
of global climate models9,10. Thus, there might be a greater
frequency of transition between ANPP limitation by water and by
other limiting resources. A key result would be reductions in ANPP
that were greater than expected, as well as greater variability, than
that predicted by site-level models alone—even in biomes pre-
viously considered insensitive (for example, forests)—in response
to future climate. A

Methods
We searched for data from a variety of sources, but included only those data sets with at
least six years of concurrent measures of annual precipitation and ANPP. We assembled
data from 14 sites that met these criteria, including ten US Long-Term Ecological Research
(LTER) Network sites7, and sites in Rock Valley (RCR; desert), Nevada29, Jasper Ridge
Biological Preserve (JR; Mediterranean grassland), California14, Patagonia Steppe (PSA;
grass/shrub steppe), Argentina30, and Barro Colorado Island (BCI; tropical forest),
Republic of Panama. These sites represent a broad gradient of precipitation in North and
South America (105–2,542 mm MAP). The LTER sites are listed in ref. 7, and include
Bonanza Creek, Alaska (BNZ), Cedar Creek, Minnesota (CDR), Harvard Forest,
Massachusetts (HFR), Hubbard Brook, New Hampshire (HBF), Jornada, New Mexico
(JRN), Kellogg, Michigan (KBS), Konza Prairie, Kansas (KNZ), Sevilleta, New Mexico
(SEV), and Shortgrass Steppe, Colorado (SGS). We added the H.J. Andrews Experimental
Forest, Oregon (AND), to this LTER data set. Data for BCI were obtained from the Oak
Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC at http://
www-eodis.ornl.gov/npp/npp_home.html).
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Evolutionary divergence between species is facilitated by eco-
logical shifts, and divergence is particularly rapid when such
shifts also promote assortative mating1–3. Horseshoe bats are a
diverse OldWorld family (Rhinolophidae) that have undergone a
rapid radiation in the past 5 million years4. These insectivorous
bats use a predominantly pure-tone echolocation call matched to
an auditory fovea (an over-representation of the pure-tone
frequency in the cochlea and inferior colliculus5,6) to detect the
minute changes in echo amplitude and frequency generatedwhen
an insect flutters its wings7. The emitted signal is the accentuated
second harmonic of a series in which the fundamental and
remaining harmonics are filtered out8. Here we show that three
distinct, sympatric size morphs of the large-eared horseshoe bat
(Rhinolophus philippinensis) echolocate at different harmonics
of the same fundamental frequency. These morphs have under-
gone recent genetic divergence, and this process has occurred in
parallel more than once9. We suggest that switching harmonics
creates a discontinuity in the bats’ perception of available prey
that can initiate disruptive selection1. Moreover, because call
frequency in horseshoe bats has a dual function in resource
acquisition and communication, ecological selection on fre-
quency might lead to assortative mating and ultimately repro-
ductive isolation and speciation, regardless of external barriers to
gene flow1–3.

The large-eared horseshoe bat (Rhinolophus philippinensis) is a rare
species found from the Wallacea region of southeast Asia to northeast
Australia. Observed variation in body size across its range has led to
suggestions that more than one species might be present, currently
recognized as subspecies10. A previous study of two size forms from
Queensland, calling at 40 and 28 kHz, revealed a polyphyletic origin11.
We used acoustic and genetic analyses to determine the basis of
phenotypic variation in this species. Bats were captured on Buton
Island, southeast Sulawesi, with an additional individual from neigh-
bouring Kabaena Island. Intensive trapping over four summers
revealed low numbers of three discrete size morphs (n ¼ 24) (Fig. 1).
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Each morph was characterized by external features diagnostic for
the species, but adults differed substantially in both forearm length
(mean ^ s.d. (n) for the large morph, 56.1 ^ 1.5 mm (7); small
morph, 47.0 ^ 0.4 mm (13); intermediate (Buton island),
50.6 ^ 1.4 mm (3); intermediate (Kabaena island), 48.4 mm) and
body mass (large, 11.1 ^ 0.5 g (7); small, 6.7 ^ 0.4 g (13); Buton
intermediate, 8.4 ^ 0.4 g (3); Kabaena intermediate, 7.0 g). The
largest morph was thus almost twice as heavy as the smallest, with a
forearm difference of nearly 10 mm. No sexual dimorphism in size
was observed within morphs.

Each size morph was associated with a different echolocation call
frequency (large, 27.2 ^ 0.2 kHz (6); small, 53.6 ^ 0.6 kHz (11);
Buton intermediate, 39.0 ^ 0.8 kHz (3); Kabaena intermediate,
41.7 kHz). Remarkably, the emitted frequencies of the intermediate
and small morphs correspond to the third and fourth harmonics of
the large morph’s fundamental frequency respectively, and the
fundamental of the small morph matches the second harmonic of
the large morph’s fundamental frequency (Fig. 2). The frequency
differences in these bats therefore seem to result from some form of
‘harmonic-hopping’.

