result in slightly lower estimates for dt.
Various experimental probes of W in
Rb;Cy, with T, = 30 K vyield estimates in
the range 0.1 to 0.5 eV (15). For these
parameters, we find [3T,| in the range 0.6
to 0.2 K. We reiterate that the absolute
magnitude of 8t, and hence of 8T, is
difficult to compute to better than a factor
of 2 accuracy; the trends, however, as a
function of W and T, implied by Eq. 3
should be reliable and testable experimen-
tally.
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Presence of the Earliest Vertebrate
Hard Tissues in Conodonts

I. J. Sansom, M. P. Smith, H. A. Armstrong, M. M. Smith

From histological investigations into the microstructure of conodont elements, a number
oftissue types characteristic of the phosphatic skeleton of vertebrates have been identified.
These include cellular bone, two forms of hypermineralized enamel homologs, and globular
calcified cartilage. The presence of cellular bone in conodont elements provides unequiv-
ocal evidence for their vertebrate affinities. Furthermore, the identification of vertebrate
hard tissues in the oral elements of conodonts extends the earliest occurrence of vertebrate
hard tissues back by around 40 million years, from the Middle Ordovician (475 million years
ago) to the Late Cambrian (515 million years ago).

Since their first description (1), debate
over the phylogenetic affinities of cono-
donts has persisted, encompassing such
diverse groups as algae, vascular plants,
numerous invertebrate phyla, chordates,
and vertebrates (2). The recent discovery
and interpretation of conodonts with pre-
served soft tissue (3, 4) has led to in-
creased support for chordate affnity (4, 5),
although alternative hypotheses based on
the soft-bodied specimens have postulated
a relation with aplacophoran mollusks (6)
or chaetognaths (7). The group has also
been considered to possess sufficient novel
characters to warrant phylum status (8).
The only hard parts of these animals,
the conodont elements, are composed of
carbonate fluorapatite (9) with a matrix of
collagen and other organic material (10).
Elements are located in the oral cavity and
are thought to have had a food-processing
function analogous with teeth (11). They
are internally divisible into a basal body,
lamellar crown, and white matter (12)
(Figs. 1A, 2A, and 3, A and D). Given
the chemical and morphological similarity
of the elements to vertebrate tissues, it has
been variously proposed that the lamellar
crown is homologous with enamel (13),
enameloid (5, 14), acellular bone (aspi-
din) (15), or the unmineralized keratinous
teeth of myxinoids (16), whereas the basal
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tissue has been compared with dentine (5,
13, 14), bone (18), and cartilage (I18).
Previous studies have not, however, clear-
ly demonstrated histological homology be-
tween conodont elements and vertebrate
teeth (19), and it has generally been
concluded that the elements are composed
of tissue types confined to conodonts.
White matter, in particular, has been
regarded as a novel and enigmatic tissue,
arising from secondary modification of the
lamellar crown (20), although Krejsa et al.
(16) proposed homology between white
matter microspaces and tubules in Ozarko-
dina confluens (Branson and Mehl) and
structures associated with pokal cells and
parakeratotic keratin in the lingual ele-
ments of myxinoids.

The conodont elements we have pre-
pared (21) were compared with similar
preparations of vertebrate skeletal materi-
al from the Harding Sandstone, Canon
City, Colorado, the -earliest unequivocal
vertebrate hard tissues that are histologi-
cally intact (22, 23). Three genera are
present in the Harding material (14, 19),
each with a distinct histological associa-
tion. Sclerites of Astraspis Walcott and
Eriptychius Walcott are both composed of
basal acellular bone (aspidin) and superfi-
cial tubercles of acellular dentine, capped
by enameloid and enamel, respectively. A
third, unnamed, genus has discrete tuber-
cles composed of cellular bone and cellular
dentine, and may represent a stem group
osteostracan (22).

White matter is consistently developed
in all of the conodont specimens exam-
ined to date. It is characterized by lacu-
nate spaces, interconnected by irregular,
radiating tubules (Figs. 1D, 2C, and 3, B
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Fig. 1. Scanning electron micrographs of an ele-
ment of the panderodontid conodont Panderodus
unicostatus (Branson and Mehl) (BU 2155) from
the Ludlow of the tramway section, Netherton,
West Midlands, United Kingdom. (A) Element in
longitudinal section showing the relation between
lamellar tissue, white matter, and basal cavity;
there is no basal body occupying the basal cavity
in this specimen. The material that apparently
occupies the upper half of the basal cavity is part
of the lamellar crown; the difference in appear-
ance is a sectioning artifact. Scale bar, 200 um.
(B) One of the boxed areas in (A) showing part of
the basal cavity (bc) and lamellar crown tissue
(ct). The lamellae are asymptotic to the external
surface, indicating that the growth of Panderodus
elements in later stages was dominated by basal
extension and widening. Scale bar, 20 pm. (C)
Subparallel orientation of apatite crystallites within
the lamellar tissue, typical of Panderodus and
closely related genera. The porous interlamellar
zones are thought to represent poorly mineralized,
organic-rich zones produced during interruptions
in growth. Scale bar, 2 um. (D) Detail of white
matter boxed in (A) showing well-developed lacu-
nae (I) and interconnecting, radiating canaliculi
(c). The interconnecting nature of the canaliculi

