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Although we identified the signal of a snow-
ball effect, it was significant only for seed ste-
rility. The failure to detect a snowball for pollen
sterility could be due to several, nonexclusive
contributing factors, which we currently cannot
differentiate (/5). For example, DMIs for pollen
sterility might accumulate noncombinatorically
[unlike in Orr's (3) original snowball model],
which could result in a more linear relation be-
tween the number of DMIs and the time since
divergence. This could occur, for example, if sub-
stitutions contributing to pollen sterility DMIs
over time were not independent of each other, as
might happen if isolating barriers evolve as the
result of genetic conflicts (/7). Alternatively, an
attenuated snowball for pollen sterility could
be due to bias against QTL detection in the cross
with the greatest genetic distance, and/or rate
heterogeneity in the accumulation of sterility loci
(15). Finally, if there is a systematic difference in
the complexity of genetic interactions underly-
ing male versus female hybrid sterility, we may
have differing abilities to detect them with our in-
trogression line approach, which can detect DMIs
due to pairwise epistatic interactions but not DMIs
requiring more than one chromosomal segment
from each species, i.c., multilocus interactions
(4, 15). Current data, although sparse, suggest
that DMIs responsible for male sterility might
frequently be due to complex multilocus interac-
tions (1/8—20). In Solanum, hybrid introgression
lines show progressively more pollen sterility
depending on whether they carry one, two, or
three conspecific introgressions from the donor
species, which suggests that multilocus interac-

tions are necessary for the expression of some
hybrid pollen sterility (217); there is no equiv-
alent increase in seed sterility with number of
conspecific introgressions.

Overall, our results indicate that the accumu-
lation of sterility loci follows a different trajectory
from the accumulation of loci for other quan-
titative species differences (Fig. 1), consistent
with the unique genetic basis expected to under-
pin species reproductive isolating barriers. Our
analysis examines the accumulation of loci con-
tributing to individually evaluated hybrid ste-
rility traits (pollen sterility and seed sterility);
therefore, we explicitly evaluate the accumula-
tion of genetic loci rather than sterility pheno-
types, and we do not conflate the accumulation
of loci underlying genetically and developmen-
tally distinct isolating barriers [for example, by
examining the accumulation of both male and
female sterility as a single “total isolation” phe-
notype (/2)]. In doing so, we uncover direct em-
pirical support for the Dobzhansky-Muller model
of hybrid incompatibility, and the snowball pre-
diction in particular.
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The Ecological Significance of Tool
Use in New Caledonian Crows

Christian Rutz,** Lucas A. Bluff,’t Nicola Reed,?t Jolyon Troscianko,? Jason Newton,*

Richard Inger,? Alex Kacelnik,® Stuart Bearhop?

Tool use is so rare in the animal kingdom that its evolutionary origins cannot be traced with
comparative analyses. Valuable insights can be gained from investigating the ecological

context and adaptive significance of tool use under contemporary conditions, but obtaining robust
observational data is challenging. We assayed individual-level tool-use dependence in wild

New Caledonian crows by analyzing stable isotope profiles of the birds’ feathers, blood, and
putative food sources. Bayesian diet-mixing models revealed that a substantial amount of the
crows’ protein and lipid intake comes from prey obtained with stick tools—wood-boring beetle
larvae. Our calculations provide estimates of larva-intake rates and show that just a few larvae can
satisfy a crow’s daily energy requirements, highlighting the substantial rewards available to

competent tool users.

ew Caledonian crows (Corvus monedu-
Nloides) (hereafter NC crows) use tools

for extractive foraging (/, 2). Controlled
experiments with captive-bred, juvenile NC crows
have recently shown that basic stick tool use is
heritable, and hence an evolved adaptation (3).
Although we can only speculate about the se-
lective pressures that fostered the evolution of

www.sciencemag.org SCIENCE VOL 329

tool use in NC crows, it is possible to investigate
quantitatively how this behavior is maintained
under contemporary ecological conditions.