Switching harmonics is likely to have far-reaching consequences
for the ecological interactions between morphs by creating a marked
discontinuity in the bats’ perception of available prey. Low frequen-
cies have longer wavelengths, so they reflect poorly from small prey
because of Rayleigh scattering12–14. Consequently, the large morph is
likely to encounter difficulties in detecting insects with wing lengths
of less than 12.8 mm (wavelength 27.2 kHz under local conditions),
and experimental evidence suggests that insects smaller than
5.0 mm might be undetectable to bats echolocating at 27 kHz13,14.
In contrast, prey almost half the size should still be detectable by the
small morph (wavelength 6.5 mm) and possibly by the intermediate
morphs (8.9 mm). However, low frequencies are less subject to
environmental attenuation15, conferring greater detection ranges.
We modelled prey detection distances for the three morphs from
Buton for small (5 mm) and large (25 mm) prey. Backscattering
reduces the target strength of small prey so severely at low frequen-
cies that the detection distances differ little between morphs and are
uniformly low (1.6–2.5 m). By comparison, atmospheric attenu-
ation is the key factor influencing detection ranges of the large prey,
with detection distances of 9.6 m for the large morph, 7.3 m for the
intermediate morph and 5.5 m for the small morph. The large
morph therefore samples more than five times the volume of
potential ‘large-prey space’ than the small morph, over twice that
of the intermediate, and, most importantly, more than 90 times the

volume of its own ‘small prey space’. Switching harmonics could
therefore create a marked shift in ‘apparent resource distribution’;
to the large morph, large insects appear more numerous than they
are in absolute terms, and small prey (if detected) appear less
abundant. Conversely, the small morph will detect almost nine
times as many small insects as the large morph. This perceptual
ecological discontinuity provides a novel opportunity for natural
selection to initiate divergence within the population2; 54 kHz bats
detect more small prey, but 27 kHz bats are at a competitive
advantage in taking large insects.

Divergent ecological selection can, in turn, lead to reproductive
isolation if the trait under selection also influences mate recognition
and results in assortative mating1–3. Selection for a clear communi-
cation channel has been implicated in acoustic divergence in cryptic
bat species16, and in horseshoe bats, intraspecific communication
seems to involve the temporal and phasic arrangement of the
constant-frequency (CF) component of the call17,18, with a reper-
toire of oral emissions below the fundamental19. Harmonic switch-
ing will not only shift the constant-frequency signal of each morph
out of the sensitive foveal region of the other, but into areas of
response minima. An acoustic ‘blind spot’ (auditory threshold
maximum) at the fundamental frequency18,20 will greatly reduce
the sensitivity of the small morph to the large morph’s 27 kHz calls.
Similarly, the large morph will be unresponsive to constant-
frequency calls at 54 kHz because of a rapid decrease in sensitivity
to frequencies above the auditory fovea20. The large and small
morphs are thus functionally deaf to each other’s constant-fre-
quency calls. Although the intermediate morph should be able to
hear frequencies used by the large morph, and be heard by the small
morph, in neither case is this receptivity reciprocal. Similarly, the
response minima at the fundamental frequency are likely to disrupt
the perception of low-frequency vocalizations among morphs.
Thus, if we assume that acoustic communication is important for
mate recognition, as occurs typically in bats21, harmonic-hopping
could provide an intrinsic mechanism of instantaneous pre-mating
isolation.

To test for assortative mating between morphs, we examined
variation at microsatellite loci (see Supplementary Table 1) and
found significant genetic differentiation between the large and small
morphs (F st ¼ 0.18, P , 0.001) at a level commonly detected
among island bat populations, providing strong evidence against
panmixia. Despite this, the large and small morphs showed greater
genetic similarity to each other than to other congeners caught at
the same site (small and large morphs versus Sulawesi horseshoe bat
(R. celebensis), F st ¼ 0.46, P , 0.001 and F st ¼ 0.41, P , 0.01,
respectively; small and large morphs versus broad-eared horseshoe
bat (R. euryotis), F st ¼ 0.43, P , 0.001 and F st ¼ 0.40, P , 0.001,
respectively). The intermediate was differentiated from both the
large (F st ¼ 0.09, P , 0.05) and small (F st ¼ 0.19, P , 0.001)
forms, even after the Kabaena individual was excluded. Although
the small samples preclude a definitive test, these data indicate that
reproductive isolation between morphs has evolved recently, or
might still be evolving. Assortative mating between the morphs is
also reflected in differences in maximum-likelihood estimates of
heterozygosity (large, 0.84; small, 0.54; intermediate, 0.74) and, in
particular, in the small overlap between the range of possible values
(given by the likelihood curves) of the small and large morphs (95%
confidence intervals: large morph, 0.56–0.96; small, 0.25–0.77;
intermediate, 0.40–0.93). Moreover, the direction of this trend
suggests that the large morph is the ancestral form, because
reproductive isolation by harmonic hops would create a founder
effect and a consequent loss of genetic diversity in the new phonic
types.

