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none of the mechanisms discussed above can be ruled out. Clarifi-
cation of this question will require more high-quality PGE
analyses coupled with sulphur data, allowing for rigorous compar-
ison as well as determination of the lateral and vertical extent of
the high-Pd mantle. O
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ExTanT marsupials are distinctive in their pattern of dental
development!, in that only one tooth is replaced postnatally in
each jaw. Interpretation of this pattern for marsupials
ancestrally is disputed®”, partly because ontogenetic data in
fossils have been unobtainable. Here we present an ultra-high-
resolution X-ray computed tomography (CT) study of the tiny
fossil Alphadon, which represents the first evidence of dental
development and replacement in a Mesozoic marsupial. In the
known pattern of tooth replacement and development, Alphadon
is identical to living marsupials, a derived similarity suggesting
that this pattern is ancestral to Marsupialia, and that it was
established by the Late Cretaceous, at least. This pattern has
been correlated with some specialized aspects of marsupial
lactation'®. Hence the presence of a marsupial pattern of tooth
replacement in Alphadon provides indirect evidence that at least
some specialized features of marsupial reproductive processes
arose during the Mesozoic.

The adult dentition of primitive living marsupials includes three
premolars and four molars, a configuration known to date to the
Early Cretaceous’ and thought to result from a derived develop-
mental pattern within Theria'. Of these tooth positions, the last
premolar locus (conventionally termed P3) is the only one in the
entire dentition at which an erupted deciduous tooth is replaced
postnatally by its successor. The homologies of the marsupial
dentition are not universally accepted*®, and dispute usually
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involves ontogenetic evidence. The adult dentition is thought to
result from a unique developmental pattern', involving succession
of vestigial teeth at incisor and canine loci, retardation and non-
replacement of deciduous first (dP1) and second (dP2) premolars,
normal replacement of a deciduous (dP3) by a successor (P3)
tooth at the last premolar locus, and normal differentiation of the
molars (M1-4). Thus the anterior two premolars of marsupials
appear to be unreplaced deciduous teeth. Until now, little was
known of the antiquity of the marsupial tooth-replacement
pattern. Single jaws bearing presumed dP3 have been reported
from the Late Cretaceous® and Paleocene®®, but definitive
ontogenetic corroboration has been unobtainable.

We have extracted ontogenetic data from an exceptionally
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FIG. 1 Alphadon sp. (OMNH 27380), left mandible (reversed to correspond
with CT images in Figs 2 and 4)) from the Upper Cretaceous part of the
North Horn Formation, Utah'®. Alphadon is a relatively long-lived, gen-
eralized taxon?’; its contained species are distinguished primarily on the
basis of upper molar features®®, so species referral of the specimen is
uncertain. The specimen includes |,_s,, the canine (c), dP,_, (conventionally
termed P,_,), a molariform dP5;, M, alveoli for M,_3, and a partly exposed
crypt for M,; the presence of dP; and the pre-eruptive stage of development
of the last molar indicate that it is from a juvenile individual. a, Labial, and b,
occlusal views.
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complete mandible of the Cretaceous marsupial Alphadon
(Fig. 1), using an ultra-high-resolution X-ray CT scanner
(Fig. 2). Comparison was made to a dated developmental series
of the small didelphid Monodelphis domestica, based on sectioned
osteological specimens (Fig. 3), histological sections, and cleared
and stained material, and to the small dasyurid Sminthopsis
virginiae, based on histological sections (Fig. 4).

In dental development, Alphadon corresponds closely to living
marsupials, which enables estimation of its developmental stage
and indicates a tooth-replacement pattern identical in all observ-
able details to the relatively stereotyped, distinctive pattern that
characterizes Recent marsupials. The most significant develop-
mental data are the degree of eruption and root formation of the
canine, the pre-eruptive stage of the replacement P;, and the
degree of development and rotation of the last molar, all of which
correspond to the dentition of Monodelphis domestica at 60-70
days of age. The developing P; of Alphadon lies lingual and deep
to the erupted dP;, as is the common pattern among mammals.
Living marsupials are somewhat variable in the exact timing and
spatial relationships of the developing P;; in Alphadon, as in
M. domestica and S. virginiae, it lies beneath the anterior root of
dP;, which undergoes some early resorption. The developing P; of
Alphadon is higher in the jaw than in 60-70-day-old M. domestica,
in this respect more closely resembling the 81-day S. virginiae
(Fig. 4). In S. virginiae, P; begins erupting between 102-124 days,
after M, has completely erupted (W.P.L. and P. Woolley, unpub-
lished data); a similar pattern of late P; eruption also characterizes
Monodelphis and most extant didelphid genera. A greater degree
of calcification for M, than for P; in the juvenile Alphadon dentary
is consistent with a comparable pattern of late eruption in the

