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Group direction

To quantify group direction h we create a vector extending from the group’s centroid
calculated at time At — 50At to the centroid calculated at ¢At, where ¢ the final time
step, is 2,500. In Figs 1 and 2 we calculated the mean angular deviation s for 400 replicates,
equivalent to calculating the linear standard deviation®, which we normalized so that its
minimum value is 0, corresponding to no information transfer (groups move in random
directions), and its maximum value is 1, corresponding to the motion of the simulated
groups always being exactly aligned with g.

Elongation

Elongation was measured by creating a bounding box around the group aligned with the
direction of travel and calculating the ratio of the length of the axis aligned with the group
direction, to that perpendicular to group direction. This value is 1 when both axes are
identical, >1 as the group becomes more elongated in the direction of travel, and <1 as it
becomes elongated perpendicular to the direction of travel.

Uncertainty of information

Individuals may also not have perfect knowledge about their preferred direction g, and this
can be simulated for each individual i at the start of the simulation by rotating by the same
type of circular-wrapped gaussian distribution with standard deviation v, resulting in vector
gi. Changing v changes our results quantitatively, but not qualitatively, within the upper
limits imposed by groups being able to maintain cohesion (see Supplementary Fig. 1).

To simulate a difference in the ability of informed individuals, within the same group,
to correctly determine their preferred direction, g is rotated for p/2 individuals (s2) by
gaussian-distributed angle, with standard deviation x radians (creating g;, as above) at the
start of the simulation (see Fig. 4).

Starting conditions
Each simulation run was started with randomized individual positions and orientations.
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Insects hreathe discontinuously
to avoid oxygen toxicity
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The respiratory organs of terrestrial insects consist of tracheal
tubes with external spiracular valves that control gas exchange.
Despite their relatively high metabolic rate, many insects have
highly discontinuous patterns of gas exchange, including long
periods when the spiracles are fully closed. Two explanations
have previously been put forward to explain this behaviour: first,
that this pattern serves to reduce respiratory water loss', and
second, that the pattern may have initially evolved in under-
ground insects as a way of dealing with hypoxic or hypercapnic
conditions’. Here we propose a third possible explanation based
on the idea that oxygen is necessary for oxidative metabolism but
also acts as a toxic chemical that can cause oxidative damage of
tissues even at relatively low concentrations. At physiologically
normal partial pressures of CO,, the rate of CO, diffusion out of
the insect respiratory system is slower than the rate of O, entry;
this leads to a build-up of intratracheal CO,. The spiracles must
therefore be opened at intervals to rid the insect of accumulated
CO,, a process that exposes the tissues to dangerously high levels
of O,. We suggest that the cyclical pattern of open and closed
spiracles observed in resting insects is a necessary consequence of
the need to rid the respiratory system of accumulated CO,,
followed by the need to reduce oxygen toxicity.

The respiratory system of insects consists of a highly branched
system of cuticle-lined tubes extending throughout the body’. The
tubules are filled with air, which greatly facilitates the transport of
gases through the body (the diffusion of O, and CO, is about 10°
and 10" times faster, respectively, in air than in water, blood or
tissue)*. The tracheae open to the external atmosphere through
valve-like spiracles on the surface of the abdomen and thorax.
Internal to the spiracles are large tracheal trunks and distensible
air sacs. Smaller tracheae extend from the tracheal trunks in a
branching, dendritic pattern. The finest branches at the tips of the
tracheal system, termed tracheoles, can be less than a micrometre in
diameter. They lie adjacent to the tissues and serve as the principal
site for gas exchange.

Early calculations suggested that passive diffusion of gases in the
tracheal system of insects should be more than adequate to support
oxidative metabolism, even in fairly large insects*. Observation of
living insects reveals, however, that they have elaborate processes for
changing the hydrostatic pressure in the haemocoel, thereby actively
ventilating the tracheal system®”’. Even more surprisingly, many
insects show highly rhythmic patterns of spiracular control (the
discontinuous gas exchange cycle, DGC) where the tracheal system
is periodically completely closed, followed by lengthy periods
during which respiratory exchange is severely constricted® . It is
intriguing to insect physiologists that a system which can apparently
be operated passively instead exhibits a complex system of controls
that are both metabolically costly and would seem to interfere with,
rather than foster, respiratory homeostasis.

