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Methods
Two populations of C. floridanum were established in the laboratory from field-collected
broods obtained in the southern (Georgia) and northern (Wisconsin) US. Each culture
was maintained separately as large randomly mating populations on the host Trichoplusia
ni. Host larvae were reared on an artificial diet at 27 8C and in a 16 h light/8 h dark
photoperiod as previously described27. Experimental conditions were manipulated to
favour production of all-male and all-female broods. Ovipositions were observed to
determine that wasps laid one male or female egg to produce all-female or all-male
broods17. Identifying the composition of broods in advance was possible, because females
exhibit different behaviours when laying a fertilized or an unfertilized egg14. Hosts
containing full sisters were produced by mating clonal females from one brood with a male
from another. Hosts containing brothers were produced by allowing unmated females
from the same brood to oviposit.
Male or female polymorulae containing on average 500 embryos were collected from
fourth instar hosts and labelled with carboxyfluorocein diacetate succinimidyl ester
(CFSE) using previously established methods14,16. These previous studies confirmed that
soldiers that attack CFSE-labelled tissues ingest the label which is then clearly visible when
larvae are examined by epifluorescent microscopy. In experiment 1, CFSE-labelled sister,
brother, non-relative Georgia female, non-relative Wisconsin female and non-relative
Wisconsin male polymorulae were injected into fifth instar hosts containing a female
brood from the Georgia population using a glass needle mounted on a micromanipulator.
As a control, testes from fourth instar T. ni, which are similar in size to a polymorula, were
labelled and individually injected. Hosts were then dissected 24 h after injection and the
number of soldiers with label in their gut were determined. In vitro assays were conducted
in 1-ml culture wells containing TC-100 medium (Sigma)14,16. Soldiers and polymorulae
from relative and non-relative broods were collected from fourth instar hosts immediately
before the experiment. One soldier larva was placed in the culture well with a full sister,
brother, non-relative female or non-relative male polymorula. The proportion of each
type of polymorula that was attacked during a 2-h bioassay period was then recorded. An
attack was defined as the larva gripping a polygerm with its mandibles for more than
1 min. When this occurred, consumption of tissue by the soldier was readily visible.
In experiment 2, hosts containing female broods were starved by removing them on the
first day of the fifth instar from the food source to cups containing moist cotton wool. Each
larva was returned to food 24 or 48 h after starvation and reared until completion of
C. floridanum development. The average maximum size of hosts treated in this manner
declined linearly from 507 ^ 56 mg (mean ^ s.e.m., N ¼ 20) for unstarved controls to
398 ^ 42 mg (N ¼ 20) and 286 ^ 38 mg (N ¼ 20) for hosts starved for 24 or 48 h,
respectively. Previous studies indicated that the total number of wasp progeny produced
per polymorula is established at the end of the host fourth instar11,18. Thus, any reduction
in the number of progeny produced in starved, fifth instar hosts is due to mortality caused
by increased competition for more limited host resources rather than a change in the
development of the polymorula itself. To assess the effect of host starvation on the resident
clone, parasitized hosts containing a female brood were starved for 48 h, returned to food
and then reared until completion of development. The total number of wasp progeny per
host was then counted. For comparisons of soldier aggression in starved and unstarved
hosts, one cohort of hosts was starved for 48 h, returned to food and then injected 24 h
later with a CFSE-labelled sister, brother, non-relative female (Wisconsin) or non-relative
male polymorula. The second, unstarved cohort was treated identically except that hosts
were continuously provided with food. Hosts in both cohorts were dissected 24 h after
injection and the number of hosts containing soldiers with label in their gut was
determined as described in experiment 1.
The association between soldier aggression, relatedness, resource competition or
gender of the competitor were analysed by likelihood ratio chi-square tests using the
JMP, v.3.0 statistical package.
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Mutations have pivotal functions in the onset of genetic diseases
and are the fundamental substrate for evolution. However,
present estimates of the spontaneous mutation rate and spectrum
are derived from indirect and biased measurements. For
instance, mutation rate estimates for Caenorhabditis elegans
are extrapolated from observations on a few genetic loci with
visible phenotypes and vary over an order of magnitude1.
Alternative approaches in mammals, relying on phylogenetic
comparisons of pseudogene loci2 and fourfold degenerate
codon positions3, suffer from uncertainties in the actual number
of generations separating the compared species and the inability
to exclude biases associated with natural selection. Here we
provide a direct and unbiased estimate of the nuclear mutation
rate and its molecular spectrum with a set of C. elegans mutationaccumulation lines that reveal a mutation rate about tenfold
higher than previous indirect estimates and an excess of insertions over deletions. Because deletions dominate patterns of
C. elegans pseudogene variation4,5, our observations indicate
that natural selection might be significant in promoting small
genome size, and challenge the prevalent assumption that
pseudogene divergence accurately reflects the spontaneous
mutation spectrum.
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Table 1 Insertion and deletion mutations in the MA lines
Chr.