has been confirmed by confocal microscopy and Nomarski interference
optics. The presence of cell spaces, interconnecting canaliculi, and the

and E) which, together with the relatively
lower level of biological mineralization,
give the tissue its characteristic opaque
appearance in incident light. These spaces
are identical with those of osteocyte lacu-
nae and canaliculi of both fossil and recent
cellular bone (the spaces for cell bodies
and their extending processes, respective-
ly), and we consider them to be homolo-
gous. The lacunae in the white matter
are from 3 to 10 pm in diameter, a range
that overlaps with those of osteocytes in
the cellular bone of the unnamed Hard-
ing Sandstone genus (22). Previous hy-
potheses stating that white matter is a
secondary replacement of the lamellar
crown tissue (20) appear to be untenable
since there are no relicts of either the
lamellar structure or the characteristic ar-
rangement of crystallites. Specimens of
Ozarkodina also show similar canaliculi
(Fig. 3B) and the interpretation of the
spaces as pokal cell processes (16) is not
tenable.

The lamellar part of the conodont ele-
ment crown shows incremental lines in a
centrifugally deposited tissue, with each
lamella bounded by nonmineralized areas
that probably represent interruptions of
growth. Two types of lamellar crown tis-
sue can be recognized. In elements of
Cordylodus Pander and Ozarkodina, the
crystallites are oriented perpendicular to
the lamellae (Figs. 2, A and B, and 3C).
The perpendicular arrangement of crys-
tallites and the presence of incremental
lines are typical of hypermineralized ecto-
dermally derived tissues such as enamel

massive ground mass are indicative of cellular dermal bone. Scale bar, 20
pm. Each micrograph was taken at 15 kV.

Fig. 2. Longitudinal section of an element of Cordylodus Pander (BU 2156) from the Tremadoc
of Maardu, Estonia. (A) Scanning secondary electron micrograph of the specimen following acid
etching, showing the differentiation into crown tissue (ct) and basal body (bb) together with
increment lines within the crown. Scale bar, 200 um. (B) At higher magnification, crystallites of
the crown are seen to be organized into prisms oriented transversely to the growth lamellae
(arrows). Note the contrast in crystallite orientation between Cordylodus and Panderodus (Fig.
1C). The former has a structure closely similar to enamel, but the latter is enigmatic and may
represent a new form of hypermineralized epidermally derived tissue. Scale bar, 5 pm. (C)
Micrograph and drawing of the two denticles boxed in (A), viewed under partial Nomarski optics.
Although white matter is present throughout the element cusp, the greatest concentration is
found in the denticle cores, where cell lacunae and interconnecting canaliculi are clearly
seen throughout (see drawing). Scale bar, 75 pm. (D) Scanning electron micrograph (SEM) of
the basal body showing the spherulitic appearance of this tissue. The internal structure of the
basal body is directly comparable with globular calcified cartilage found in Eriptychius from the
Harding Sandstone and other vertebrates. Scale bar, 20 pm. SEMs taken at 15 kV.
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Fig. 3. (A) Line drawing of an oblique section
through a Pa element of Ozarkodina confluens
(Branson and Mehl) (BU 2157) from the Llan-
dovery of Sjalsé, Gotland, Sweden, showing
the distribution of tissues. Cellular white mat-
ter forms the denticle cores surrounded by
lamellar crown tissue. Scale bar, 200 pm. (B)

Detail of the part of the element arrowed in (A),’

taken in Nomarski interference contrast. The
superimposition of the lamellar crystallite pat-
tern onto the core of cellular white matter
(black arrow) is a cut artifact. Scale bar, 50
pm. (C) Scanning secondary electron micro-
graph of the lamellar crown tissue showing the
orientation of the apatite crystallites perpen-
dicular to the growth surface, and hence cut-
ting across the increment lines (arrows). Scale
bar, 5 pm. (D) Scanning secondary electron
micrograph of an element of the panderodon-

tid conodont Parapanderodus striatus (Graves & Ellison) (MGUH 21142,

sample GGU 274944) from the late Canadian (Early Ordovician) of
Kronprins Christian Land, North Greenland, illustrating the distribution
of the lamellar crown tissue (ct) and the central core of white matter
(wm). Scale bar, 200 pm. (E) Electron micrograph detailing the rela-
tionship between the lamellar crown and the cellular white matter. The

