
mere presence of the activation domain because
of its small size (about 6% of the total mass)
relative to the CRSP complex. Further, we have
mapped the VP16 and SREBP-1a binding sites
to comparatively small and distinct regions on
the CRSP complex. This provides direct evi-
dence that only a limited number (one or per-
haps two) of CRSP subunits are targeted by a
particular activator. Because VP16-CRSP and
SREBP-CRSP are conformationally distinct in
regions distal to the activator binding sites, we
suggest that activator binding may induce long-
range conformational changes. Thus, different
protein surfaces in CRSP are likely exposed as
a consequence of activator binding.

The conformational flexibility of the
CRSP coactivator may have important impli-
cations for its mechanism of action. CRSP
and its related coactivator complexes appear
to be generally required for transcription and
are targeted by a diverse array of regulatory
proteins (22). Interestingly, different tran-
scription activators can target different sub-
units of the CRSP complex (3, 9, 20, 21).
Thus, despite binding the same coactivator
complex, regulatory proteins may impart pro-
moter-specific functions that may be depen-
dent on CRSP conformation. For example,
specific activator-induced CRSP conforma-
tions may regulate binding and recruitment of
additional activators or cofactors to the
preinitiation complex (Fig. 5). Furthermore,
these conformational changes may trigger
other (as yet undiscovered) enzymatic activ-
ities within the CRSP coactivator. Indeed,
adopting a number of activator-dependent
conformations may enable CRSP to perform

more specialized roles in transcriptional acti-
vation. Elucidation of these roles will be an
important subject of future work.
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Linking Breeding and Wintering
Ranges of a Migratory Songbird

Using Stable Isotopes
D. R. Rubenstein,1,2*† C. P. Chamberlain,2‡ R. T. Holmes,1

M. P. Ayres,1 J. R. Waldbauer,2‡ G. R. Graves,3 N. C. Tuross4

We used the natural abundance of stable isotopes (carbon and hydrogen) in the
feathers of a neotropical migrant songbird to determine where birds from
particular breeding areas spend the winter and the extent to which breeding
populations mix in winter quarters. We show that most birds wintering on
western Caribbean islands come from the northern portion of the species’ North
American breeding range, whereas those on more easterly islands are primarily
from southern breeding areas. Although segregated by breeding latitude, birds
within local wintering areas derive from a wide range of breeding longitudes,
indicating considerable population mixing with respect to breeding longitude.
These results are useful for assessing the effects of wintering habitat loss on
breeding population abundances and for predicting whether the demographic
consequences will be concentrated or diffuse.

In recent decades, many species of neotropi-
cal migrant birds have shown marked chang-
es in abundance—both increases and de-

creases—in parts of their North American
breeding range (1, 2). These changes may be
due to events occurring in the breeding
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Fig. 5. Model showing proposed mechanism by
which CRSP and ARC-L regulate transcription.
In this model, activators play a dual role in
transcriptional activation. First, they recruit
the CRSP coactivator to the promoter. Second,
they induce conformational changes in the
CRSP complex, which may facilitate transcrip-
tion initiation by recruiting/stabilizing other
cofactors and components of the preinitiation
complex, including RNA polymerase II. Certain CRSP interactions may be activator-specific.
However, upon binding additional ARC-L subunits (which may occur on activator-bound CRSP
following multiple rounds of activated transcription), CRSP undergoes a structural change that may
also result in dissociation of CRSP70. Now converted to ARC-L, coactivator function is lost and
activated transcription is inhibited. The location of ARC-L–specific polypeptides (red) is based upon
analysis detailed in Fig. 3D. The orientations of the complexes at the promoter are speculative.
VP16 is shown in quotation marks because it does not directly bind DNA.
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grounds, in the wintering grounds, or during
migration (3). Because these birds migrate
long distances and are not easy to track year-
round, it is difficult to determine at which
points in the annual cycle their populations
are most vulnerable (3). It is thus necessary to
develop methods for differentiating among
populations, for determining where birds
from particular parts of the breeding range
spend the winter, and for estimating the de-
gree to which individuals from different
breeding areas mix with individuals from oth-
er breeding areas in their wintering quarters
(4, 5).

Determining how birds mix on the winter-
ing grounds will be particularly important for
understanding how wintering habitat loss could

affect abundances of breeding birds (4). Stable
isotopes can be used to examine such potential
links between the breeding and wintering rang-
es of migratory species (6–11). We used carbon
and hydrogen isotopic ratios in the feathers of a
neotropical migrant bird species to identify
where individuals in particular wintering loca-
tions breed (breeding origins) and to assess
whether individuals from different breeding ar-
eas co-occur in local wintering sites (popula-
tion mixing). We described the isotopic patterns
in feathers collected from almost 700 black-
throated blue warblers (Dendroica caerule-
scens) throughout the species’ breeding range
in temperate North America and its main win-
tering range in the Greater Antilles (Fig. 1) (12).
We then used the breeding ground isotopic
patterns to build models from which we infer
connections between the breeding and winter-
ing ranges of this long-distance migrant.

