxic level of 40% oxygen (reviewed in Harrison et al.

2009; mealworms in Greenberg and Ar 1996; flies in

Frazier et al. 2001 and Klok et al. 2009; grasshoppers in

Harrison et al. 2006). A few beetles have been reported to

reach larger sizes when reared in hyperoxia, but most of the

species examined reach similar body sizes in 40% oxygen

as in normoxia (Harrison et al. 2009). Yet a critical gap in

our understanding is that, except for Drosophila melano-

gaster (Peck and Maddrell 2005; Klok et al. 2009), no

studies to date have quantified the reaction norm of insects

to variation in the level of atmospheric oxygen, much less

examined the effects of a series of oxygen levels similar to

those seen over geological time (12–35% (Harrison et al.

2010)). In particular, it seems possible that responses to

various levels of hyperoxia might be nonlinear, since

positive effects of mild hyperoxia could give way to neg-

ative effects associated with oxidative damage (e.g. Rascón

and Harrison 2010).

Evolutionary responses of insect size to variation in the

level of atmospheric oxygen will depend on whether body

size affects fitness. Fruitflies evolve larger body sizes in

hyperoxia, but responses of body size to hypoxia seem to

be primarily due to plastic or parental effects (Klok et al.

2009; Harrison and Haddad 2011). Understanding the

evolutionary effects of varying atmospheric oxygen levels

on insects requires an understanding of how oxygen

affects fitness components. There is evidence in Dro-

sophila that moderate hypoxia (10%) extends lifespan,

while more severe hypoxia or atmospheric oxygen levels

of 40% or higher increase oxidative damage and decrease

lifespan (Rascón and Harrison 2010). A similar pattern

was shown in the roundworm (Caenorhabditis elegans),

with increased lifespans in hypoxia and decreased life-

spans in hyperoxia (Honda and Matsuo 1992). Effects of

oxygen on reproduction have received little attention.

Oxygen levels of 40% or higher reduces egg production

rate in Drosophila (Kloek 1979; Kloek and Winkle 1979),

but flies can evolve the capacity to reproduce in much

lower oxygen levels (down to 4%) or higher oxygen levels

(up to 90%) (Kloek et al. 1976; Zhou et al. 2007; Zhao

et al. 2010). In Manduca sexta, at warmer temperatures

similar to field temperatures, egg hatching rate is sup-

pressed and egg development time extended at oxygen

levels of 13% or below, but unaffected by raising

atmospheric oxygen to 30% (Woods and Hill 2004).

Better understanding of effects of oxygen variation on

fitness traits in modern organisms will be necessary to

understand evolutionary effects of changing atmospheric

oxygen.

One striking pattern of the responses of insects

(and other animals) to atmospheric oxygen is compensa-

tory variation in respiratory morphology (reviewed by

Harrison et al. 2006; Harrison et al. 2010). In vertebrates,

alligators have been shown to exhibit compensatory

changes in lung volume in response to changes in atmo-

spheric oxygen (Owerkowicz et al. 2009). Carp have also

shown similar changes in gill structures (Sollid et al.

2003). There is evidence for similar compensatory

mechanisms in Drosophila larvae with decreased invest-

ment in tracheae and tracheoles under increased atmo-

spheric oxygen (Jarecki et al. 1999; Henry and Harrison

2004). Changing investment in the tracheal system has the

potential to have cascading developmental effects, such as

amount of investment available for other systems such as

flight muscle or reproductive systems. However, prior

studies of the responses of the tracheal system to atmo-

spheric oxygen level have mostly used only a few test

oxygen levels and have focused on larval phases and not

adult structures.