(24). A second type of lamellar tissue is
present in elements of Panderodus (Bran-
son and Mehl) and Parapanderodus Stouge
and is characterized by crystallites orient-
ed with their long axes subparallel to the
growth surface (Figs. 1, Band C, and 3, E
and F). This tissue is enigmatic, but may
represent a new type of hypermineralized
hard tissue related to enamel and identi-
fied to date only in panderodontid con-
odonts.

All specimens with intact basal bodies
show a clear structure in which discrete
spherules are fused into continuous scal-
loped layers (Fig. 2D) with the boundaries
formed as Liesegang waves (25). Basal bod-
ies with a similar spherulitic structure have
been illustrated in a number of conodont
taxa from North America (20), Siberia
(17), and Europe (7). Although it is possi-
ble that other mineralization processes
could produce spherulitic structures such as
these, they bear a striking resemblance to
the globular calcified cartilage found in
Eriptychius and certain other vertebrates
(19).

The recognition of cellular bone in co-
nodonts has important implications for
studies of both conodont palaeobiology and
early vertebrate evolution:

1) Cellular bone is a hard tissue unique
to vertebrates, and its occurrence in cono-
dont elements is unequivocal evidence for
the inclusion of conodonts within the
vertebrates. The additional presence of
enamel homologs and probable globular
cartilage is consistent with this conclu-
sion.

2) The presence of cellular bone in the
Late Cambrian—earliest Ordovician genus
Cordylodus predates the earliest previously
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recorded occurrence of vertebrate hard
tissues by around 40 million years.

3) Although the tissues within cono-
dont elements have been identified and
homologized with those in vertebrates,
their growth sequence remains uneluci-
dated. The presence of cellular bone and
of lamellae tangential to the element
margin means that the widely accepted
growth mechanism of Bengtson (26) is, at
best, oversimplified and must be reas-
sessed.

4) It is frequently assumed that early
vertebrate hard tissues evolved as a gener-
alized dermal armor composed of small
individual denticles and that they became
increasingly specialized in a feeding func-
tion with time (27). In contrast, the
discovery of the earliest vertebrate hard
tissues in the oral feeding apparatus of
conodonts indicates that the first hard
tissues were highly specialized, with a
function not dissimilar to that adopted by
later vertebrates.

5) Dentine has been proposed as one
of the primitive vertebrate hard tissues
(20). The conodont elements examined
contain cellular bone, enamel-like tissues,
and cartilage but no dentine, casting
doubt on the assumed evolutionary prima-
cy and functional origin of dentine.

6) The most widely cited phyloge-
netic classification of lower vertebrates (4,
19, 28, 29) recognizes cellular dermal bone
as an advanced craniate synapomorphy
linking the osteostracans and gnathos-
tomes. The presence of cellular bone and
the absence of dentine in Cambrian con-
odonts indicates that the evolutionary his-
tory of vertebrate hard tissues must be
reevaluated.

SCIENCE * VOL. 256 ¢ 29 MAY 1992

2.

abdw

10.

11.

12.

white matter shows a cone-in-cone structure and a sharp contact with
the surrounding tissue. Scale bar, 20 um. (F) Detail of the lamellar
crown tissue showing the subparallel orientation of the crystallites with
respect to the lamellae, this tissue is typical of panderodontid lamellar
crown (compare Fig. 1C). Scale bar, 5 pm.
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Natural Versus Anthropogenic Factors Affecting
Low-Level Cloud Albedo over the North Atlantic

Paul G. Falkowski, Yongseung Kim, Zbigniew Kolber,
Cara Wilson, Creighton Wirick, Robert Cess

Cloud albedo plays a key role in regulating Earth’s climate. Cloud albedo depends on
column-integrated liquid water content and the density of cloud condensation nuclei, which
consists primarily of submicrometer-sized aerosol sulfate particles. A comparison of two
independent satellite data sets suggests that, although anthropogenic sulfate emissions
may enhance cloud albedo immediately adjacent to the east coast of the United States,
over the central North Atlantic Ocean the variability in albedo can be largely accounted for
by natural marine and atmospheric processes that probably have remained relatively
constant since the beginning of the industrial revolution.

