
process variance, as population sizes at the onset and termination of the experimental
seasons could be determined without sampling error.

Predation rates were estimated by applying a logistic regression model on the
population-speci®c proportion of radio-tracked females depredated by birds. Fecundity
was estimated as the product of mean litter delivery rate and mean litter size of all adult
females (older than 40 days) in each population.

Transect survey of regional vole abundance variation

We used trapping data from three trapping sites (numbers 19±21)8 located at the same
altitude (250 m) in the neighbouring valley to Glomma, the Rena valley. The habitat and
the landscape features were similar to those surrounding the experimental plots at
Evenstad. The distances between Evenstad and the transect sites (19±34 km) were shorter
than the local synchrony domain (about 40 km) of small rodent populations along the
transect8. The mean number of microtine rodents (Clethrionomys glareolus, Microtus
agrestis and M. oeconomus combined) snap-trapped per station each year was used as a
yearly abundance index. Pooling the species is justi®ed because of inter-speci®c
population synchrony2.
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Visual attention allows an observer to select certain visual infor-
mation for specialized processing. Selection is readily apparent in
`tracking' tasks where even with the eyes ®xed, observers can track
a target as it moves among identical distractor items1. In such a
case, a target is distinguished by its spatial trajectory. Here we
show that one can keep track of a stationary item solely on the
basis of its changing appearanceÐspeci®ed by its trajectory along
colour, orientation, and spatial frequency dimensionsÐeven
when a distractor shares the same spatial location. This ability
to track through feature space bears directly on competing
theories of attention, that is, on whether attention can select
locations in space2±4, features such as colour or shape5±7, or
particular visual objects composed of constellations of visual
features. Our results af®rm, consistent with a growing body of
psychophysical8±13 and neurophysiological14±16 evidence, that
attention can indeed select speci®c visual objects. Furthermore,
feature-space tracking extends the de®nition of visual object17 to
include not only items with well de®ned spatio-temporal
trajectories18, but also those with well de®ned featuro-temporal
trajectories.

In this investigation, observers tracked and made judgements
about a circular striped `Gabor' patch that dynamically changed its
orientation, spatial frequency and colour, but never its spatial
location. Along these feature dimensions the Gabor smoothly
changed: spinning, say, clockwise for a while then counter-
clockwise; changing gradually back and forth between a few broad
stripes and many thin stripes; and altering its saturation, ranging
smoothly between a patch made up of grey and black stripes to a
patch made up of red and black stripes, through all the intervening
saturation levels of red.

Our aim was to test whether observers can track such an item
through feature space, but we were also interested in determining
which of location-, feature-, or object-based theories of visual
attention could best account for this ability, if it existed. Location
and `objecthood' can be dif®cult to distinguish, as typically a single
object occupies a single location19,20. We separated location from
objecthood in our experiments by completely superimposing two
such Gabor patches (Fig. 1a) such that there was no spatial
distinction to support selection by location-based attention: indi-
vidual parts of each Gabor changed dynamically, and were at the
limits of the resolution of location-based attention4,21,22 (the spatial
frequency of the 1-degree-diameter Gabor ranged dynamically
between 1.5 to 8 cycles per degree; thus the width of a single
stripe ranged from 20 to 4 arcmin). The Gabors appeared to
observers as simultaneously present and transparently layered on
one another, although there was no noticeable separation in depth
(Fig. 1b).

In experiment 1, observers were instructed to track one of the two
superimposed Gabors. During the tracking interval, the Gabors
frequently `passed' each other along one or more dimensions
(Fig. 1c). (This ensured that feature-based attention could not
simply pick out the target on the basis of some constant featural
difference. Unless this is done, results that are consistent with
object-based attention are subject to criticisms owing to the possible
contributions of feature-based attention. For instance, this is of
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concern in studies where two stimuli always have, say, different
motion directions throughout the entire trial7. Although location-
based attention may be foiled by the superimposition, feature-based
attention may still pick out one of the stimuli by selectively
enhancing its direction of motion.) The four observers (naive: JT,
DA, DK; expert: EB) successfully picked the target Gabor with 90%
accuracy.