Physiological systems can evolve, thus we cannot be

sure that responses of modern insects to Paleozoic oxygen

levels will be good predictors of the responses of ancient

animals. However, this is the case with testing many

historical hypotheses. Paleontologists, in general, face a

difficult problem of trying to test hypotheses of the effects

of environmental factors without being able to recreate

evolution in the lab. Does this mean we are left with no

ability to test historical hypotheses? While paleontologists

and evolutionary biologists must be cautious in their

interpretations from experiments with modern taxa, an

increasing body of evidence suggests that data with extant

taxa can be a crucial tool in understanding past physiology

and evolution. One of the most accepted set of experi-

ments of this type is the use of stomatal density to esti-

mate past carbon dioxide levels. A variety of evidence

suggests that variation in stomatal density of modern

plants in response to short-term experimental variation in

atmospheric carbon dioxide levels can be used to estimate

past carbon dioxide levels over geologic time (Beerling

and Chaloner 1994; McElwain and Chaloner 1995;

Woodward and Kelly 1995; Royer 2001; Royer 2003).

This technique has been used both for time periods dating

back to the Cretaceous where we have modern living

relatives (Royer 2001), and for time periods before the

Cretaceous, where responses of modern species that are

ecologically and taxonomically similar to target fossil

species are used (Mcelwain and Chaloner 1995).
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Importantly, the estimates of paleo-atmospheric carbon

dioxide levels estimated from the stomatal density meth-

ods match well with completely independent geochemical

methods for estimating atmospheric carbon dioxide such

as those using carbon isotopes (Berner 1994; Berner and

Kothavala 2001). Such data strongly suggest that at least

some of the developmental and physiological responses of

modern plants are similar to those of ancient plants, and

that experiments with modern taxa can be used to infer

evolutionary events.

Another excellent example of the use of experiments

with modern taxa to resolve evolutionary patterns are

studies of the effects of varying Mg/Ca ratios in seawater

on algal development to explain historical variation in the

calcite and aragonite content of sediment deposits and

reefs (Stanley 2006). Models of Mg/Ca ratios over the last

600 million years based on a variety of geochemical

indicators including the magnesium content in non-skele-

tal limestones (Hardie 1996), fluid inclusions in halite

(Lowenstein et al. 2001; Lowenstein et al. 2003), and Mg

in fossil echinoderms (Dickson 2002; Dickson 2004; Ries

2004) predict three periods of high (above 2) Mg/Ca

ratios: the late Cambrian/Pre-Cambrian, the mid-Jurassic

to the mid-Carboniferous, and the most recent seas

including modern seawater. Conversely, they predict two

periods of low Mg/Ca ratios (less than 2): the Cretaceous

and the mid-Carboniferous to the beginning of the Cam-

brian (Hardie 1996). Sedimentologists have reared algae

in artificial seawaters with varying Mg/Ca ratios mim-

icking the predicted levels to assess the impact of sea-

water chemistry on the mineralogy, growth rate, primary

productivity, calcification rate, and biomechanics of algae

(Ries 2004; Ries 2005). Importantly, these studies dem-

onstrated that lower Mg/Ca ratios in seawater linearly

decrease the growth and productivity of algae that produce

more aragonite relative to calcite, in addition to being

unfavorable for the secretion and production of aragonite

(Ries 2004; Ries 2005; Stanley 2006). Thus, the experi-

mental effects of seawater chemistry on the physiological

response of a modern algal species can explain the pattern

of mineralogy, secretion and accumulation of calcite and

aragonite seen in the sediments over geologic time (Ries

2004; Stanley 2006).