Chr. Pos.

Cos./YAC

Mut.

Context

Line(s)

Cod.

...................................................................................................................................................................................................................................................................................................................................................................

I
I
I
I
II
II
II
II
II
II
II
III
IV
IV
V
X
X

8,738,889
8,739,217
8,952,991
12,826,513
3,170,985
5,629,513
5,924,746
5,924,746
13,314,289
13,314,321
13,314,343
12,353,930
,1,564,830*
17,277,013
11,074,113
10,021,926
10,172,717

C36B1
C36B1
F53B6
B0019
Y25C1A
C17G10
F59G1
F59G1
Y48C3A
Y48C3A
Y48C3A
Y75B8A
Y41D4B
F26D10
T04C12
F19C6
C07A4

þA
2C
þC
þG
þG
þC
þG
þC
þCCC
þGAT
þGA
2 11 bp
þ , 500 bp
þT
þG
2 66 bp
2A

TCGTT ! TCGATT
TTCCT ! TTCT
CCTTT ! CCTCTT
CCGTT ! CCGGTT
TAGCG ! TAGGCG
AGCAA ! AGCCAA
TGCAG ! TGGCAG
TGCAG ! TGCCAG
AGCCCGC ! AGCCCCCCGC
TGGATCA ! TGGATGATCA
CGAGCA ! CGAGAGCA
(T7GGTC)2 ! (T7GGTC)1
ND
ACTTG ! ACTTTG
ATGGCG ! ATGGGCG
(17 bp) (49 bp) (17 bp) ! (17 bp)
GC(A)5TA ! GC(A)4TA

23
73
39
12
95
13
2
14
80
80
80
90
46
89
39
29
2

IN
IN
IN
IN
IN
IG
EX
EX
EX
EX
EX
IN
IN
EX
IG
IN
EX

...................................................................................................................................................................................................................................................................................................................................................................
Chr. indicates the chromosome on which the mutation was found, and Chr. Pos. refers to the chromosomal position of the mutation. Cos./YAC refers to the sequenced C. elegans cosmid or yeast artificial
chromosome in which the mutation was found. Mut. refers to the observed mutation. Line(s) indicates the MA line number(s) where the mutation was detected. Cod. refers to the type of coding
sequence in which the mutation was detected: EX is exon, IG is intergenic, and IN is intron.
* A large insertion mutation whose sequence was not determined (Supplementary Fig. S2).