How were observers able to accomplish this tracking through
feature-space? Observers reported that the two superimposed

Gabors perceptually segregated from one another (although occa-
sionally they appeared as a single entity, typically when the two
objects had a near-miss or actually `collided' in feature space). The
segregation of superimposed stimuli has been observed in studies of
motion transparency5,23. In addition, judging from informal obser-
vations of our stimuli, the simultaneous changes along the orienta-
tion, colour and spatial frequency dimensions result in more
compelling transparency than that which results from changes
along any one, or pair, of these dimensions alone. Observers also
reported that attending to a particular Gabor resulted in an increase
of its salience, in a manner not unlike ®gure±ground segmentation.
The attended Gabor became the ®gure and the distractor Gabor
receded into the ground24,25. As our stimuli were constructed to
eliminate contributions from location- and feature-based attention,
the ability to track through feature space alone is suggestive
evidence for object-based attention.

Although they are not mutually exclusive, location-, feature- and
object-based theories deal with our compound Gabor stimulus
quite differently. Feature-based theories treat the stimulus as a
mix of colour, orientation and spatial frequency information, any
of which may be selectively enhanced by attention; location-based
theories treat the stimulus as a unitary stream of information, the
whole of which may be enhanced26; but only object-based attention
theories can treat the stimulus as two unitary streams of informa-
tion, each corresponding to one of the superimposed Gabors, and
each a legitimate target for visual attention. Moreover, object-based
theories predict that when observers attempt to attend to a partic-
ular feature of one of the Gabors in our stimulus they actually, by
default, attend to the object as a whole; consequently, processing is
enhanced for all of its features10. This leads to two predictions that
can be tested psychophysically. First, in contrast to location-based
theories, object-based theories predict that selective enhancement
of an object can take place even if there is another object that is
spatially superimposed. Second, in contrast to feature-based
theories, selective attention to any feature of an object should also
enhance processing of its other features.
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In experiment 2, we tested these predictions by instructing
observers to perform two concurrent tasks. Performance in con-
current tasks reveals how the tasks compete for processing
resources. When two tasks do not compete for resources, perfor-
mance on one should not suffer when the other is performed
concurrently (like walking and chewing gum). When two tasks do
compete, performance on one of the tasks will suffer when the other
task is performed concurrently (like juggling and sign language).
Because competition occurs when an attention mechanism is forced
to divide its resources, it is possible to determine which type of
attention is mediating performance by observing when perfor-
mance losses occur27,28.

We introduced a small discontinuity, or `̀ jump'', into the trajec-
tory of each target along each dimension and then compared
conditions for which a pair of jump-direction judgements was
made within a common Gabor (for example, reporting the direction
of the colour and orientation jumps for a speci®ed Gabor), with
conditions where the same two judgements were divided between
the two Gabors (for example, reporting the direction of the colour
jump for one Gabor, and the orientation jump for the other). If
object-based attention mediates performance in this task, then
processing will be enhanced for all of the features of one of the
Gabors, but not the features of the other Gabor. Therefore, there
should be little or no competition for resources provided that the
concurrent judgements are made with respect to a common Gabor.
However, if concurrent judgements are divided between the two
Gabors, signi®cant competition should result, as in that case
attentional resources must somehow be divided between the
objects.

This is exactly the pattern of results we found. When observers
were asked to make two judgements about the same Gabor,
performance was on average 80% correct, very close to the theore-
tical maximum performance of 83% correct given by single-task
control conditions (when observers only had to make one judge-
ment at a time). In other words, observers could make both of these
judgements simultaneously almost as well as they made each of
them alone (like walking and chewing gum). In contrast, when
observers attempted to divide their attention to make the judge-
ments between the two Gabors, performance dropped to 69%
correct, quite close to the theoretical minimum of 66% correct
that would be achieved if observers could not do both tasks at the
same time at all (like juggling and sign language) and instead, for
instance, did one task on the even trials and the other on the odd
trials (Fig. 2). This asymmetry in the results cannot be accounted for
by either location- or feature-based theories.