We also compared mitochondrial DNA control-region haplo-
types of the three morphs from Buton with published sequences
from large and intermediate morphs from Queensland, Australia11.
A consensus tree based on parsimony analysis revealed a reciprocally

Figure 1 Relationship between constant-frequency component of calls and forearm

length for three sympatric morphs of the large-eared horseshoe bat. Circle, large morph;

triangle, small morph; square, intermediate morph. Filled symbols are from Sulawesi and

open symbols are based on average forearm lengths30 and call frequencies11 from the two

morphs present in Australia.
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monophyletic origin of both the Sulawesi and Australian morphs,
with strong bootstrap support (Fig. 3). Pairwise sequence diver-
gence (see Supplementary Table 2) was considerably lower among
bats within clades (Queensland mean 0.78%, range 0.2–1.5%;
Buton mean 1.06%, range 0–2.2%) than between clades (mean
7.93%, range 6.9–9.1%), indicating that distinct morphs of the
large-eared horseshoe bat might have evolved more than once.

We propose that harmonic shifts provide new ecological oppor-
tunities and can promote social and thus genetic divergence
regardless of the external barriers to gene flow. Remarkably, all the
species of the R. philippinensis clade4, for which echolocation data
are available, call at harmonics of the large morph’s fundamental.
R. megaphyllus is paraphyletic within R. philippinensis in Australia
and echolocates at about 66 kHz11 (large morph’s fifth harmonic),

and R. celebensis, R. virgo and R. borneensis (from Sulawesi, the
Philippines and Borneo, respectively) all call at about 81 kHz (sixth
harmonic; ref. 22, and J. Sedlock, personal communication). We
therefore suggest that harmonic shifts might have contributed to the
rapid radiation of rhinolophid bats in southeast Asia, where about
30 species have originated within about 5 million years4. Although
the origin of harmonic-hopping is unresolved, the fine tuning of the
constant-frequency call to the auditory fovea necessitates a close
association between the vocalization and auditory systems. We
suspect that a change in cochlear dimensions initiates the switch
because the functional onset and tuning of the cochlear filter are
innate processes arising from postnatal maturation of the cochlea23,
which the vocalization system tracks by auditory feedback23,24. Small
shifts in cochlear width associated with constant-frequency shifts in
horseshoe bats can occur independently of body size22. Thus,
selection on cochlear width to alter the call frequency could initiate
divergence and could be followed by adjustments in body size to
exploit suitable prey. Such a system illustrates how, theoretically,
micro-mutations could produce large-scale changes, and highlights
the important function that sensory ecology is likely to have in
speciation events. A

Methods
Bat capture and measurement
We undertook fieldwork on Buton Island and Kabaena Island, Sulawesi, Indonesia, from
June to September over four consecutive years (2000–2003). Bats were captured in 7–14
harp traps positioned daily along forest trails within a 1-km2 study plot, with the exception
of one individual, which was caught with a hand net in a cave. On capture, each
individual’s sex, weight and forearm length were measured.

Analysis of echolocation calls
We recorded echolocation calls with a Pettersson D980 detector sampling at 400 kHz and a
Pettersson D960 detector sampling at 350 kHz. Animals were held about 30 cm from
the microphone for recording. Time-expanded (£10) outputs were recorded on a Sony
WM-D6C Walkman cassette recorder and analysed with BatSound Pro Version 5. Power
spectra were used to derive the frequency of maximum energy (kHz) and the associated
harmonics for each call of each individual.

Calculation of prey size and detection distances
Mean wavelengths were calculated as the speed of sound in air divided by the call
frequency, where the speed of sound is 347.65 m s21, assuming 25 8C and 80% relative
humidity. Maximum target ranges were calculated as the distance at which sound losses
totalled 120 dB (relative power of the emitted signal), assuming a detection threshold for
Rhinolophus bats of 0 dB (ref. 20). The total sound loss includes absorption by the

Figure 2 Echolocation calls of the three sympatric morphs of the large-eared horseshoe

bat. a, Mean power spectra. Each includes three to eight calls per individual from 6 large

morphs, 11 small morphs, and the 3 intermediate morphs from Buton. Black line, large

morph; red line, small morph; blue line, Buton intermediate morph. b, Sonograms of two

calls from different individuals of each morph. The scale bar indicates relative power (dB).