To obtain a direct estimate of the spontaneous mutation rate and
spectrum, we sequenced more than 4 megabases of nuclear DNA
from a set of C. elegans mutation-accumulation (MA) lines. The MA
lines were simultaneously initiated from a single N2 (laboratory
strain) ancestor and propagated in a benign environment across
generations by single-progeny descent, ensuring that all but the
most deleterious mutations accumulated over time in an effectively
neutral fashion, and resulting in marked declines6 in fitness. We
sequenced 29,561 base pairs (bp) from each of 72 MA lines at 280
generations, 14,550 bp from each of 68 MA lines at 353 generations,
and 18,718 bp from each of 58 MA lines at 396 generations
(Supplementary Table S1). All mutations were visually confirmed
on electropherogram data from both strands of directly sequenced
polymerase chain reaction (PCR) products, ensuring a very low
error rate (see Methods). The same loci were sequenced from a set of
natural isolates of C. elegans for a direct comparison of the mutation
spectrum in the MA lines with natural substitution patterns7.
We detected 30 mutations (Tables 1 and 2) in the MA lines,
yielding a mutation rate estimate of 2.1 £ 1028 mutations per site
per generation (standard error of the mean, s.e.m. ¼ ^6.7 £ 1029)
or, based on an average generation time of four days, 2.0 £ 1026
mutations per site per year (^6.1 £ 1027). The total haploid
genomic mutation rate (U t) is ,2.1 mutations per genome per
generation, given that the size of the C. elegans genome is ,108 bp.
The distribution of mutations in each MA line and each locus were
very close to Poisson expectations (see Methods). The nuclear
mutation rate estimate reported here is about one order of magnitude lower than the mitochondrial rate detected in the same C.
elegans MA lines (1.6 £ 1027 mutations per site per generation)8
but is nearly one order of magnitude higher than the previous
average gene-specific nuclear rate estimate for C. elegans1. This
observation is consistent with a recent study showing laboratorybased mutation rate estimates about tenfold higher than phylogenetic estimates for Escherichia coli and Salmonella enterica9.
More than half of the mutations (17 of 30) observed in the MA
lines were insertion–deletion (indel) mutations (Table 1); among
the indels, insertions were dominant (13 of 17). The latter observation differs markedly from patterns of pseudogene evolution in
natural populations of both Caenorhabditis and Drosophila, in
which deletions outnumber insertions4,5,10. Among C. elegans
transposon pseudogenes, for instance, deletions are 2.8-fold more
frequent than insertions5. This apparent bias towards deletions
inferred from patterns of pseudogene evolution is often invoked
as a mutation-based mechanism responsible for the maintenance of
small genome size in metazoans such as Drosophila and C. elegans10,11. However, several studies indicate that pseudogenes might
680

be subject to selective constraints: the makorin1 p1 mouse pseudogene is transcribed and regulates the messenger RNA stability of its
homologous coding gene12, and transcriptional activity is reported
for ,20% of Arabidopsis sequences annotated as pseudogenes13.
Furthermore, many pseudogenes in a variety of species display
codon bias, retention of reading frame, and very low ratios of
nonsynonymous to synonymous substitution rates (K a/K s) (ref. 14).
The predominance of insertions observed in the MA lines coupled
with the bias towards deletions in C. elegans pseudogenes indicates
that long-term pseudogene evolution in C. elegans might not accurately reflect the baseline spontaneous mutation spectrum and that
natural selection might favour deletions and/or prevent insertions in
otherwise neutral regions of the C. elegans genome. If this interpretation is correct, the evolution of the compact C. elegans genome
might be driven largely by selective rather than mutational forces15.
Although on the surface it might seem unlikely that natural
selection can act on small insertions in presumably non-functional
regions of the genome, selection is much more efficient in invertebrate species with large effective population sizes, such as
C. elegans, than in those with relatively small effective population
sizes, such as vertebrates, as reflected in many aspects of genome
evolution, including numbers and sizes of introns and the abundances of mobile elements16. Furthermore, natural selection prevents the accumulation of other types of mutation with seemingly
mild effects, such as unpreferred base substitutions at silent sites in
highly transcribed genes (‘codon bias’)17 and spurious transcription-factor binding sites18. In species with very small effective

Table 2 Base substitution mutations in the MA lines
Chr.

Chr. Pos.

Cos./YAC

Mut.

Context

Line(s)

Cod.

.............................................................................................................................................................................

I
I
II
II
III
III
III
IV
IV
V
X
X

6,816,148
8,738,859
6,537,060
10,851,146
1,933,779
1,933,788
12,353,902
8,001,467
10,332,063
11,724,218
10,173,063
10,609,426

K02F2
C36B1
C56E6
M106
F53A3
F53A3
Y75B8A
Y42H9B
K11E8
B0240
C07A4
F59F5

C!T
A!G
G!A
G!C
G!C
C!G
T!C
G!A
C!T
C!A
G!A
A!T

TACTA ! TATTA
GGATA ! GGGTA
AAGCC ! AAACC
ACGTC ! ACCTC
GAGAT ! GACAT
AACCT ! AAGCT
AATTT ! AACTT
TAGAG ! TAAAG
GCCGT ! GCTGT
GTCAA ! GTAAA
TCGGC ! TCAGC
CAACA ! CATCA

64, 78
90
97
13
77
77
26
67
61
84
94
98

IN
IN
IG
IG
IN
IN
IN
EX (N: S ! F)
IN
IG
EX (S)
EX (N: K ! R)

.............................................................................................................................................................................
Chr. indicates the chromosome on which the mutation was found, and Chr. Pos. refers to the
chromosomal position. Cos./YAC refers to the sequenced C. elegans cosmid or yeast artificial
chromosome in which the mutation was found. Mut. refers to the observed mutation. Line(s)
indicates the MA line number(s) where the mutation was detected. Cod. refers to the coding
context of the sequence in which the mutation was found: EX is exon, IG is intergenic, and IN is
intron. For exon mutations, S indicates a synonymous mutation and N indicates a nonsynonymous mutation (amino acid change is indicated after N).