Similarly, here we have used experimental manipula-

tion of artificial oxygen environments in a single genera-

tion rearing experiment to get an understanding of the

possible effects of varying atmospheric oxygen over

geologic time on insect physiology and evolution. At least

some of the signaling pathways that regulate develop-

mental responses to hypoxia (hypoxia inducible factor) are

ancient and were likely present in all Phanerozoic insects

(Gorr et al. 2006; Bradley et al. 2009), supporting the

notion that at least some aspects of the responses to

oxygen will be conserved. Perhaps a more serious prob-

lem is that modern insects vary dramatically in their

responses to variation in atmospheric oxygen, especially

in their response to hyperoxia (Harrison et al. 2009). The

interspecific diversity in developmental responses to

changing oxygen levels suggests that shifts in oxygen over

geologic time would have differentially affected insect

clades. Yet, one major limitation in interpreting the

responses of modern insects to Paleozoic oxygen levels is

the lack of experimentation on animals belonging to

taxonomic groups that were abundant from the Late

Carboniferous through the Triassic. Both single and multi-

generation responses in insects have only been examined

in higher order groups such as beetles, flies, and grass-

hoppers (Harrison et al. 2009). However, none of these

groups have relatives that existed during the entirety of

the major swings in oxygen. Cockroaches (Blattaria) and

their close relatives (Blattodea) have existed on the earth

for the last 350 million years during major changes in

atmospheric oxygen (Grimaldi and Engel 2005; Berner

2009) and were even at a maximum level of diversity

during these times (Roth 1970; Carpenter 1992). However,

cockroaches did not exhibit gigantism in the Carbonifer-

ous as did other groups such as Protodonata, Paleo-

dictyoptera, and Ephemeroptera, some of which have

wingspans exceeding 70 cm in length (Briggs 1985;

Kukalova-Peck 1985; Graham et al. 1995). The largest

cockroach fossil known is only 8.9 cm in length

(Easterday 2001), smaller than the largest extant roaches,

which are the Australian giant burrowing roaches (largest

specimens: 9.6 cm in length). Unlike in some other insect

groups, this fossil record suggests that cockroach body

size may not have been strongly affected by hyperoxia,

making them an interesting group for examining other

developmental and physiological responses to variation in

atmospheric oxygen.

In these experiments, Blatella germanica (the German

cockroach) were reared under seven different oxygen

levels over the historical range to examine the impact of

varying oxygen on their size, development time, tracheal

investment and reproduction. We predicted that oxygen

level would have nonlinear effects on growth, size and

reproduction, with both hypoxia and hyperoxia suppress-

ing growth, size and reproduction, based on the observa-

tion that cockroaches were not large during the Earth’s

past hyperoxic periods, prior observations of the negative

effects of hypoxia on growth/size in insects, and the

known stimulation of oxygen radical formation by

hyperoxia (Harrison et al. 2006). We also predicted that

the size of the tracheal system of B. germanica would

respond in a compensatory, inverse manner, increasing

tracheal size and diameters in hypoxia and decreasing in

hyperoxia.
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Materials and Methods

Animal Rearing and Experimental Design

Blattella germanica were obtained from Carolina Biolog-

ical Supply (http://www.carolina.com). For the studies

examining effects of atmospheric oxygen on body size,

development time and tracheal dimensions, adult males

and females were paired at random, weighed and then

placed in small rearing cups (118 ml). The mating pairs

were placed in one of seven different Lexan chambers

(61 cm 9 61 cm 9 91 cm), regulated at 12, 16, 21, 24, 27,

31, and 40% oxygen by a Sable Systems Roxy-8 instru-

ment (Sable Systems, Inc., Las Vegas, NV). Cups were

checked every day for recently hatched cockroaches

(nymphs). Nymphs were weighed, placed in individual

30 ml clear plastic containers with lids, and then returned

to their original oxygen chamber. Nymphs were weighed

weekly, and transferred to 118 ml cups about half way

through development. Each mating pair produced one

clutch and during the final instar, cups were checked daily

so development time (days from hatching to adulthood)

could be assessed with a precision of ±1 day. Growth

patterns were sigmoidal in these cockroaches, increasing

relatively linearly over much of their juvenile period before

slowing in the days before molt to adulthood. Growth rate

was calculated by taking the slope of the growth curve

(body mass vs. days) over this period of linear mass

increase. As we successively added older data to the data

set used for the linear regression, the R2 values tended to

increase until the growth rates began to flatten and R2 for

linear fits began to decline. Thus, we report growth rate as

the slope of the regression line of mass on days with the

greatest R2 value. A subset of these adults was taken to

Argonne National Lab approximately 1 week after adult-

hood for imaging of their tracheal system.