Very little is currently known about the gen-
eral foraging ecology of NC crows, or the ec-
ological context of their tool use, because of the
difficulty of observing wild, free-ranging subjects
in their tropical habitats (4, 5). However, long-

term fieldwork has revealed that NC crows
exploit two potentially nutritious food sources
provided by candlenut trees (Aleurites moluc-
cana; Euphorbiaceae): nuts and wood-boring
longhorn beetle larvae (Agrianome fairmairei;
Cerambycidae). In areas where these trees grow,
NC crows crack their nuts by dropping them onto
hard surfaces (6), and they use stick tools to
probe for larvae in decaying, beetle-infested
trunks (3, 7). The larva-extraction technique of
NC crows relies on exploiting defensive re-
sponses of their prey, similar to the well-known
“termite fishing” of chimpanzees (8). Crows
insert a twig or leaf stem into a burrow, “teasing”
the larva by repeatedly poking it with the tool
until it bites the tip of the tool with its powerful
mandibles and can be levered out (fig. S1 and
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movie S1) (5, 7). Using motion-triggered video
cameras to observe the foraging behavior of wild
NC crows at natural larva-fishing sites, we have
previously reported [for sample footage, see
movie S1; (5)] that (i) tool use indeed plays an
important role in accessing this hidden food
source (71% of all observed larva extractions by
NC crows were immediately preceded by the use
of a tool in the same hole; in all remaining cases,
larvae were obtained without tools); (ii) extract-
ing larvae with tools requires considerable skill
(nutritionally independent, immature NC crows
spent considerable time using tools, but were
much less successful than local adults); and (iii)
even proficient, adult birds take a substantial
amount of time to obtain larvae, so this behavior
is potentially costly. On this evidence, the pro-
portion of beetle larvae in crow diets provides a

Fig. 1. Foraging ecology
of wild New Caledonian
(NQ) crows. (A) Study ra-
tionale. NC crows consume
a range of foods, but re-
quire tools to extract wood-
boring beetle larvae from
their burrows. These lar-
vae, with their unusual
diet, have a distinct iso-
topic signature that can be
traced in the crows’ feathers
and blood. By comparing
the stable isotope profiles
of the crows’ tissues with
those of their putative
food sources, the propor-
tion of larvae in crow diet

A FOOD

G

normal foraging

larvae .

extracted with tools

can be estimated, providing a proxy for individual-level tool-use dependence. (B) Isotope
signatures (3*3C and 5**N) of feathers (corrected for trophic enrichment; gray cross symbols, error
bars represent uncertainty in trophic enrichment factors; n = 38 feather samples for 9 juveniles, n = 33
samples for 7 immatures, n = 28 samples for 6 adults) and blood (n = 22 crows; red cross symbols)
from NC crows, and of samples of the birds’ putative food sources (colored symbols, means with O
bidirectional SD; n = 66 samples for 7 food sources). Beetle larvae, with their unusually low §*°N

values, are isotopically distinct from all other food sources (for statistics, see main text). Crow

proxy measure of individual tool-use dependence,
but assessing activity budgets and dietary com-
position for these shy forest birds has proved very
difficult (4). Here, we used stable isotope tech-
niques (3"°C and 8"°N) (9) to quantify diet com-
position in a large sample of subjects, and without
the need for direct or remote observation of infre-
quent foraging events (4, 5). This approach, which
is schematically illustrated in Fig. 1A, enabled us
to examine the ecological significance of tool use
in NC crows.

In our dry forest study site on the central west
coast of New Caledonia (Gouaro-Déva), we
sampled food items that NC crows were known
to consume both here and elsewhere on the island
(10). The birds’ seven main food sources differed
highly significantly in their mean isotope sig-
natures [Fig. 1B; n = 66 samples; general linear

models (GLMs): 8N values, F 50 = 100.48, P <
0.0001; 5"°C values, Fg 50 = 19.96, P < 0.0001;
for the nutritional composition of food sources,
see Fig. 2A and table S1]. Wood-boring beetle
larvae were isotopically distinct from all other
putative food sources on the §'°N axis (P <
0.0005 for all post hoc comparisons), which
was most likely a reflection of their unusual
xylophagous foraging habits (cerambycid beetle
species can hold nitrogen-fixing symbionts in
their guts, which will tend to generate products
with lower 8"°N values).

Bird feathers are metabolically inert after for-
mation and provide an isotopic snapshot of an
individual’s diet at the time when the keratinous
tissue was synthesized (9, //-13). For stable iso-
tope analyses, we selected several feather types
grown at different times in the moult cycle, there-

tissues lie within the area delineated by the 5*C and 8N values of the seven putative food
sources, indicating adequate sampling of the birds’ food base.