Observers are thus capable of tracking a single object in spite of a
spatially superimposed distractor. But are observers able to track
multiple objects simultaneously? In the between-object conditions
of experiment 2, observers had both an instruction and a task that
encouraged them to attend and track two objects simultaneously. It
is clear that observers did much worse in these conditions than in
the within-object conditions, where they had only to attend and
track a single object. Nevertheless, perhaps observers were actually
able to attend to and track both objects at the same time to some
extent, that is, to `share' attentional resources between the two. On
the other hand, perhaps observers were unable to share and instead
`switched' attentionÐsometimes attending to one object, and
sometimes attending to the other.

Though both sharing and switching models can account for
overall performance, they make very different predictions for the
underlying pattern of responses27. Speci®cally, if observers were
sharing, then the correctness of responses on the two judgements
should show statistical independence. That is, whether or not
observers were correct on the jump-direction judgement with
respect to one object should not signi®cantly in¯uence their
correctness with respect to the other. Alternatively, if observers
were switching, then if observers were correct on one judgement,
they should be less likely to be correct on the other, and vice versa. A
x2 test of the between-object data rejected the null hypothesis of
statistical independence (P , 0:005 for each observer), and there-
fore of pure sharing of attention. (As predicted by object-based
theories of attention, this test performed on the within-object data
cannot reject the hypothesis of statistical independenceÐindicat-
ing that observers share resources within an object, that is, simulta-
neously attend to all its features.) We then used the data from the
single-task control conditions in conjunction with pure sharing and
pure switching models to predict the proportion of trials in which
observers should get both responses correct, both incorrect, and one
correct and one incorrect. These predicted values were compared to
the frequencies in the actual data (Fig. 3). The pattern is clear:
observers approach pure sharing when attending to a single object
(because resources were, by default, shared among all the object's
features), but approach pure switching when attempting to attend
to two objects (because attention could only be devoted to a single
object at a time). The result of this analysis, taken together with
observers' reports of an inability to attend to both objects simulta-
neously, indicates that object-based attention limits tracking
through feature space at a given location to a single object.

The ability to track through feature-space and our ®nding of
competition for attentional resources between, but not within, super-
imposed items, implies the operation of object-based attention, but
also shows that distinct `visual objects'29 need not have distinct spatio-
temporal trajectories. Rather, distinct featuro-temporal trajectories
are suf®cient for objecthood and attentional tracking. M

Methods
Stimuli

The basic stimulus was a circular striped `Gabor' patch (windowed cosinusoid) that
dynamically changed its orientation, spatial frequency and colour, but never its location
on the screen. This can be conceptualized as a single item that smoothly drifted in a
feature-space de®ned by orientation, spatial frequency and colour dimensions. The
trajectory of the Gabor along each of the feature dimensions was random and indepen-
dent, frequently changing direction and speed along any given dimension. The Gabor did,
however, drift with some `inertia' that made it more likely to continue drifting, along a
particular dimension, in the direction it was going (the inertia factor simply places a
probability on whether or not the object will change its speed and/or direction along a
particular dimension at a given time). In all experiments and conditions, two such Gabors
were completely spatially superimposed (Fig. 1a). The Gabors were superimposed by
temporally interleaving their images at a rate of 117 Hz (58.5 Hz per item, with one Gabor
shown in the even video frames and the other in the odd frames). Observers were seated
100 cm from the 1.76-cm stimulus, which subtended 1 degree of visual angle. The stimulus
was presented on an otherwise dark screen. Observers were instructed to maintain ®xation
on the stimulus during presentation (Fig. 1b). As the trajectories of the Gabors were
independent, they frequently `passed' each other along one or more dimensions (Fig. 1c).
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Tracking in feature-space