For the hatching success experiments, we purchased

approximately 300 young adult B. germanica also from

Carolina Biological Supply. Female cockroaches already

possessing egg cases were separated, weighed, and placed

individually into 118 ml plastic cups with lids. Females

were divided into 6 different atmospheric oxygen levels

(16 individuals at each of 10, 21, 25, 30, 40, and 60%).

Females were weighed, and divided among treatments so

that average female weight was constant (±10%) across

treatments. Each week, roaches were chilled to 4�C to

allow inspection without escapes, and the number of off-

spring and date of birth were recorded. Inspections con-

tinued until all females had produced offspring or died.

For all rearing studies, the lids and walls of the rearing

cups were painted with Fluon
TM

to prevent escape, and

contained a folded piece of paper towel to serve as a shelter

and substrate, a plastic vial filled with water and a cotton

plug at the opening to prevent rapid evaporation as a water

source, and an excess of pulverized dry cat food (Whiska’s

meaty selection) sprayed with a 10% Tegosept solution to

reduce fungal growth. Each cup had fifteen 21-gauge holes

around the perimeter to ensure equilibration with the

chamber oxygen level. The oxygen chambers were located

within an environmentally-controlled chamber with the

temperature held at 25 ± 0.5�C and a day/night cycle of

14:10. The relative humidity within the chamber was

60 ± 10%, as monitored with a HOBO systems data logger

(www.onsetcomp.com). All masses were obtained using a

Mettler Toledo MX5 microbalance (1 lg, www.us.mt.com),

after chilling the nymphs for approximately 30 min at

4�C to prevent escape.

X-ray Synchrotron Imaging of Tracheal Systems

Individuals were imaged using synchrotron X-ray phase-

contrast imaging at the XOR-32ID beamline at the

Advanced Photon Source, Argonne National Laboratory

(Argonne, IL, USA). Specimens were mounted individu-

ally on a translation/rotation stage and imaged with

monochromatic X-rays of 25 keV. The X-rays were con-

verted to visible light using a cerium-doped yttrium-garnet

scintillator, located 300 mm from the sample. A CCD

camera (SensiCam QE, Cooke, Romulus, MI, USA) and

59 microscope objective (Achrovid, Infinity, Boulder, CO)

were used to record the images (1,280 9 1,024 pixels).

Thirty minutes prior to placement in the field of the X-ray

beam, each cockroach was euthanized with ethyl acetate to

prevent movement that would blur the images. The cock-

roaches were then placed inside a small Kapton (X-ray

transparent) pouch, which was then loaded into the beam to

be imaged. The X-ray images were saved onto a hard drive

and later analyzed as described below.

Image Analysis

Phase contrast X-ray synchrotron images were converted

from the recorded TIFF file format to JPEG using batch

conversion in Adobe Photoshop CS4. Each image encom-

passes only a small part of the whole insect, so full-body

composite images were created by tiling images using

Adobe ImageReady CS2. Through all the processing, the

images retain a resolution of 400 dpi. Measurements of the

tracheal system were performed using ImageJ (rsb-

web.nih.gov/ij/). To calibrate the measurements, a standard

mesh with known dimensions was imaged with the X-ray

synchrotron at Argonne National Laboratory. Using Ima-

geJ, a line of known distance on the mesh is used to convert

from pixels to mm. Calibrating this way produced a scale

of 687.4 pixels per millimeter, which then allows us to

measure distances of interest in the tiled cockroach images.
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Within the right prothoracic, mesothoracic and meta-

thoracic legs, the 2D area of the main tracheal trunk, and

the length and diameter of the main tracheal trunk in each

of the three leg segments (femoral, tibial, tarsal) (Fig. 4)

were measured. The main tracheal trunk was defined as the

largest continuous trachea running through the coxa to the

end of the tarsus (Fig. 4). In the tibia and tarsi, there were

cases where the main trunk diverged, resulting in two

major trunks. In this case, the area was a cumulative

measurement of both trunks. Leg areas were measured by

outlining the perimeter of each leg segment, not including

spines or other projections from the cuticle. The area of the

major lateral abdominal tracheae was measured from the

most posterior abdominal spiracle to the fifth and tenth

spiracle from the posterior of the insect (Fig. 4).