In birds, the isotopic ratios of carbon and
hydrogen (the nonexchangeable portion) are
fixed permanently into inert keratin tissues
such as feathers, and they reflect a bird’s diet
and the local environment in which it grew
those tissues (13). For insectivorous birds
such as the black-throated blue warbler, iso-
topic ratios in feathers reflect those of the
insects they eat, which in turn reflect those of
the plants on which the insects have fed (14).
The isotopic ratios are fixed in the feathers at
the time of molt, which for many migratory
passerines, including the black-throated blue
warbler, occurs in late summer on or near
breeding locations (12). Because isotopic ra-
tios show natural patterns of geographic vari-

ation (15), they provide useful markers for
identifying breeding localities and, ultimate-
ly, for determining links between breeding
and wintering sites (6).

Carbon and hydrogen isotopic ratios (ex-
pressed as d13C and dD values, respectively)
in black-throated blue warbler feathers vary
systematically along a latitudinal gradient
throughout the species’ breeding range in
temperate North America (6, 15). We deter-
mined the d13C and dD values (16) of feath-
ers collected from black-throated blue war-
blers (17) at 10 sites that span the species’
breeding range in temperate North America,
as well as at 11 sites on four islands across
the species’ wintering range in the Greater
Antilles (Fig. 1) (18). d13C and dD values in
black-throated blue warbler feathers decrease
with increasing breeding latitude in the tem-
perate North American breeding grounds
(Fig. 2, A and B) (19). In the Greater Anti-
llean wintering grounds, isotopic ratios in
black-throated blue warbler feathers also
show a strong geographic pattern, with d13C
and dD values in feathers decreasing from
Puerto Rico to Cuba (Fig. 2, C and D). Thus,
d13C and dD values decrease from east to
west—that is, with increasing longitude—
within the wintering range of this species.

We used these geographic patterns in
breeding ground isotopic signatures to devel-
op a regression model that predicts breeding
latitude (breeding origins) of wintering war-
blers based on d13C and dD values in their
feathers (20). Results indicate that more birds
from the northern portion of the breeding
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Fig. 1. Temperate North American breeding
range and Greater Antillean wintering range of
the black-throated blue warbler. A few individ-
uals also winter in the Florida everglades, on
the coast of the Yucatan Peninsula, and in
Belize (12). Sampling locations in the breeding
grounds and wintering grounds are indicated by
black circles. In the Greater Antilles, samples
were collected from individuals wintering in
Jamaica (six sites in central and western por-
tions), in Cuba (one site on a small cay, Cayo
Coco, 15 km off the north-central coast), in
Hispaniola (two sites in the Dominican Republic
near the border with Haiti), and in Puerto Rico
(three sites near the eastern end).

Fig. 2. Population means
(6SE) of d13C and dD in
black-throated blue war-
bler feathers at different
breeding latitudes and
wintering longitudes.
Sample sizes are indicat-
ed next to each site. (A)
d13C values from the
temperate North Ameri-
ca breeding range de-
crease with increasing
breeding latitude [F1,8 5
7.67, P 5 0.024, r2 5
0.49, latitude 5 219.35
2 0.11(d13C)]. (B) dD
values from the temper-
ate North America
breeding range decrease
with increasing breeding
latitude [F1,7 5 7.17, P 5
0.032, r2 5 0.51, lati-
tude 5 1.32 2 2.02(dD)].
(C) d13C values from the
Greater Antillean winter-
ing range decrease with
increasing wintering lon-
gitude [F1,9 5 6.07, P 5
0.036, r2 5 0.40, longi-
tude 5 218.81 2
0.07(d13C)]. (D) dD values from the Greater Antillean wintering range decrease with increasing
wintering longitude [F1,7 5 22.93, P 5 0.002, r2 5 0.77, longitude 5 20.82 2 1.51(dD)].
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range winter on the westerly islands of Cuba
and Jamaica, whereas more birds from the
southern portion of the breeding range winter
on the easterly islands of Hispaniola and
Puerto Rico (Fig. 3, A and B). Thus, black-
throated blue warblers appear to segregate on
the wintering grounds with respect to breed-
ing latitude.

We developed a second model (21) that
relates breeding longitude to isotopic ratios in
the feathers of birds collected from the four
most northerly breeding populations, which
span ;26° of longitude (Fig. 1). We then
used this model to estimate the range of