Fig. 2. Nutritional signifi-
cance of seven different food
sources for New Caledonian
crows. (A) Average lipid con-
tent of food sources, as esti-
mated through lipid extraction
from food items (means +
1 SD; color-coding is the same
as in Fig. 1B). (B) Relative
contribution of food sources to
crow diet (means + 1 SD), in
terms of either lipid or protein
intake [for details, see (10)], as
estimated by Bayesian multiple
source isotopic mixing models
based on feather samples,
and (C) blood samples. Sam-
ple sizes are the same as in
Fig. 1B.
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fore representing dietary intake over periods of
several weeks to months (/0). To obtain comple-
mentary estimates at shorter time scales, ranging
from days to weeks, we also analyzed the isotopic
composition of blood samples that had been taken
at the time of trapping (/0). With few exceptions,
isotope ratios of individual NC crow feathers and
blood samples [corrected for trophic enrichment;
see (/0)] lay within the area delineated by the
5'3C and 8"N values of the seven putative food
sources and their associated error distributions
(Fig. 1B), suggesting that no important dietary
components had been missed (/0). Because beetle
larvae were isotopically distinct from all other
relevant food sources, they left a signature in crow
tissues that we could use for estimating how much
an individual bird relied on tool-assisted foraging
(Fig. 1). To estimate diet composition of individ-
ual NC crows, we used a recently developed Bayes-
ian multiple source isotopic mixing model (SIAR),
which overcomes some limitations of earlier pro-
cedures (10, 14).

SIAR analyses revealed that beetle larvae
contribute substantially to the diet of wild NC
crows, with consistent results for both feather and
blood samples (Fig. 2, B and C). Although larvae
accounted roughly for the same amount of die-
tary protein intake (mean + SD; feathers: 17.23 =
7.45%; blood: 15.11 + 5.00%) as the other six
putative food sources (Fig. 2, B and C), they had
the highest lipid content of all foods examined
(Fig. 2A; 38.63 + 2.89%) and contributed dis-
proportionately to the birds’ overall lipid intake
(feathers: 45.43 + 9.76%; blood: 46.13 + 8.26%).
The second most important food source, in terms
of joint protein and lipid contribution, was candle-
nuts, which crows crack at communal nut-dropping
sites (see above).

To examine further the nutritional significance
of beetle larvae for NC crows, we parameterized
a simple energy-budget model with our empirical
data on individual-level diet composition. The
energy content of beetle larvae in our sample
ranged from 100 kJ/g for the smallest larvae
(width x length, 1.0 cm by 3.8 cm) to 299 kJ/g for
the largest specimens (1.6 cm by 7.6 cm). Using
estimates of the daily energy requirements of NC
crows (10), and of the proportion of beetle larvae
in their diet (SIAR estimates), we could predict
daily larva-consumption rates (n = 20 crows for
all estimates; body mass had not been measured
for two subjects). Values ranged from 8.59 + 1.74
larvae (feather data, mean + SD; blood: 8.72 +
1.95 larvae) for a diet consisting entirely of the
smallest larvae, which is highly unlikely, to
0.55 £0.11 (blood: 0.56 £ 0.13 larvae) for a diet
consisting entirely of the largest larvae, with
1.80 = 0.37 (blood: 1.83 + 0.41 larvae) for a diet
of mixed-sized larvae. In fact, only 2.98 + 0.28
larvae of mixed body size would be necessary to
satisfy the entire daily energy requirements of an
NC crow, illustrating the considerable energetic
rewards available to efficient tool users. Sensitivity
analyses for these calculations, using individual
parameter perturbation (table S2), indicate robust

www.sciencemag.org SCIENCE VOL 329

results for a large parameter space. Our estimates
for average larva-intake rates seem comparatively
high, but are ecologically plausible (given the
high abundance of active larva-fishing sites in our
study area at the time) and fall within the range of
extrapolations from our video-surveillance data
(5, 10, 15). Notably, although our estimates could
be reduced if we had inadvertently missed a food
source in our diet survey, we would expect the
overall nutritional significance of tool use to remain
qualitatively unchanged, given the exceptionally
high lipid content of beetle larvae (Fig. 2A) and
the comparatively even dietary protein contribu-
tion across all food sources (Fig. 2, B and C).

Our results suggest that these omnivorous
birds use at least one component of their so-
phisticated tool-use behavior—the use of straight
sticks as probes—to obtain a food source that
contributes disproportionately to their overall
dietary intake of protein and lipids [compare
with (16)]. Larva-fishing in NC crows shows an
unusual mode of ontogenetic development: Over
at least the first 1 to 2 years postfledging, young
crows spend much time using stick tools with
little or no extraction success, and hence minimal
food reinforcement and food intake (3, 5) (but
young crows may still receive larvae from com-
petent adults, as illustrated by our stable isotope
data and direct observations; fig. S2). The present
findings illustrate how the immediate energetic
costs of learning complex tool-related skills can be
offset by substantial future benefits, once crows
have acquired full tool-use competence.