The discontinuous gas exchange cycle of insects is characterized
by a period in which the spiracles are fully closed (the ‘closed phase’,
Fig. 1). During this time, the partial pressure of oxygen (po ) in the
lumina of the tracheae declines, and the partial pressure of CO,
(P co,) increases. Owing to the high solubility of CO, in the aqueous
haemolymph and a respiratory quotient (the amount of CO,
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produced divided by the O, consumed) that is normally less than
one in diapausing pupae, the increase in pco, in the air within the
tracheae is less than the decrease in po . As a result, the total
atmospheric pressure in the tracheal lumina declines slightly during
the closed phase. Eventually, the spiracles begin to flutter, allowing
bulk flow of air down this pressure gradient. After a period of time, a
third phase begins in which the spiracles remain fully open (the
‘open phase’). During this period, both po, and pco, tend towards
levels present in the external atmosphere due to the diffusion of
these gases down their concentration gradients through the tracheae
and open spiracles. It has been argued that the ‘flutter phase’ is
initiated by critically low p, in the tracheae, and the open phase is
initiated by critically high pco, (ref. 1).

Although the phenomenon of discontinuous gas exchange has
been extensively studied in insects, its adaptive significance is a
subject of considerable debate. Two models have been put forward.
The first argues that the evolutionary force promoting discontinu-
ous ventilation is the reduction of respiratory water loss occasioned
by the closed phase and bulk inward flow of air during the flutter
phase'. Subsequent studies have failed to find much support for the
idea that the fitness benefits of the pattern lie in water conserva-
tion>'®'". Although many insects show discontinuous ventilation,
most do not. Insects show discontinuous ventilation only when they
are not active or moving. Insects such as grasshoppers that can be
exposed to high temperatures and dry air during the day do not
show discontinuous ventilation at such times, but do show discon-
tinuous ventilation at night when respiratory water loss is already
minimized'’. Fruitflies that have undergone selection for enhanced
desiccation resistance show genetically determined modifications in
their respiratory patterns'. Those flies that showed discontinuous
ventilation did not have reduced rates of water loss compared with
control flies that did not breathe discontinuously. Similarly, indi-
vidual flies had identical rates of water loss during discontinuous
breathing periods as in periods of regular breathing'.

A second explanation for the occurrence of discontinuous gas
exchange in insects has recently been proposed’. Many of the insects
showing discontinuous gas exchange spend portions of their life
cycles underground. The DGC can be beneficial in an environment
in which p ¢, islowand p o, is high. For example, partial closing of
the spiracles promotes a low po_ in the tracheal lumina, allowing
inward diffusion in hypoxic environments. Partial closing of the
spiracles also promotes the accumulation of CO, in the tissues and
tracheae, promoting the rapid release of CO, during the open phase
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Figure 1 The rate of release of CO, from a pupa of Attacus atlas over time. A burst of CO»
release is observed during the open phase (O, red bar). During the closed phase (C, blue
bar), the spiracles are closed and CO, release is low. The closed phase is followed by a
flutter phase (F, green bar) during which CO, release occurs only during brief intervals of
spircular opening.
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in hypercapnic environments. Finally, the discontinuous nature of
the respiratory exchange allows for the diffusion of gases surround-
ing the animal in an environment where convective gas exchange is
limited. A number of the insects showing discontinuous gas
exchange do spend substantial portions of their life cycles
underground, including ants, lepidopteran pupae (such as those
of sphingid moths) and fossorial beetles'"*. For other insects
exhibiting discontinuous gas exchange, including grasshoppers
and triatomid hemipterans'®', the connection to underground
living is more tenuous. Although the DGC unquestionably provides
advantages in a hypoxic or hypercapnic environment, it is harder to
imagine the evolutionary pathway by which this respiratory pattern
arose. Our understanding of the evolution of the insect orders does
not suggest that the ancestor of all of the insects exhibiting
discontinuous gas exchange was fossorial. Instead, it may be that
features of the insects’ respiratory control systems promote discon-
tinuous ventilation when faced with the conditions which prevail
underground.