breeding longitude values represented in
feathers collected from local wintering sites.
We constrained our analysis to only those
feather samples from wintering birds that had
previously been identified as coming from
the northern portion of the breeding range
(Fig. 3) (20) and to those wintering sites (four
on the westerly islands) with sample sizes of
$10 individuals. The predicted breeding lon-
gitudes of these wintering birds ranged from
65.9° to 82.5°W at Cayo Coco, Cuba (n 5
25); from 70.1° to 87.1°W at Baronhall Es-
tates, Jamaica (n 5 10); from 69.3° to
89.8°W at Font Hill Nature Preserve, Jamaica
(n 5 15); and from 73.5° to 85.0°W at Port-
land Ridge, Jamaica (n 5 13). Thus, individ-
uals wintering at these four sites came from
breeding areas spanning an average of 16.4°
of longitude, or 63% of the ;26° of longitude
over which this species breeds in temperate
North America (Fig. 1). The predicted latitu-
dinal range for these same individuals was
4.6°, or 27% of the ;17° of latitude over
which this species breeds (Fig. 1). Thus,
black-throated blue warblers in local winter-
ing sites are well mixed with respect to breed-
ing longitude, even though they tend to be
segregated with respect to breeding latitude.
Because the southern portion of the breeding
range covers only a narrow longitudinal
range, it was not possible to do a comparable
analysis for birds wintering on the easterly
islands.

Studies of other migratory songbird spe-
cies have found morphological (22) and be-
havioral (23) evidence for segregation on the
wintering grounds by breeding region, as
well as morphological (24) and isotopic (10)
evidence suggesting mixing of breeding pop-
ulations at wintering sites. Our results from a
single species sampled across its entire breed-
ing and wintering ranges illustrate that win-
tering populations can be segregated with
respect to one axis of their breeding distribu-
tion (latitude) even while they are mixed with
respect to another (breeding longitude). Fu-
ture research must determine whether other
migratory species exhibit similar regional
patterns of segregation on the wintering
grounds, and whether their wintering popula-
tions also tend to be mixed differentially with
respect to breeding latitude and longitude.

Understanding patterns of migration has im-
portant implications for the conservation of
songbirds and other migratory species. Because
black-throated blue warblers appear to segre-
gate by breeding latitude on the wintering
grounds, the changes in breeding abundance (2)
could, in part, be a consequence of the variable
rates and geographic scope of habitat loss in-
curred on the different Greater Antillean is-
lands. According to our results, habitat loss in
Cuba or Jamaica should have had diffuse ef-
fects on our study species’ abundance through-
out the northern portion of its breeding range,

but similar loss in Hispaniola or Puerto Rico
should have had more concentrated and visible
effects on abundances in the relatively narrow
southern portion. In fact, breeding bird survey
data from the past 30 years indicate declines in
black-throated blue warbler abundance in the
southern breeding areas—particularly at the
southernmost extreme—and little change, or
even increases, in abundance throughout much
of the northern breeding range (2). Further-
more, the most extensive deforestation in the
Greater Antilles (.97% of forestland) has oc-
curred in Haiti (25), which lies on the island of
Hispaniola. Our results connecting a high pro-
portion of birds from the southernmost portion
of the breeding range to the island of Hispaniola
suggest a possible correlation between this se-
vere wintering habitat loss and the sharpest
breeding population declines. Understanding
such geographic links between the breeding and
wintering ranges and ultimately their relation to
demographic trends is necessary to develop
satisfactory models of songbird population dy-
namics (5). Only by considering events
throughout the entire annual cycle can well-
informed decisions be made about how best to
conserve and manage declining populations of
migratory birds.
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Melanopsin-Containing Retinal
Ganglion Cells: Architecture,

Projections, and Intrinsic
Photosensitivity

S. Hattar,1,2* H.-W. Liao,2* M. Takao,4 D. M. Berson,4

K.-W. Yau1,2,3†

The primary circadian pacemaker, in the suprachiasmatic nucleus (SCN) of the
mammalian brain, is photoentrained by light signals from the eyes through the
retinohypothalamic tract. Retinal rod and cone cells are not required for pho-
toentrainment. Recent evidence suggests that the entraining photoreceptors
are retinal ganglion cells (RGCs) that project to the SCN. The visual pigment
for this photoreceptor may be melanopsin, an opsin-like protein whose
coding messenger RNA is found in a subset of mammalian RGCs. By cloning
rat melanopsin and generating specific antibodies, we show that melanopsin
is present in cell bodies, dendrites, and proximal axonal segments of a subset
of rat RGCs. In mice heterozygous for tau-lacZ targeted to the melanopsin
gene locus, b-galactosidase–positive RGC axons projected to the SCN and
other brain nuclei involved in circadian photoentrainment or the pupillary
light reflex. Rat RGCs that exhibited intrinsic photosensitivity invariably
expressed melanopsin. Hence, melanopsin is most likely the visual pigment
of phototransducing RGCs that set the circadian clock and initiate other
non–image-forming visual functions.

Retinal rods and cones, with their light-sensi-
tive, opsin-based pigments, are the primary
photoreceptors for vertebrate vision. Visual sig-

nals are transmitted to the brain through RGCs,
the output neurons whose axons form the optic
nerve. This system, through its projections to
the lateral geniculate nucleus and the midbrain,
is responsible for interpreting and tracking vi-
sual objects and patterns. A separate visual
circuit, running in parallel with this image-
forming visual system, encodes the general lev-
el of environmental illumination and drives cer-
tain photic responses, including synchroniza-
tion of the biological clock with the light-dark
cycle (1), control of pupil size (2), acute sup-
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