Our technique for assessing diet composition
and tool-use dependence in NC crows circum-
vents laborious field observations (/6-20) and
enables data collection at the level of the in-
dividual subject on a range of temporal scales,
from a few days to several months. This sets the
scene for efficient, quantitative mapping of tool
use within and among NC crow populations (that
have access to candlenut trees), for example, to
assess seasonal or regional variation in tool-use
dependence (/6). Larger sample sizes will also
enable more detailed investigations of the po-
tential fitness benefits of NC crow tool use. For
example, analyses of our feather data have al-
ready indicated that NC crow parents may pref-
erentially feed their offspring with tool-derived
beetle larvae [n =22 crows; age-dependent varia-
tion in raw &'°N values, general linear mixed
model: F5 199 = 4.38, P = 0.027; percentage
larva contribution to diet, GLMs on arcsine-
square-root transformed data: protein, F5 19 =
6.76, P=0.006; lipid, F, 19=6.13, P=0.009; for
details, see (10, 21)]. With the accumulation of
bigger longitudinal data sets, it may be feasible
to investigate whether particularly proficient
tool users, with their privileged access to larvae,
produce offspring of superior body condition,
and whether a larva-rich diet has lasting effects
on future survival and reproduction.

At least in our study site, NC crows suc-
cessfully exploit two foods provided by candlenut
trees—beetle larvae and nuts. Candlenut trees are

REPORTS

thought to have originated in Malesia and were
spread by humans throughout the Pacific in
recent prehistory (22). In light of our findings, it
seems possible that the anthropogenic introduc-
tion of this tree species to New Caledonia created
foraging opportunities (i.e., lipid-rich, but hidden,
larvae) that, presumably in combination with
other factors, led to the rapid evolution of tool use
in NC crows.
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Structural Basis for Activation of
Class Ib Ribonucleotide Reductase

Amie K. Boal,* Joseph A. Cotruvo Jr.,? JoAnne Stubbe,?3* Amy C. Rosenzweig™*

The class Ib ribonucleotide reductase of Escherichia coli can initiate reduction of nucleotides to

deoxynucleotides with either a Mn"!

Whereas Fe"'

»-tyrosyl radical (Ye) or a Fe"',-Ye cofactor in the NrdF subunit.
,-Ye can self-assemble from Fe",-NrdF and O,, activation of Mn",-NrdF requires a reduced

flavoprotein, Nrdl, proposed to form the oxidant for cofactor assembly by reduction of O,. The crystal
structures reported here of E. coli Mn",-NrdF and Fe",-NrdF reveal different coordination environments,
suggesting distinct initial binding sites for the oxidants during cofactor activation. In the structures

of Mn",-NrdF in complex with reduced and oxidized Nrdl, a continuous channel connects the NrdI flavin
cofactor to the NrdF Mn", active site. Crystallographic detection of a putative peroxide in this channel

supports the proposed mechanism of Mn""

ibonucleotide reductases (RNRs) cata-
Rlyze the reduction of nucleotides to de-

oxynucleotides in all organisms, providing
the precursors required for DNA synthesis and
repair (/). Class I RNRs are composed of two
homodimeric subunits: 02, which contains the
site of nucleotide reduction, and B2, which con-
tains a metallocofactor required to initiate catalysis
in 02. Two class I RNRs are found in Escherichia
coli. The class Ia enzyme supplies deoxynucleo-
tides during normal aerobic growth. In many
prokaryotes, including several important human
pathogens, the class Ib RNR plays a similar role.
The function of the class Ib RNR in E. coli is not
clear, but it is expressed under iron-limited and ox-
idative stress conditions (2—4). The class la RNRs
require a stable diferric-tyrosyl radical (Fe™,-Y)
cofactor generated from diferrous (Fe',) B2 in the
presence of O, and a reductant. This process
occurs in vitro by self-assembly (5) and in vivo by
a biosynthetic pathway (6). By contrast, the iden-
tity of the metallocofactor in B2 of the class Ib
RNRs (NrdF) has been controversial (7—10). Re-
cent studies, however, have shown in vitro that
both Fe™,-Y and dimanganese (II)-Y Moy
cofactors are active in nucleotide reduction (7).
Whereas the Fe™,-Ye cofactor in NrdF can be
formed by self-assembly from Fi e®and O, 4,9, 11),
the Mn™,-Y+ cofactor can be generated from
Mn'L,-NrdF only in the presence of O, and the
flavodoxin-like protein NrdI (7).
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>-Ye cofactor assembly.