©2004 Nature Publishing Group

NATURE | VOL 430 | 5 AUGUST 2004 | www.nature.com/nature

letters to nature
population sizes, such as humans, in which natural selection is less
efficient, pseudogene variation might more accurately reflect the
spontaneous mutation spectrum.
Our observations are also based on organisms propagated in the
laboratory, whereas previous comparative phylogenetic approaches
to estimating the mutation spectrum, although indirect, are derived
from sequences evolving in nature. Although we cannot exclude the
possibility that mutation processes might differ between laboratory-reared organisms and those occurring in nature, observations
in prokaryotes indicate that certain mutation processes (the bias
towards transitions over transversions, for instance) do not significantly differ between bacteria raised in the laboratory and those
evolving in nature9. Furthermore, the rate of sex-linked lethal
mutations is highly similar in wild-caught and laboratory populations of Drosophila19.
Five frameshift-causing indel mutations were observed in exon
sequence, each resulting in a premature stop codon (Table 1). Two
of these indels occurred independently in MA2 and MA14 at the
same precise location in the final exon of the vps-35 gene (F59G1.3).
Length variation was also observed at this precise location in the
C. elegans natural isolates7, indicating that this might be a hotspot
for insertion mutations. Three short insertions were observed
within a 60-bp segment of the fourth exon of the mac-1 gene
(Y48C3A.7) in MA80 (Supplementary Fig. S1), an insertion of a
single base pair was detected in the second exon of the hsp-1 gene,
and a single base-pair deletion occurred in the third exon of an
unnamed gene (C07A4.2). Although the functional consequences of
these specific mutations remain uncertain, C. elegans RNAmediated interference (RNAi) studies20 provide some insights: for
the mac-1 and C07A4.2 genes RNAi treatment resulted in no
detectable phenotypes, but sterility was observed for hsp-1 and
vps-35. However, the frameshift mutations observed at hsp-1 and
vps-35 in the MA lines might result in the expression of truncated
protein products and result in less severe phenotypes than what is
observed in RNAi studies. The largest indel observed was a ,500-bp
insertion in MA46 at locus Y41D4B (Supplementary Fig. S2).
Although exhaustive efforts to determine the sequence of this
mutation were unsuccessful, the presence of five copies of the
C. elegans repetitive element Rc123 (ref. 21) at this locus in wildtype (N2) DNA indicates that there might have been an expansion
of these elements at this locus in MA46. Size variation at this locus
between the C. elegans natural isolates is due to variation in Rc123
copy number.
Base substitutions are about fourfold more frequent than indels
in the C. elegans natural isolates7, and this observation is often used
to justify the use of base-substitution-inducing mutagens such as
ethylmethane sulphonate to mimic spontaneous mutation processes22,23. However, our observation that the mutation rate to
indels is higher than the rate for base substitutions in the MA
lines raises questions about the validity of this assumption. It is
unlikely that any single mutagen would induce the diverse assortment of spontaneous mutations observed in the MA lines.
Transitions are consistently more common than transversions in
natural patterns of nuclear variation in metazoans, but it remains
unclear whether this pattern is driven by biased mutation and/or
selection. Among the 13 base substitutions observed in the MA lines
(Table 2), 8 were transitions and 5 were transversions, yielding a
transition/transversion (Ts/Tv) ratio (1.6) that is strikingly similar
to that observed at the same nuclear loci in the C. elegans natural
isolates (1.7) (ref. 7). Even higher transition biases were found in the
mitochondrial genomes of both the C. elegans MA lines (Ts/
Tv ¼ 4.3)8 and natural isolates (Ts/Tv ¼ 2.6)7. These observations
suggest that underlying mutational forces drive the widely observed
transition-bias phenomenon in both the nuclear and mitochondrial
genomes of C. elegans.
Last, we note that our sequence-based estimate of U t (,2.1
mutations per haploid genome per generation) is about two orders
NATURE | VOL 430 | 5 AUGUST 2004 | www.nature.com/nature