We present relative investment in the tracheal system

in two ways. For the main femoral tracheae, there was

always one cylindrical trachea, thus it was straightforward

to calculate the volume of this main femoral tracheae

from the measurements and simple geometry. Because we

were interested in relative investment, we report this

volume relative to body mass. We expressed tracheal

volume relative to body mass because the scaling of leg

size with body mass was not affected by rearing oxygen

level (there was no significant interactive effect of body

mass and oxygen on leg length in a multiple regression,

P = 0.32). For the tracheae in the tibia and tarsi, the main

tracheae sometimes diverged into two or more non-

cylindrically-shaped tracheae, while the lateral abdominal

tracheae had a scalloped shape associated with attach-

ments to each spiracle (Fig. 4). For these tracheae it was

difficult to accurately calculate volumes from our mea-

surements. Therefore, to quantify the relative investment

in the main tracheae of the three legs, we calculated the

fraction of the leg image occupied by the image of the

main tracheae within that leg, averaged across all three

leg segments and all three right legs. For the lateral

abdominal tracheae, we quantified image area relative to

body mass.

Statistics

Because effects of oxygen on the dependent parameters

were generally nonlinear, we tested for general effects of

atmospheric oxygen level on body mass, development

time, and fecundity by one-way ANOVA, followed by

a priori comparisons of hypoxic and hyperoxic groups with

the normoxic-reared groups. Tukey HSD post hoc tests

were carried out to determine which groups were statisti-

cally different from each other. In the figures, data points

labeled with the same lower case letter are statistically

indistinguishable from each other. A multiple regression

analysis was carried out to test for interactive effects

between leg length and body mass and oxygen. All statis-

tics were run using Statistica software (version 10).

Results

Effect of Oxygen on Cockroach Adult Body Size,

Development Time and Growth Rate

Adult size was significantly affected by atmospheric oxy-

gen level in both female and male B. germanica (Fig. 1a

(ANOVA: F6,328 = 13.218, P \ 0.0001) and Fig. 1b

(ANOVA: F6,326 = 12.710, P \ 0.0001)). Rearing in 16%

oxygen did not significantly affect body size, while rearing

in 12% oxygen reduced body size in both males and

Fig. 1 Effect of rearing oxygen on adult mass. A. Females: Atmo-

spheric hypoxia significantly decreased female adult mass (ANOVA:

F6,328 = 13.218, P \ 0.0001). Grey boxes indicate normoxic condi-

tions (21%). In this and subsequent figures, letters indicate statisti-

cally similar groups as determined by Tukey HSD post hoc test.

B. Males: Atmospheric oxygen level significantly affected adult mass

(ANOVA: F6,326 = 12.710, P \ 0.0001) with hypoxia decreasing

mass and mild hyperoxia increasing mass
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females. Hyperoxia had no effect on adult mass in females.

Average adult mass increased significantly in males reared

in 24% oxygen, but otherwise was not significantly affec-

ted by hyperoxia. For both females and males, there was a

non-significant decline in average mass in 40% oxygen.

Atmospheric oxygen level strongly affected develop-

ment time, with both hypoxia and hyperoxia extending

development time in both males and females [Fig. 2a

(ANOVA: F6,245 = 12.363, P \ 0.0001) and Fig. 2b

(ANOVA: F6,243 = 12.891, P \ 0.0001)]. Correspond-

ingly, cockroaches in 40% oxygen showed the longest

development times with a 25% increase in development

time over normoxic conditions. Similarly, atmospheric

oxygen affected growth rates with hypoxia and hyperoxia

decreasing growth rate (Fig. 3, ANOVA: F6,584 = 7.5871,

P \ 0.0001).