Cretaceous taxon. It is unlikely that tooth succession occurred at
the anterior two premolar loci of Alphadon because there is no
evidence of developing teeth in these positions, and the implanted
teeth are completely erupted, with fully formed roots.

Many features commonly used to diagnose Marsupialia as
monophyletic are either plesiomorphic, controversial or not
observable in fossils'’. The presence of a marsupial pattern of
premolar replacement in Alphadon suggests that this character
complex is diagnostic of the last common ancestor of Alphadon
and living marsupials. Recent phylogenetic analyses differ on
whether Alphadon is a basal marsupial or a proximate sister-
taxon of marsupials within a more inclusive taxon, Metatheria (see
refs 4, 11, 12). As yet there is no evidence, direct or indirect,
bearing on the pattern of tooth replacement in deltatheroidans'
or other putative fossil metatherians which have a postcanine
tooth formula similar to that of marsupials (contrary to ref. 13).
Despite this comparatively minor phylogenetic equivocation, it
seems clear that the pattern of premolar replacement so dis-
tinctive of marsupials among living mammals arose during the
Mesozoic.

The most distinctive characteristics of living marsupials are
related to their reproductive biology, which is associated with birth
of extremely altricial young and subsequent development during a
period of extended maternal lactation'*'®. Particularly charac-
teristic of marsupial lactation is the ‘period of fixation’ during
which young are continuously attached to teats for a prolonged
period"”. The highly modified pattern of replacement in the
anterior dentition of marsupials has long been linked to develop-
mental constraints imposed by the ‘period of fixation’"®. Neither
the replacement pattern nor, by implication, nipple fixation is

FIG. 2 CT scans of left mandible, Alphadon sp. (OMNH 27380).
Examination of complete image sequences reveals that the canine has
achieved nearly complete eruption and root formation; there is no evidence
of unerupted teeth in the incisor/canine region, and we conclude that the
erupted, rooted teeth at these positions represent true successors, as they
are in extant marsupialst. a—c, g, Parasagittal sections; d—f, h, horizontal
(occlusal) sections. a, Composite reconstruction of 123 parasagittal sec-
tions; note dark area, indicating poor ossification, in the dentary below dP;.
b, Section through the lingual part of the jaw, showing canine root, calcified
protoconid of P; (in box below dP;; see magnified inset, g), and part of the
trigonid calcification for M,. ¢, More labial section, showing space of poor
ossification below dP; and mandibular foramen. d, Occlusal view showing
base of M, trigonid. Also visible are the alveoli for dP;, suggesting partial
resorption of the roots. e, More dorsal section, showing some differentiation
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of trigonid cusps of M, and, possibly, a rudiment of its talonid. f, More dorsal
section, showing the calcified protoconid (in box; see magnified inset, h)) of
P3, somewhat lingually placed in the dentary. g, Magnified view of box in b,
showing parasagittal section through calcification of developing P;.
h, Magnified view of box in f, showing coronal section through calcification
of developing P;. Scale bars, 1 mm.