of magnitude higher than the haploid deleterious genomic
mutation rate (U d) estimated by laboratory fitness assays with the
same set of C. elegans MA lines (U d < 0.015 mutations per haploid
genome per generation)6, indicating that most mutations in the MA
lines (more than 99%) might either be neutral or have deleterious
effects too mild to be detected in laboratory fitness assays. However,
comparative analyses of Caenorhabditis genome sequences suggest
that the vast majority of nonsynonymous mutations (,94% on the
basis of a between-species K a/K s ratio of 0.06)24 are sufficiently
deleterious for selection to act against them in nature, and fitnessbased estimates of U d are known to be highly dependent on
environmental conditions25. If we consider only nonsynonymous
base substitution mutations and indels in exon sequence, the
mutation rate reported here coupled with the K a/K s data for
Caenorhabditis yields an estimate of 0.48 for U d (see Methods).
This approximation of U d is probably an underestimate because it
does not consider mutations in intron and intergenic regions that
can also have negative effects. Nevertheless, the fact that our
sequence-based minimal estimate for U d in C. elegans is about
30-fold higher than the estimate based on laboratory fitness assays
indicates that most spontaneous mutations in C. elegans have
very mildly deleterious effects that are realized only in natural
contexts.
A

Methods
Mutation detection and confirmation
Details about PCR amplification and sequencing of C. elegans nuclear loci have been
described previously7,8. Most loci sequenced were randomly distributed across C. elegans
chromosomes by designing PCR primer pairs around chromosomal positions selected by a
random-number generator. All amplifications were performed with a large amount of
genomic DNA (,25,000 diploid genomes per reaction) and 2 U Taq DNA polymerase
(Applied Biosystems) to eliminate artefacts associated with initial amplification from
small amounts of genomic DNA. All PCR products were directly sequenced in both
directions, and internal primers were used where necessary.
DNA sequence text files were aligned to wild-type (N2) sequences with CLUSTALW26
to identify putative mutations in the MA lines. Putative mutations identified in the
alignments were then scrutinized visually on the electropherogram data to eliminate basecaller errors and other sequencing artefacts. All putative mutations showing evidence of
wild-type or ambiguous sequence data were resequenced. Putative mutations supported
by clean, unambiguous electropherogram data were then evaluated on the opposite strand
(sequencing reaction in the opposite direction), with internal primers where necessary. If
we conservatively assume that our sequencing error rate was on the high end of that
reported for the human genome (,1024) (ref. 27) then an error rate of ,1028 is expected
for our approach where mutations were confirmed on both strands. Assuming this
conservative error rate, we would expect only ,0.04 mutations due to sequencing error in
the more than 4 megabases of DNA that we surveyed. All mutations reported here received
high Phred scores (more than 33) on both strands (corresponding to an error probability
of less than 0.05%)28. Finally, starting from genomic DNA we re-amplified and sequenced a
subset (10 of 30) of the PCR products containing the initially identified mutations, and in
each of the ten instances the mutations were again detected.

Calculation of mutation rates
Individual mutation rates were calculated with the equation m ¼ m/(LnT), where m is the
mutation rate (per nucleotide site per generation), m is the number of observed
mutations, L is the number of MA lines, n is the number of nucleotide sites and T is the
time in generations, as described previously8. The standard errors for individual mutation
rates were calculated as [m/(LnT)]1/2, as described previously8. Three highly similar
independent mutation rates were calculated for each of the three mutation assays:
2.0 £ 1028 mutations per site per generation (^5.8 £ 1029) for the first assay (280
generations), 2.6 £ 1028 (^8.6 £ 1029) for the second assay (353 generations) and
2.1 £ 1028 (^7.0 £ 1029) for the third assay (396 generations). The single rate reported in
the text is the average of the three rates, weighted by the inverse of the sampling variance
for each rate. To avoid providing an upwardly biased estimate of the mutation rate, we
excluded mutations detected at homopolymeric nucleotide runs of 8 bp or longer that are
hotspots for indel mutation and were specifically targeted for another study29.