Effect of Oxygen on the Tracheal System

The volume of the main femoral tracheae relative to body

mass was inversely proportional to the oxygen level (Fig. 4,

Fig. 5, ANOVA: F6,231 = 68.476, P \ 0.0001). Similarly,

the area of the lateral abdominal tracheae relative to body

mass declined with rearing oxygen (Fig. 6, ANOVA: F6,222 =

14.229, P \ 0.0001). The fraction of the total leg area occu-

pied by the primary tracheal trunks, averaged across all three

segments of all three legs was also inversely proportional to

the rearing oxygen level (Fig. 7, ANOVA: F6,344 = 40.457,

P \ 0.0001). The images of the tracheae in the legs of animals

reared in 12% oxygen take up almost twice as much of the

total leg image area relative to those reared in 40% oxygen

environments.

Effect of Oxygen on Egg Hatching Success

Atmospheric oxygen level significantly and non-linearly

affected hatching success, with the total number of off-

spring produced per female being highest in 21% oxygen

(Fig. 8, ANOVA: F5,90 = 2.46, P = 0.038). By a priori

comparisons, the fecundity was lower at 10, 30 and 60%

oxygen relative to 21% oxygen (all P \ 0.05). There was a

non-significant trend for a higher percent of females in

21% oxygen to have successful clutches (v2 test, P = 0

0.059). For females that had successful clutches, there was

no significant effect on average number of offspring per

clutch (ANOVA, F5,46 = 0.535, P = 0.748).

Discussion

As predicted, B. germanica showed nonlinear responses to

atmospheric oxygen with growth rate, development rate

Fig. 2 Effect of rearing oxygen on time from hatching to adulthood.

A. Females. B. Males. For both females (ANOVA: F6,245 = 12.363,

P \ 0.0001) and males (ANOVA: F6,243 = 12.891, P \ 0.0001)

development time was significantly affected by atmospheric oxygen,

with both hypoxia and hyperoxia extending development time

Fig. 3 Effect of rearing oxygen on growth rate. Animals reared in

both hypoxia and hyperoxia showed a decreased growth rate.

ANOVA: F6,584 = 7.587, P \ 0.0001
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and reproduction all decreasing in both hypoxia and

hyperoxia (Figs. 2, 3 and 8). Effects of atmospheric oxygen

on adult size were relatively weak, though there was sup-

pression of size at the lowest oxygen level tested (12%) and

elevation of size in moderate hyperoxia (24%) for males

(Fig. 1). In addition, there was clear evidence of compen-

satory changes in the structure of the tracheal system

(Figs. 5, 6 and 7). These data support the conclusion that

insect clades differ in their responses to oxygen, and that

compensatory developmental changes in respiratory struc-

tures in response to oxygen are widespread among insects

(and other animals). Our data fit with the fossil record in

that periods of putative high atmospheric oxygen (late

Paleozoic) were not accompanied by the evolution of giant

cockroaches.

The finding that, compared to hyperoxia, hypoxia has a

stronger effect on adult size (Fig. 1) fits with results for

other insects that have been studied (Harrison et al. 2009).

The fruitfly D. melanogaster, beetles Z. morio, Tenebrio

molitor, and Cotinis texana, the tobacco hornworm moth

M. sexta and the mayfly Hexagenia limbata all demonstrate

decreased body sizes when reared under hypoxia (Winter

et al. 1996; Peck and Maddrell 2005; Harrison et al. 2009).

The mechanisms behind the hypoxia-induced decrease in

size are still poorly understood, though it has been shown

in D. melanogaster that both cell size and cell number

Fig. 4 X-ray synchrotron

image highlighting tracheal

measurements, legs and leg

segments of B. germanica. Leg

and tracheal measurements

analyzed are shown in the inset

Fig. 5 Body mass-specific volume of the main tracheal trunk in the

femur declined with increasing oxygen level in B. germanica.

ANOVA: F6,231 = 68.476, P \ 0.0001

Fig. 6 Body mass-specific area of the lateral abdominal trachea

declined with rearing oxygen level. ANOVA: F6,222 = 14.229,

P \ 0.0001
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decrease in hypoxia (Peck and Maddrell 2005; Heinrich

et al. 2011). In D. melanogaster, hypoxia produces smaller

flies by depressing larval feeding rate and suppressing

protein synthesis (Reiling and Hafen 2004; Frazier 2007).