METHODS. Data were obtained with an industrial scanner capable of two
orders of magnitude greater resolution than conventional diagnostic
scanners??; for this tiny specimen, it was configured with a 120 Kv micro-
focal X-ray source and a CCD detector that resolved the specimen into 123
parasagittal, 253 horizontal and 468 frontal sections taken at 18-pm
(parasagittal, horizontal) and 36-um (frontal) intervals. Consecutive sec-
tions were rendered into digital animations viewable on personal com-
puters, following a protocol described elsewhere?*.
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FIG. 3 Partial developmental series of the extant didelphid Monodelphis
domestica: sectioned osteological specimens of right mandible. Each
dated individual is represented by two parasagittal sections: left, region of
M,; right, selected views of the antemolar dentition. The following is a
synopsis of relevant features and/or changes in the series (those not
included in the figure are enclosed in parentheses). Day 51, canine in
early eruption; pulp cavity broadly open with no root formation. (No
macroscopic evidence for successor P;; dP; roots complete.) Roots of
Mj; short, broadly open to mandibular canal. M, calcification limited to
protoconid, rotated about 30°. Day 57, canine somewhat more erupted,
root beginning to form. Small, dorsally placed crypt for successor P;
present under anterior part of dP;, containing P; in presumed bell
stage; no calcification evident. Roots of M; longer, but not extending
into mandibular canal. M, with all trigonid cusps distinct, although
possibly separate in part; trigonid rotated about 45°. Day 65, canine
mostly erupted, root nearly complete. Chamber for successor P; enlarged,
ventrally placed, containing well-developed protoconid cap with early
calcification; chamber extends dorsally along lingual margin of anterior
root of dP;. Roots of M; extend into mandibular canal. M, with small heel;
rotation unchanged. Day 70, canine erupted with fully formed but open
root. Successor P, broader based (some resorption of dP; roots appar-
ent). Roots of M; more elongate. M, talonid complete; rotation of tooth
reduced to about 30°. Day 75, canine development appears complete.
Protoconid of successor P; taller, better calcified. Day 85, both roots of
dP; show clear resorption; chamber of P; more dorsoventrally extended,
containing larger, better-calcified P;. Roots of My extend completely
through mandibular canal. M, with both roots fully formed; rotation
reduced to about 8°.
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likely to have characterized the common therian ancestor of
marsupials and eutherians"'® because the latter are primitive in
replacing most or all of the antemolar dentition. Although
characteristics of the reproductive system cannot be observed
directly in fossils, the modified developmental pattern in the
anterior dentition of marsupials provides indirect evidence of
nipple fixation'. Thus the developmental pattern seen in Alphadon
suggests that at least some reproductive specializations of mar-
supials, including nipple fixation, were probably established
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FIG. 4 Comparison of a, Sminthopsis virginiae, based on
histological section of 81-day juvenile, and b, Alphadon sp.
(OMNH 27380), based on CT section. Both sections are in
the frontal plane, taken through the dP; and developing P;. In
both, dP; and part of its anterior root, labial to the P, can be
seen; also shown are the mandibular canal, housing a
neurovascular bundle while the animal was alive, and the
calcification for the developing P;, near the top of an
unossified space within the dentary. In the histological
section, most of the anterior root of dP; is out of the plane
of section; only root cementum (C) is seen. Only the apex of
the P; protoconid is calcified, and it is capped by a moder-
ately thick layer of dentin (D) and a thin layer of enamel (E). A
well-developed neurovascular bundle, composed of nerve
fibres (N), venules (V) and small arterioles, is partly envel-
oped by spongy marrow (M) deep to the developing P;. Other
abbreviations: Am, amelobasts; B, alveolar bone; Od, odon-
toblasts; OE, oral epithelium; Pu, pulp; SR, stellate reticu-
lum. Scale bar, 1 mm.

during the Mesozoic, earlier than previously suggested”. Other
aspects of the ancestral therian and metatherian reproductive
patterns remain to be elucidated. O
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THE functioning and sustainability of ecosystems may depend on
their biological diversity'®. Elton’s’ hypothesis that more diverse
ecosystems are more stable has received much attention'**7!*14,
but Darwin’s proposal®® that more diverse plant communities
are more productive, and the related conjectures*>'*"" that they
have lower nutrient losses and more sustainable soils, are less
well studied***''%, Here we use a well-replicated field experi-
ment, in which species diversity was directly controlled, to show
that ecosystem productivity in 147 grassland plots increased
significantly with plant biodiversity. Moreover, the main limiting
nutrient, soil mineral nitrogen, was utilized more completely
when there was a greater diversity of species, leading to lower
leaching loss of nitrogen from these ecosystems. Similarly, in
nearby native grassland, plant productivity and soil nitrogen
utilization increased with increasing plant species richness. This
supports the diversity—productivity and diversity—sustainability
hypotheses. Our results demonstrate that the loss of species
threatens ecosystem functioning and sustainability.