Poisson distribution of mutations
For both the distribution of mutations between individual MA lines and between
individual PCR products, our observations were not significantly different from Poisson
expectations. Assuming a Poisson distribution and a mean of 0.45 mutations per MA line
(with a weighted average of 66 total MA lines), the expected number of MA lines with 0, 1,
2 and 3 mutations are 42, 19, 4 and 1, respectively; we observed 43, 17, 5 and 1 MA lines.
Assuming a Poisson distribution and a mean of 0.39 mutations per PCR product locus
surveyed (76 total), the expected number of loci with 0, 1, 2 and 3 mutations are 51, 20, 4
and 1, respectively; we observed 54, 15, 5 and 2 loci.
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Estimation of the deleterious genomic mutation rate
If we use 1–(K a/K s) as a measure of the fraction of mutations in protein-coding genes that
are deleterious (for Caenorhabditis, K a/K s < 0.06)24 and multiply this by the genomic rate
of nonsynonymous base substitution mutations in exon sequences in the MA lines (0.18
nonsynonymous mutations per genome per generation, given that ,26% of the C. elegans
genome is exon, ,75% of exon nucleotides are nonsynonymous sites, and our total
mutation rate of 0.9 base substitutions per genome per generation), we get 0.17 as an
estimate of U d for C. elegans. Adding the rate of indel mutations in exon sequence (0.31
indel mutations in exons per genome per generation, given that ,26% of the C. elegans
genome is exon and our total mutation rate of 1.2 indels per genome per generation) and
assuming all exon indels are deleterious, yields 0.48 as an estimate of U d for C. elegans.
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Optimal neural population coding
of an auditory spatial cue
Nicol S. Harper1,2 & David McAlpine1

A sound, depending on the position of its source, can take more
time to reach one ear than the other. This interaural (between the
ears) time difference (ITD) provides a major cue for determining
the source location1,2. Many auditory neurons are sensitive to
ITDs3,4, but the means by which such neurons represent ITD is a
contentious issue. Recent studies question whether the classical
general model (the Jeffress model5) applies across species6,7. Here
we show that ITD coding strategies of different species can be
explained by a unifying principle: that the ITDs an animal
naturally encounters should be coded with maximal accuracy.
Using statistical techniques and a stochastic neural model, we
demonstrate that the optimal coding strategy for ITD depends
critically on head size and sound frequency. For small head sizes
and/or low-frequency sounds, the optimal coding strategy tends
towards two distinct sub-populations tuned to ITDs outside the
range created by the head. This is consistent with recent observations in small mammals6,7. For large head sizes and/or high
frequencies, the optimal strategy is a homogeneous distribution
of ITD tunings within the range created by the head. This is
consistent with observations in the barn owl8–10. For humans, the
optimal strategy to code ITDs from an acoustically measured
distribution depends on frequency; above 400 Hz a homogeneous
distribution is optimal, and below 400 Hz distinct sub-populations are optimal.
The ability to localize sound sources has obvious survival value,
whether for prey or predator. Many vertebrates, including humans,
make use of ITDs to localize sounds in the horizontal plane. These
ITDs can be in the order of just a few tens of microseconds. In the
Jeffress model5, these minute ITDs are encoded by an array of
coincidence-detector neurons. Each neuron is tuned for (responds
maximally to) an ITD within the range created by the head size (the
physiological range), the precise tuning being determined by the
difference in axonal conduction time from each ear. The Jeffress
model, developed with human spatial hearing in mind, has received
extensive support from studies in barn owls8–10, and until recently
was presumed to apply to mammals11. However, the preferred ITD
tuning of neurons recorded in small mammals that use ITDs for
sound localization seems to lie outside the physiological range6,7.
This is markedly different to the preferred ITD tuning observed in
the barn owl and suggested by the Jeffress model. It is now debated
whether a single unifying principle or model can any longer explain
the means by which ITD is encoded across the wide range of species
in which ITD sensitivity is observed.
We investigated the possibility that different coding strategies
observed in different species can be explained by the demand for
accurate ITD coding. For simplicity, we considered first how to
encode most accurately the ITDs in the ongoing fine structure of a
pure tone using a population of ITD-tuned model neurons. In
mammals, fine-structure ITD sensitivity is restricted to sound
frequencies below ,1,500 Hz. At higher frequencies, some ITD
information can be conveyed by the envelope structure of complex
sounds12; however, this seems to have relatively little impact
on localization judgements2,13, and thus we only consider finestructure ITDs.
Here, we present the optimal coding strategies for four species
with different head sizes and/or different sound-frequency ranges
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