The inhibition of protein synthesis is mediated by hypoxia

inducible factor, and the downstream transcription factors

scylla and charybdis, which have homologs throughout

eukaryotes (Lavista-Llanos et al. 2002; Reiling and Hafen

2004; Gorr et al. 2006). Thus, these mechanisms are likely

to function in all insects including these cockroaches.

Our data on growth rates, development times and

hatching success clearly indicate that both hypoxia and

hyperoxia are deleterious to B. germanica, which performs

best in 21% oxygen. Roaches growing in 12% oxygen

reached adults sizes that were 75–80% of normoxic body

sizes (Fig. 1), took 5–8% longer to reach adulthood

(Fig. 2) and had 15–20% lower growth rates (Fig. 3). This

is a relatively strong effect of hypoxia on size; by com-

parison, D. melanogaster is about 10–15% smaller (with a

10–15% longer development time) when reared in 10%

oxygen (Klok et al. 2009). Hatching success was very

strongly suppressed in 12% oxygen, with average offspring

number reduced to a third of the value in normoxia, pri-

marily due to a reduced number of females successfully

hatching clutches (Fig. 8). German cockroaches are ovip-

arous, and carry their eggs in an ootheca (egg case) under

their wings, which is composed primarily of proteinaceous

foam (Roth 1968). These data suggest that the egg case

provides a significant barrier to oxygen delivery. This fits

with prior reports that B. germanica reproduction often

fails in low humidity conditions, suggesting that pressures

to reduce water loss rates might select for reduced gas

permeability of the oothecae (Mullins et al. 2002), leading

to a strong sensitivity of hatching success to hypoxia. The

finding that egg development is particularly sensitive to

hypoxia is consistent with similar reports for Manduca

(tobacco hornworm) eggs which are also likely under

strong selection for reduction of water loss rates (Woods

and Hill 2004).

While hyperoxia did not affect body size, there were

strong negative effects on development rate, growth rate

and fecundity, with effects on development time and growth

rates being roughly dose-dependent (Figs. 2, 3 and 8).

Development times were extended by 21–22% in 40%

oxygen and hatching success for roaches in oxygen levels

above 30% were roughly half of those for insects in nor-

moxia (Figs. 2 and 8). These data contradict the oft-cited

hypothesis that higher oxygen might be generally beneficial

for insects due to their tracheal respiratory system (Graham

et al. 1995). The mechanisms responsible for the negative

effects of hyperoxia on growth, development rate and

fecundity are not clear, but are likely related to hyperoxic

stimulation of oxidative damage. Higher oxygen levels

promote protein carbonylation and reduced lifespan in

D. melanogaster (Kloek 1979; Kloek and Winkle 1979;

Rascón and Harrison 2010). Our data for cockroaches

contrast with the results for T. molitor (mealworms,

Greenberg and Ar 1996), D. melanogaster (fruit flies, Klok

et al. 2009), and Schistocerca americana (grasshoppers,

Harrison et al. 2006), all species which have statistically

identical growth rates and development times when reared

in 21 or 40% oxygen. Juvenile mealworms and fruit flies

both live in media (flour and rotting fruit) which may

restrict oxygen levels and susceptibility to oxidative dam-

age, potentially explaining this difference; however, such

an explanation cannot hold for grasshoppers, which develop

in the air. Perhaps grasshoppers have a greater capacity to

decouple internal oxygen level from atmospheric oxygen

Fig. 7 The proportion of the whole leg area occupied by the area

of the major tracheae in the image (averaged over the three legs)

decreased as rearing oxygen level increased. ANOVA: F6,344 =

40.457, P \ 0.0001

Fig. 8 Atmospheric oxygen level significantly affected hatching

success, with the number of offspring reduced in both hypoxic and

hyperoxic groups. ANOVA: F5,90 = 2.46, P = 0.038
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than cockroaches, or a greater capacity to repair oxidative

damage due to their plant-based diet. The reduced growth

rates, development rates and hatching success in both

hypoxia and hyperoxia suggest that changing oxygen levels

would have negative effects on the fitness of cockroaches,

potentially reducing lifespans by increasing the odds of

predation or disease development (Smith et al. 2008).