The albedo of clouds is an important but
poorly understood factor influencing Earth’s
radiation budget (1) that depends nonlin-
early on column-integrated liquid water
content and the concentration of cloud
condensation nuclei (CCN) (2). There is
evidence that over land cloud albedo in-
creases as cloud temperature increases (3).
Hence, over the ocean, low-level cloud
albedo might be expected to be high where
sea surface temperature (SST) is also high.
CCN are composed largely of submicrome-
ter-sized aerosol sulfate particles, which
have both natural and anthropogenic sourc-
es. Over the oceans, phytoplankton pro-
duction of dimethyl sulfide (DMS), which
outgases and is oxidized to form aerosol
sulfate, has been suggested to be a major
source of CCN (2, 4). In the Northern
Hemisphere, however, the emissions of an-

P. G. Falkowski, Z. Kolber, C. Wilson, C. Wirick,
Oceanographic and Atmospheric Sciences Division,
Brookhaven National Laboratory, Upton, NY 11973.
Y. Kim and R. Cess, Institute for Terrestrial and Plan-
etary Atmospheres, State University of New York,
Stony Brook, NY 11794.

thropogenic, continentally derived sulfate
are approximately five times the emissions
from natural marine sources (5).

In examining satellite images over the
North Atlantic Ocean, we noted that the
albedo of marine stratus clouds showed
systematic trends over large distances (Figs.
1 and 2). In particular, in a latitude band
corresponding to the highest anthropogenic
sulfate fluxes from the North American
continent, albedo generally decreased from
the western to eastern regions of the Atlan-
tic basin (Fig. 2B). This gradient suggests
that emissions of anthropogenic continen-
tal sulfate may affect the albedo of oceanic
clouds thousands of kilometers from the
coast. We examined the relative impor-
tance of anthropogenic and natural factors
on the albedo of marine stratus clouds by
comparing the seasonal, basin-scale distri-
butions among upper ocean phytoplankton
biomass (using chlorophyll as a proxy),
SST, and low-level cloud albedo for the
North Atlantic Ocean.

We elucidated the contribution of phyto-
plankton sources of CCN to the albedo of
29 MAY 1992
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marine stratus clouds by comparing gridded,
monthly averaged, low-level cloud albedos
derived from the Earth Radiation Budget Ex-
periment (ERBE) satellite data (1) with com-
posited, surface ocean chlorophyll concentra-
tions derived from the Coastal Zone Color
Scanner (CZCS). The ERBE data, obtained
from the National Oceanic and Atmospheric
Administration NOAA-9 scanner measure-
ments, were selected for the North Atlantic
Ocean and analyzed for four representative
midseason months: April, July, and October
1985 and January 1986. The NOAA-9 satel-
lite is in a sun-synchronous orbit and crosses
the equator at 1430 local time. The data were
screened so as to include only totally overcast
pixels, and a longwave filter (6) was then used
to isolate warm and thus low-altitude clouds
(primarily marine stratus). Because the satel-
lite was in a sun-synchronous orbit, the effect
of variations in solar zenith angle on albedo at
a fixed latitude was largely eliminated in any
given month. Albedos were calculated across
seven zonal latitude bands, bétween 28° and
60°N (Fig. 1, left). Within each band, all
pixels (approximately 50 km in diameter at
nadir) for a given month were averaged for
each 1° of longitude. In all, 28 submaps
(corresponding to seven latitude bands and 4
months) of albedo were constructed, from the
western edge of the North Atlantic basin to
20°W. At lower latitudes, in warmer months,
the paucity of stratus clouds did not permit
further analyses.

To obtain representative surface phyto-
plankton distributions, we used the entire
CZCS data set for the North Atlantic Ocean.
The sensor, which flew aboard Nimbus-7
between November 1978 and May 1986,
acquired global observations of ocean color.
Upper ocean chlorophyll concentrations were
calculated from water-leaving radiances with
atmospheric corrected algorithms (7). The
spatial coverage of CZCS data for any given
month was not sufficient to allow a direct
monthly comparison with the albedos calcu-
lated from the ERBE data; the temporal over-
lap between CZCS and. ERBE satellites oc-
curred when the CZCS data transmissions
were most sparse. However, the interannual
variations in chlorophyll within any region

Table 1. The regional distribution of continental
sulfur dioxide and sulfate sources for seven
latitude bands compiled from the NAPAP data
base (9) (units are tons per year).

Latitude oo SO, +
band SO, SO 50,2~
57°60°N 199,655 56 199,711
5°57°N 816286 46,147 862,433
47°-52°N 1428974 33716 1,462,690
43_47°N  2:899895 83822 2.983,717
38°43N 12490324 223553 12.713,877
33°_38°N 5793258 140,648 5933906
28° 33N 3,118/539 53781 3.172,320
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