The diversity—productivity hypothesis is based on the assump-
tion that interspecific differences in the use

randomly determined to avoid biases caused by the traits of
particular species®?'.

Here we report results of a field experiment in which the
number of plant species was experimentally controlled (Fig. 1
legend). Our 147 plots, located on nitrogen-limited soil®, were
planted with either 1, 2, 4, 6, 8, 12, or 24 species. The species
assigned to each plot were chosen by a separate random draw of
the appropriate number of species from a pool of 24 North
American prairie species. The impacts of diversity on plant
productivity, nutrient capture and nutrient leaching were
observed during the second year of growth. We also sampled a
native grassland to determine the relationships between these
variables in an undisturbed mature ecosystem.

Treatments created an experimental biodiversity gradient.
Plant species richness, Shannon diversity (H'), and effective
species richness (e*; Fig. 1a) were all significantly correlated
with the number of species seeded into the plots (Pearson’s
r=0.81, r =0.74, r = 0.75, respectively; n = 147, P < 0.001 for
all). Two measures of peak standing crop (our estimate of plant
productivity) were positively correlated with the species-richness
treatment (total plant cover:» = 0.39,n = 147, P < 0.001, Fig. 1b;
biomass estimated by light penetration: r =0.27, n = 147,
P < 0.001). Both estimates were similarly dependent on observed
plot species richness (Feer = 0.55, Tpiomass = 0.42, n = 147,
P < 0.001 for both) and effective species richness (r.., = 0.29,
Foiomass = 0-29,n = 147, P < 0.001 for both). Thus, greater plant
diversity led to greater productivity during the second year of
ecosystem establishment.

Rooting-zone extractable soil NO;3 was a decreasing function of
species richness (Fig. 1¢). Extractable NH; had a similar pattern
(r = —0.18, n = 147, P = 0.03). This indicates that more species-
rich plots more fully utilized soil mineral nitrogen, the main
limiting resource®. Below the rooting zone, soil NOj; concentrations

of resources by plants allow more diverse
plant communities to utilize more fully

TABLE 1 Factors influencing plant total cover (productivity) in the biodiversity experiment

limiting resources and thus attain greater
productivity*®'®, A related hypothesis is
that nutrient leaching losses from ecosys-
tems should be a decreasing function of
plant diversity because of greater nutrient
capture and/or immobilization in more

Variable

Intercept

Root mass

Species richness
Rooting zone NO3
Rooting zone NH;

Parameter Student’s t P
18.9 3.82 0.0002
1.31 6.72 0.0001

—26.6 —-2.20 0.03

7.82 1.65 0.10
2.96 5.00 0.0001

diverse ecosystems**'7. Taken together,
these lead to the diversity—sustainability
hypothesis; that the sustainability of soil
nutrient cycles and thus of soil fertility

Multiple regression of total plant cover (dependent variable) on listed variables, each
measured in all 147 plots. Overall F,4,, = 28.5, P < 0.0001, R? = 0.45.

depends on biodiversity. But the relation-
ships between biodiversity and ecosystem

TABLE 2 Factors influencing soil NO3 in the rooting zone in the biodiversity experiment

functioning remain controversial>!®1*18-2
because existing field data are from studies
that lacked direct experimental control of
biodiversity or sufficient replication. Only
direct control of diversity allows attribution
of responses to diversity rather than to

Variable

Intercept

Plant total cover
Root mass

Species richness

Parameter Student’s t P
0.33 12.0 0.0001
—0.005 —-2.74 0.007
-0.001 —-1.56 0.12
0.003 0.14 0.89

other correlated factors®*'*?*%, Moreover,
the species composition of plots must be
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Multiple regression of rooting zone soil NO3 on listed variables, each measured in all 147 piots.
Overall F5,,3 = 7.39, P < 0.0001, R? = 0.13.
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