We propose that an additional control process is responsible for
discontinuous ventilation in insects. We suggest that O, regulation
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Figure 2 The discontinuous gas exchange cycle (DGC) in a pupa of A. atlas. a, The
discontinuous release of CO, from the insect into the air stream flowing through the
respirometer. The large spikes represent an open phase when the spiracles are open.
Subsequent periods of low CO, releases reflect the closed phase. Periods with small
spikes of CO, release reflect the flutter phase. b, Air pressure in the tracheae relative to
atmospheric pressure. The intratracheal pressure (py) is reduced below atmospheric
pressure only during the closed phase. ¢, The distance between a marker placed on the
tip of the abdomen and a sensor on the chamber wall sensing distance to the marker. A
shortening of the abdomen is indicated as a downward trend in the values. The abdomen
shortens during each closed phase owing to the increase in negative pressure within the
tracheae. d, Intratracheal po,. During the open phasg, po, in the tracheae approaches
that in the atmosphere (20.4 kPa). During the closed phase, po, drops to a value around
4-5kPa. The flutter phase serves to keep p o, near this level.
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(in fact, the intentional exclusion of O,) drives the control of
spiracles and ventilatory physiology in insects. It is this O, regu-
lation that produces the observed discontinuous release of CO,.
During the open phase of the DGC, O, rapidly enters the
tracheae, diffusing into the cells and bringing them to a higher
Po, (Fig. 2). The respiratory system then enters the closed phase. We
suggest that the purpose of this closed phase is specifically to reduce
Po, around the cells to a lower, and safer, level. As p, declines and
eventually reaches a critical lower concentration, fluttering begins to
regulate p o . The diffusive resistance of the tracheal system has been
determined for the goat moth Cossus*. When the spiracles are fully
open, the po_ at the tips of the tracheoles should be about 19 kPa.
The values shown in Fig. 2 verify this estimate. This is a very high
level of oxygen for tissues to be exposed to. For example, in
vertebrates, the po, in the capillaries of inactive tissues is about
5kPa; active tissues such as contracting muscle experience p o, levels
of 0.5kPa in the capillaries and 0.4kPa in the cells themselves".
Oxygen radicals are produced in mitochondria and microsomes in
an O,-dependent manner'® and normoxia has been shown to
induce extensive oxidative damage both in vivo and in vitro".
When the spiracles of insects are open, therefore, the tissues are
exposed to a po, that is unusual among biological systems and that
can lead to dangerous levels of oxidative damage. In the fruitfly
Drosophila melanogaster, oxidative damage accumulates in the
tissues with time even under normal atmospheric conditions'®".
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Figure 3 Respiratory regulation in pupae of A. atlas during the flutter phase at different
atmospheric 0, concentrations. Green lines indicate the rate of CO, release by the insect.
Red lines and red numbers indicate the ambient po,. Blue lines indicate the measured po,
inthe tracheae of the insects. a—c, Respiratory patterns under conditions of hypoxia. More
CO, is released during the flutter phase under hypoxic conditions because the insects
open the spiracles more frequently to obtain sufficient 0. d, CO, release under conditions
of normoxia. e—i, Under conditions of hyperoxia, the flutter period is almost eliminated.
Intratracheal po, is maintained at about 4 kPa regardless of the external po,.
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In the literature on ageing, this is seen as a deleterious effect of
normal O, concentrations on genetically normal flies, a process
which contributes to premature death. Flies engineered to over-
express enzymes that reduce oxidative damage, such as catalase, Cu-
Zn superoxide dismutase or Mn superoxide dismutase, exhibit
longer life and postponed ageing'®**?'. This oxidative damage is
influenced by the level of O, present, shown by the fact that
increases in the level of O, in the atmosphere that the insects are
breathing lead to enhanced rates of oxidative damage and reduced
longevity*. Oxygen has been shown to be a toxic molecule that is
needed for oxidative metabolism but must be supplied in carefully
controlled amounts and concentrations'’.

By using a closed phase and then transitioning into the flutter
phase, insects first rapidly reduce O, levels near the tissues (Fig. 2)
and then provide O, at a rate that supports oxidative metabolism
(Fig. 3). Note that the ‘water-saving’ and ‘underground’ models for
respiratory control would both predict that O, concentrations
should be excessively high under conditions of hyperoxia. This is
not the case (Fig. 3). Instead the insects show oxygen regulation at
all external O, concentrations.

In an ‘ideally’ designed respiratory system, insects would obtain
0, and lose CO, at similar rates; that is, with the same stoichiometry
as seen for O, uptake and CO, production during aerobic metabo-
lism (respiratory quotient varies from 0.7 to 1.0). This is impossible
in insects because O, and CO, move in opposite directions along an
identical pathway. The partial pressures of O, are 20.9kPa in the
external atmosphere and 6 kPa in the lower reaches of the tracheae, a
gradient of 15kPa. The peak partial pressures of CO, at the end of
the flutter phase are around 6.5 kPa, whereas the outside pressure is
effectively zero, a gradient of 6.5 kPa in the opposite direction. As a
consequence of the gradients (and the very slight differences in rate
of diffusion due to differences in molecular weight), O, will always
enter the insects more rapidly than CO, leaves.