In experiment 1, observers were presented with the compound stimulus for an initial 1-
second ®xation interval, giving them an opportunity to attend to the target Gabor, which
was identi®ed by being initially oriented 45 degrees clockwise. Both Gabors then began
changing along all three feature dimensions for a 10-second tracking interval. At the end of
the tracking interval, the Gabors stopped changing, but remained on the screen. Two small
number labels appeared above the stimulus (Fig. 1a). One of the labels was aligned with the
orientation of one of the Gabors (for instance, if the Gabor ended up tilted, say, a bit
clockwise, its label would appear at `1 o'clock'), whereas the other label was aligned with
the other Gabor. Observers used a keypress to report the label that they thought
corresponded to the target item. Observers received positive feedback and a point score to
encourage best performance.

Object-based attention

As in experiment 1, in experiment 2, observers viewed the static compound stimulus for an
initial 1-second ®xation interval. Then both Gabors began changing along all three
possible feature dimensions for a 5-s tracking interval. At some random time in the
tracking interval, both Gabors exhibited a slight discontinuity in their featural trajectories
simultaneously along all three dimensions (colour, spatial frequency and orientation); that
is, there was a slight `jump' in the trajectory of each Gabor (Fig. 1d). The directions of the
jumps were chosen randomly and independently for each Gabor and dimension, and the
sizes of the jumps were ®xed at values corresponding to 75% correct jump-direction
thresholds determined from baseline psychometric functions of jump-size for each
dimension and observer. In any given block of trials, observers were instructed to attend
concurrently to a pair of dimensions. After the tracking interval, both Gabors stopped
changing, but remained on the screen. Observers then made a keypress to report the
direction of the jump (that is, clockwise or counter-clockwise, more or less red, higher or
lower spatial frequency) for the pair of dimensions. Single-task control conditions were
also run, where observers only needed to attend to, and make jump-direction judgements
about, one feature dimension. Observers received positive feedback and a point score.
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Signalling through dopamine D2 receptors governs physiological
functions related to locomotion, hormone production and drug
abuse1±7. D2 receptors are also known targets of antipsychotic
drugs that are used to treat neuropsychiatric disorders such as
schizophrenia8. By a mechanism of alternative splicing, the D2
receptor gene encodes two molecularly distinct isoforms9, D2S
and D2L, previously thought to have the same function. Here we
show that these receptors have distinct functions in vivo; D2L acts
mainly at postsynaptic sites and D2S serves presynaptic auto-
receptor functions. The cataleptic effects of the widely used
antipsychotic haloperidol1 are absent in D2L-de®cient mice.
This suggests that D2L is targeted by haloperidol, with implica-
tions for treatment of neuropsychiatric disorders. The absence of
D2L reveals that D2S inhibits D1 receptor-mediated functions,
uncovering a circuit of signalling interference between dopamine
receptors.

Dysfunctions of the dopaminergic system are involved in neuro-
logical disorders such as Parkinson's disease, Tourette's syndrome,
schizophrenia and in pituitary tumours1. Dopamine acts through
membrane receptors of the seven transmembrane domain G-
protein coupled family. Two classes of dopamine receptor have
been de®ned: D1-like (D1R and D5R) and D2-like (D2R, D3R and
D4R) which, respectively, stimulate and inhibit adenylyl cyclase,
thereby regulating intracellular cAMP levels1.

D2 receptors are highly expressed in the striatal complex and
pituitary gland. Ablation of this receptor results in locomotor
impairment2±4, altered response to drug abuse5, pituitary tumours6,7

and the modi®cation of the electrophysiological characteristics of
D2R-expressing neurons10,11. Thus, D2Rs have an essential position
at the postsynaptic level, and, by acting as autoreceptors10,12, in the
regulation of the dopaminergic system by modulating dopamine
release.

D2R has two isoforms, D2L and D2S, which are generated by
alternative splicing9 and co-expressed in a ratio favouring the long
isoform, D2L (Fig. 1c, wild type). D2L differs from D2S by the
presence of an additional 29 amino acids within the third intra-
cellular loop. This region is implicated in the receptor interaction
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