The constant-frequency harmonics of each morph are denoted by the prefix CF. CF1 is the

fundamental and CF2 is the main frequency emitted. Dotted arrows indicate peak

frequencies and corresponding harmonics.

Figure 3 Consensus tree based on parsimony analysis of mtDNA haplotypes, showing

phylogenetic relationships between large-eared horseshoe bat morphs sampled on

Buton Island, Sulawesi, and Queensland, Australia. Bootstrap values (percentages from

1,000 replicates) are given on the nodes.
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atmosphere (attenuation) and spherical spreading losses, assuming that the bat acts as a
point source. The rate of atmospheric absorption is dependent on temperature, humidity
and frequency and was calculated as 0.57 dB m21 at 27.1 kHz, 1.09 dB m21 at 39.0 kHz,
1.23 dB m21 at 41.7 kHz, and 1.86 dB m21 at 53.6 kHz. Spreading losses are described by
the standard inverse square law for point sources. If the target is a small insect that acts as a
point source it will re-radiate the incident sound back to the bat, so spreading losses are
doubled15.

Total sound losses for a target at R2 ¼ 2ð20 logðR1=R2ÞÞ þ að2ðR2 2R1ÞÞ (in which the
two terms are spherical spreading and absorption by atmosphere, respectively) if R1 and
R2 are two distances at a point from the original source; we follow ref. 15 in assuming that
R1 is 0.1 m in front of the bat, R2 is the target range (distance to target) and a is absorption
loss per metre. The echo strength was then adjusted for target losses, which depend on the
call frequency and size of the prey. We modelled detection distance for prey with wing
lengths of 25 and 5 mm with frequency-dependent target losses incorporated13,14.

Tissue collection for genetic analysis
Wing membrane samples were collected from all individuals with a 3-mm biopsy punch
(Stiefel Laboratories), and DNA was isolated with Qiagen DNeasy kits.

Microsatellite analysis
We genotyped R. philippinensis morphs (6 large, 4 intermediate, 13 small), R. euryotis (7
from Buton, 6 from Kabaena) and R. celebensis (6 from Buton) with 9–12 polymorphic
microsatellite markers developed from R. ferrumequinum (GenBank accession numbers
AF160200, AF160202, AF160207, AF160210, AF160211 (ref. 25), AJ560694, AJ560695b,
AJ560698, AJ560702–AJ560704 and AJ560710 (ref. 26)). Primers were fluorescently
labelled and amplified products were run on an ABI 3700 automated sequencer. Allele sizes
were analysed with the software GENESCAN version 3.1 and GENOTYPER version 3.6.

Allelic diversity (number of polymorphic loci, mean number of alleles per locus)
recorded for the five taxa was as follows: large morph, 8, 3.08; small morph, 8, 2.67;
intermediate morph, 8, 2.25; R. euryotis (Buton), 9, 6.1; R. celebensis, 10, 4.75. We
calculated Weir–Cockerham F statistics and assessed their significance with the
permutation routine in the program GENETIX, which is suited to the analysis of small
sample sizes. F is estimates derived for each locus and for all loci together showed no
significant deviation (P . 0.05) from Hardy–Weinberg expectations in any of the five
taxa. To determine whether heterozygosity estimates differed significantly between the
three R. philippinensis morphs, we obtained likelihood curves by following the method
described in detail in ref. 27, in which the precision of the maximum-likelihood estimate of
heterozygosity is reflected in the spread of the curve. To check that possible sampling of
close relatives did not bias our F st estimates, we examined mtDNA haplotypes and derived
Queller–Goodnight pairwise coefficients of relatedness between individuals within each
size class by using the program RELATEDNESS version 5.0. In only two cases of shared
mtDNA haplotypes, relatedness estimates approximated to zero.

Phylogenetic inference
We amplified and sequenced 460 base pairs of the mtDNA control region with the use of
the primers ThrL16272 (ref. 28) and DLH 16750 (ref. 29). Sequences were aligned with
published sequences of two morphs sampled from Queensland, Australia, and an
outgroup (R. arcuatus)11. We performed phylogenetic reconstruction by maximum
parsimony analysis (heuristic search) in PAUP. We derived a 50% majority-rule consensus
tree and assessed the reliability of clades by bootstrapping (1,000 iterations). Pairwise
divergence between all sequences was calculated (HKY85 model).
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Echolocating bats can be divided into guilds according to their
preferred habitat and foraging behaviour1–4, which coincide with
distinct adaptations in wing morphology5 and structure of
echolocation signals6. Although coarse structuring of niche
space between different guilds is generally accepted, it is not
clear how niches differ within guilds7–10, or whether there is fine-
grained niche differentiation reflected in echolocation signal
structure11,12. Using a standardized performance test, here we
show clutter-dependent differences in prey-capture success for
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