The substantial restriction of the spiracles, with occasional open-
ing to permit O, entry, serves to regulate p_ at the tissue level over a
wide range of ambient partial pressures of O, (Fig. 4). This
regulation by necessity leads to the accumulation of CO, in the
tissues, haemolymph and tracheae. When this accumulation reaches
a critical level, the insects have no choice but to open their spiracles
and allow the CO, to escape. As a result, the insects receive O, more
rapidly than they need or want when the spiracles are open. When
the need for CO, release has been met, the system closes completely
to reduce the high levels of O,. Cycling is therefore an inevitable
aspect of the insect respiratory system given its physical design and
control mechanisms. The fact that some insects do not exhibit
discontinuous gas exchange, in either a time-dependent or species-
specific manner, can be attributed to the presence of a high
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Figure 4 Intratracheal po, in pupae of A. atfas during the flutter phase as a function of
external O, concentration. The respiratory system maintains intratracheal po, at a low
level regardless of external, ambient po,.
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metabolic rate relative to the maximum O, delivery capacity of the
respiratory system. Discontinuous ventilation is observed in some
non-insect, tracheate arthropods (such as sun scorpions, solifugids
and ticks)**>. We propose that these arthropods must also reduce
gas exchange during periods of low metabolic activity to avoid the
toxic effects of oxygen.

One can quite reasonably ask, given the capacity of evolutionary
forces to refine and improve physiological systems, why the insect
respiratory system is designed in a manner that subjects the insects
to periodic bursts of toxic O, levels and complicates respiratory and
pH homeostasis. The answer lies in the fact that the DGC is
observed only in resting insects®®. The insect’s respiratory system
has been designed to function most efficiently at high levels of O,
consumption. We argue that the insects’ respiratory system is
designed to provide a high delivery capacity, not to swamp the
tissue with oxygen during periods of low aerobic demand but rather
to supply abundant oxygen during periods of high oxygen demand.
Extensive studies of the design of the vertebrate respiratory system
have shown that its design is driven by demands during periods of
maximum aerobic activity*”*®. The respiratory system of insects is
similarly ‘overdesigned” for providing oxygen to the tissues during
non-exercise conditions. The respiratory pattern that we observe
during low demand is the insect’s attempt to use a high capacity
system during periods of ‘metabolic idling’

Evidence in support of this notion is provided by the fact that the
cycle disappears when insects increase their metabolic rate, for
example in high temperatures or during exercise’®*. Under these
conditions the cells use O, at a much faster rate. We observe that the
spiracles do not fully close under these conditions by the fact that
the release of CO, never goes to zero. We propose that an O,-sensing
system is located somewhere in the animal and that under con-
ditions of enhanced metabolic rate, this permits the spiracles to
remain more fully open. Previously, physiologists have reasoned
that the spiracles open during exercise to provide more oxygen. We
would argue that they open because they are released from their
need to close. |

Methods

To measure the hydrostatic pressure and the O, pressure within the tracheal system, two
spiracles were intubated. A short length of polyethylene tubing (length 50 mm, outer
diameter 0.9 mm; inner diameter 0.4 mm) was inserted past the spiracular valve into one
spiracle in order to record the intratracheal pressure. The spiracle was then carefully sealed
with wax. The tubing was fitted to a miniature differential pressure sensor (SenSym
SDXL010D4, Sensortechnics) that was connected to a custom-made amplifier. The
pressure range was 2,500 Pa, with an accuracy of about 10 Pa. Abdominal movements
were recorded optically with a miniature infrared light reflection switch (SFH900,
Siemens). The light reflected from a reflecting sheet (23090, 3M) glued to the tip of the
abdomen was used to record the distance between the sensor and the tip of the abdomen
with a custom-made amplifier built to obtain a linear relation of output voltage versus
distance. Tracheal p, was measured with a custom-made Clark-type po, electrode
through a single spiracle as previously described™. The O, sensor was calibrated before and
after experiments using moistened air and pure nitrogen at 15 °C. The animal (with
sensors) was housed in a flow-through, temperature-controlled respirometer at 15 °C and
CO, release patterns were recorded using a differential infrared gas analyser (URAS 4,
Hartmann & Braun). Ambient po, was modified using a computer-controlled mass-flow
controller (MKS 1259, 200 ml min ') that permitted the addition of nitrogen or oxygen to
the ambient air. Accuracy of the mixtures was checked by means of a flow-through O,
sensor (Ametek S-3A/II with Sensor N-37).
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Asymptotic prey profitability drives
star-nosed moles to the foraging
speed limit
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Foraging theory provides models for predicting predator diet
choices assuming natural selection has favoured predators that
maximize their rate of energy intake during foraging'™®. Prey
profitability (energy gained divided by prey handling time) is an
essential variable for estimating the optimal diet. Time con-
straints of capturing and consuming prey generally result in
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