We have recently shown that E. coli Mn",-NrdF
can form a complex with Nrdl in vitro and in vivo
and have proposed that reduced NrdI (Nrdly,q) in
this complex generates hydroperoxyl anion (HO, ),
which channels to the metal site in NrdF (7). Two
equivalents of HO, would be required to gen-
erate the Mn™,-Y cofactor. In vitro support for
this proposal is based on the observations that
Nrd], in contrast to most flavodoxins, behaves as
a two-electron reductant (//) and that neither
H,0, nor O," ™ activates cofactor assembly (7, 8).
Support in vivo is provided by the conservation
of Nrdl in all organisms containing a class Ib

/ Fel T Fe2 /=
A E98 O
H101 H195

RNR and by genetic studies showing that Nrdl is
essential for Streptococcus pyogenes class Ib RNR
activity (/2). Sequence alignments suggest that
the E. coli system is representative of most class
Ib RNRs, including those from Corynebacterium
ammoniagenes and the human pathogens Myco-
bacterium tuberculosis and S. pyogenes.

The formation of two different active cofac-
tors, Fe'',-Ye and Mn"",-Ye, in NrdF in vitro
using the same protein ligands (two His, three
Glu, and one Asp) to coordinate the metals (/3),
but different oxidants, raises the question of how
this process is controlled in vivo. These same
metal ligands are involved in Fe ligation in the
class Ia RNR (/4), which cannot form an active
Mn"™,-Ye cofactor. Here we present the crystal
structures of E. coli NrdF in the Mn", and Fe',
forms, providing structural insight into how NrdF
generates Y from two different metallocofactors
using two different oxidants. We also present struc-
tures of NrdF in complex with Nrdl,q and oxi-
dized NrdI (Nrdl,y). Reaction of the Nrdl,,,-NrdF
complex in the crystal with 100 mM dithionite
and O, results in trapping of a small molecule
best modeled as a peroxide in a channel linking
the NrdlI flavin to the NrdF metal site, supporting
the proposed model of Mn™,-Y* cofactor acti-
vation by oxidant channeling.

The 1.65 A resolution (table S1) crystal struc-
ture (15) of Mn",-NrdF contains one monomer

E158

Y105

» D67 @ <’\: ©-.0

J —
4/E93 d

H101 H195

;j / 3
D67 |
Fe1° /\
4 /w:> /E98
H101 H195

Fig. 1. Structures of Mn",-NrdF and Fe",-NrdF. (A) Stereoview of the Mn",-NrdF active site. Mn" ions are
shown as purple spheres, water molecules are shown as red spheres, and NrdF side chains are represented
in stick format and colored by atom type. (B) Stereoview of the Fe',-NrdF active site. Fe ions, modeled at
0.5 occupancy, are shown as orange spheres. Metal-ligand interactions are highlighted with dashed lines.
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E R RAT U M Post date 23 September 2011

Reports: “The ecological significance of tool use in New Caledonian crows” by C. Rutz et al.
(17 September 2010, p. 1523). Since publication of their Report, the authors have discovered
errors in their energy-budget model, which resulted in an overestimation of the energetic
importance of beetle larvae in crow diet. As a consequence, estimates reported in paragraph
six of the main text and in table S2 in the supporting online material (SOM) are incorrect.
Revised calculations yield larva-intake estimates about twice as high (for average-sized
larvae) as previously reported values. Although present evidence implies some quantitative
uncertainty, the overall conclusion of the original Report remains unchanged. Beetle lar-
vae obtained with tools are an exceptionally important source of protein and lipids for New
Caledonian crows. Details of the changes are available at www.sciencemag.org/cgi/content/
full/329/5998/1523/D(3, and revised SOM is available at www.sciencemag.org/cgi/content/
full/329/5998/1523/DC1.

www.sciencemag.org SCIENCE ERRATUM POST DATE 23 SEPTEMBER 2011
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Clever Crows

Understanding the adaptive significance of animal tool use requires reliable information on the foraging behavior in the
wild. New Caledonian crows consume a range of foods and use sticks as tools to extract wood-boring beetle larvae
from their burrows. These larvae, with their unusual diet, have a distinct isotopic signature that can be traced after
consumption by the crows in the crows' feathers and blood. By comparing the stable isotope profiles of crows' tissues
with those of their food sources, Rutz et al. (p. 1523) estimated the proportion of larvae in crow diets, providing a
proxy for tool-use dependence in individual crows. Just a few larvae can satisfy a crow's daily energy requirements,
highlighting the substantial rewards available to competent tool users and their offspring. Thus, tool use provides New
Caledonian crows with access to a very nutritional food source that is not easily exploited by beak alone.
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