Selection should act to promote compensatory adjustments

of morphology and physiology that reduce such negative

effects. The differential response of different insect species

suggests that changes in oxygen levels might restructure

communities in favor of genotypes and species that can

better cope with changes in oxygen levels.

The strong negative effects of hypoxia and hyperoxia on

B. germanica are likely substantially mitigated by com-

pensatory changes in tracheal morphology. German cock-

roaches showed strong, linear changes in tracheal

dimensions and volumes that had an inverse relationship

with oxygen concentration (Figs. 5, 6 and 7). These were

large magnitude changes; for example the mass specific

volume of the primary tracheae in the femur for roaches

reared in 12% is triple that for roaches reared in 40%

(Fig. 5). It seems likely that further changes in the tracheal

system exist in the tracheoles, whose proliferation is inver-

sely correlated to oxygen levels (Jarecki et al. 1999). Similar

results have been found for larval D. melanogaster, which

have larger primary tracheae when reared in hypoxia, and

reduced diameters in hypoxia (Henry and Harrison 2004).

Our data showing the approximately linear compensatory

response of major tracheal volumes in this relatively prim-

itive insect to changes in the level of atmospheric oxygen

suggest that this may be a general phenomenon in insects.

Multiple pathways have been proposed by which the

level of atmospheric oxygen might influence insect body

size (Harrison et al. 2010). One important factor may be the

apparent need for larger insects to invest a relatively

greater proportion of their body as respiratory structure.

During ontogeny of S. americana, relative tracheal

investment increases in the leg muscle (Hartung et al.

2004) and at the whole body level, with tracheal volumes

scaling approximately with mass1.3 (Lease et al. 2006;

Greenlee et al. 2009). Kaiser et al. (2007) showed that

tracheal volumes across tenebrionid species scale with

mass1.29, and that the proportion of leg structures occupied

by tracheae increase strongly with size. Potentially, this

could lead to spatial constraints in the largest insects, in

which there is no additional room for tracheae within

portions of the exoskeleton (Kaiser et al. 2007). In addition

to spatial constraints, there could be trade-offs associated

with the increasing mass-specific investment in larger

insects. Greenlee et al. (2009) showed that the percent of

non-tracheal tissue falls quadratically with mass during

ontogeny of a grasshopper. Our finding that tracheal

investment falls linearly with atmospheric oxygen level

provides an important possible mechanism by which oxy-

gen might influence insect sizes. Higher atmospheric

oxygen levels will decrease the need for tracheal invest-

ment and increase space, materials, and energy for other

functions; such trade-offs would be especially significant in

the largest insects (Kaiser et al. 2007; Harrison et al. 2010).

These results show that the impact of atmospheric

oxygen level on insect development and function is com-

plex and nonlinear. At least for some species, such as these

cockroaches, there is evidence that respiratory and devel-

opmental systems are adapted for current levels of atmo-

spheric oxygen, and that variation away from the modern

value negatively impacts development and fitness. This

suggests that historical variation in the level of atmospheric

oxygen would have been generally challenging for animals

such as insects, leading to selection for compensatory

responses. Regarding the question of whether atmospheric

hyperoxia enabled the evolution of giant insects, several

key questions need to be answered. First, quantitative,

statistical studies of insect body size (both maximal and

average) during periods of variation in atmospheric oxygen

(as from the Carboniferous through the Triassic) are nee-

ded to provide a firm foundation to answer the question of

whether the level of atmospheric oxygen is really corre-

lated with insect size. Secondly, more evolutionary studies

are needed to test for patterns and mechanisms for variation

in body size over multiple generations in response to

atmospheric oxygen. Perhaps most importantly, the clear

evidence for variation among insect taxa in their responses

to oxygen suggests that the key experiments will need to

focus on taxa related to those that experienced gigantism

during the Paleozoic (e.g. dragonflies).
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