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levels in the ®eld-collected colonies were determined using a Carlo Erba NA1500 NCS
system. For Trichodesmium chlorophyll biomass, the contents of whole 10-l Niskin bottles
from strati®ed depths were gravity ®ltered onto 5- to 10-mm polycarbonate ®lters and
trichome density determined by direct microscopic enumeration using phycoerythrin
epi¯uorescence. Trichodesmium trichome density was converted to chlorophyll terms by a
factor derived from direct extraction and determination of chlorophyll per trichome and
per colony at each station. Trichodesmium biomass was then integrated to the upper 50 m.
Standard hydrographic parameters (temperature T, salinity S and density jt) were
measured by CTD (conductivity±temperature±depth) at each sampling location.
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Stable continental regions, free from tectonic activity, are gen-
erally found only within ancient cratonsÐthe centres of con-
tinents which formed in the Archaean era, 4.0±2.5 Gyr ago. But in
the Cordilleran mountain belt of western North America some
younger (middle Proterozoic) regions have remained stable1,2,
whereas some older (late Archaean) regions have been tectonically
disturbed1,3, suggesting that age alone does not determine litho-
spheric strength and crustal stability. Here we report rhenium±
osmium isotope and mineral compositions of peridotite xenoliths
from two regions of the Cordilleran mountain belt. We found that
the younger, undeformed Colorado plateau is underlain by litho-
spheric mantle that is `depleted' (de®cient in minerals extracted
by partial melting of the rock), whereas the older (Archaean), yet
deformed, southern Basin and Range province is underlain by
`fertile' lithospheric mantle (not depleted by melt extraction). We
suggest that the apparent relationship between composition and
lithospheric strength, inferred from different degrees of crustal
deformation, occurs because depleted mantle is intrinsically less
dense than fertile mantle (due to iron having been lost when melt
was extracted from the rock). This allows the depleted mantle to
form a thicker thermal boundary layer4 between the deep con-
vecting mantle and the crust, thus reducing tectonic activity at the
surface. The inference that not all Archaean crust developed a
strong and thick thermal boundary layer leads to the possibility
that such ancient crust may have been overlooked because of its
intensive reworking or lost from the geological record owing to
preferential recycling.

The North American Cordillera is a broad continental region
marked by a long period of tectonic activity, which began in the
Palaeozoic era with a series of mountain-forming events and
culminated in the Cenozoic era with extension5. Deformation
appears to be heterogeneously distributed (Fig. 1). The Basin and
Range province, which includes much of Nevada and southeastern
California, experienced crustal thickening and subsequent large-
scale extension (possibly up to 200%)6. In contrast, the Colorado
plateau, an elevated circular region surrounded on all sides by
deformed crust, has remained an island of tectonic quiescence, as
evidenced by ¯at-lying, unfolded and largely unfaulted Palaeozoic
sedimentary strata7.

Given the relative differences in the degree of deformation seen in
the overlying crust5 and the correlation between age and stability
observed elsewhere in the continents, the more-tectonized Basin
and Range lithosphere might be expected to be younger than that
beneath the less-tectonized Colorado plateau. However, Sm±Nd
model ages indicate that the crust in the southern Basin and Range
(referred to here as Mojavia) is older, formed in Palaeoproterozoic
to Archaean times (,2.0±2.6 Gyr ago)1,2, whereas the Colorado
plateau crust formed subsequently in the middle Proterozoic (1.6±
2.0 Gyr ago)1,3. There are two possible explanations for this unex-
pected relationship. First, the lithospheric mantle beneath Mojavia
may not be as old as the crustal model ages indicate. This might
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occur if the Nd model ages re¯ect mixing between juvenile middle
Proterozoic crust and sedimentary material shed from an adjacent
Archaean craton at the time of lithosphere formation1, or the
original ancient lithospheric mantle was removed (as recently
suggested for the deep lithosphere of the Sierra Nevada8). Second,
the lithospheric mantle beneath both regions may be the same age as

the overlying crust9, but the ancient lithospheric mantle beneath
Mojavia is inherently weaker than typical cratonic lithospheric
mantle owing to a more fertile composition4,10 and/or the presence
of water11. We evaluate these two alternatives using Os model ages of
peridotite xenoliths recently derived from the lithospheric mantle in
both regions.

Assuming that partial melting leads to stabilization of the litho-
spheric mantle, the Re±Os isotope systematics of peridotite xeno-
liths (samples of the lithospheric mantle) can be used to date this
time of stabilization; this is because partial melting fractionates Re/
Os (Re is moderately depleted and Os is sequestered in the
residue12). As 187Re decays to 187Os (half life of ,42 Gyr), the residue
evolves towards unradiogenic 187Os/188Os and diverges from the
isotopic trajectory of undepleted convecting mantle12. Analogous to
Sm±Nd model ages, the time at which melt extraction occurred is
determined from the intersection of the two isotopic evolution
paths, as constrained by the present-day 187Os/188Os and 187Re/188Os
ratios of the sample and the convecting mantle. Because the Os
concentration in peridotites is 10±1,000 times greater than that of
silicate melts or other metasomatic agents, the Os isotope system in
peridotites is considerably more robust to changes imparted by
metasomatism and contamination than are isotope systems based
on incompatible elements, such as Sm±Nd and Rb±Sr.

The peridotite xenoliths come from the Pliocene Cima volcanic
®eld, located in the Mojavia province, California, and from Mio-
cene-Oligocene minette plugs located in the `Four corners' region of
the Colorado plateau. The Cima peridotites are fresh and devoid of
hydrous minerals, while the Colorado plateau samples are partly
serpentenized. The Mojavian samples have 187Os/188Os ratios
ranging from chondritic to relatively unradiogenic values (see
Supplementary Information). The latter re¯ect long-term isolation
in a low Re/Os environment produced by ancient partial melting.
The samples show a positive correlation on an isochron plot, with a
slope corresponding to an age of 2.5 6 1.6 Gyr and an initial
187Os/188Os of ,0.112 (Fig. 2a). Using Al2O3 as a proxy for the
Re/Os ratio13 results in an initial 187Os/188Os of ,0.113 (Fig. 2b),
indicating that depletion in Re and Al probably re¯ect the same
ancient partial melting event. The oldest Re depletion age (assuming
Re/Os = 0) for the Mojave samples is 2.4 Gyr (187Os/188Os = 0.1120).
Although this represents a minimum age, this sample's 187Os/188Os
may closely approximate the `true' initial ratio because its Al2O3

content (0.68 wt%) is below the lower limit (0.7 wt%) at which
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Re/Os is suggested to drop to zero during partial melting of the
upper mantle14. Re±Os model ages on individual samples range
between 1.8 and 3.4 Gyr (except for Ki5-139). Collectively, these
data point to a late Archaean or earliest Proterozoic age for litho-
spheric mantle formation beneath Mojavia. This age is consistent
with the Sm±Nd model ages of the overlying crust, which thus
appear to represent accurately the timing of crust formation1,2,9.

The Colorado plateau samples (see Supplementary Information)
plot along a horizontal array on a Re±Os isochron diagram (Fig. 2c),
which does not give any meaningful age signi®cance. Instead, the
array is probably due to recent addition or loss of Re (ref. 12).
Although the data also do not de®ne a strong correlation between
187Os/188Os and Al2O3 content (Fig. 2d), the low Al2O3 contents and
187Os/188Os imply that most of the Re was depleted during a partial
melting event, which occurred ,1.6 Gyr ago (Fig. 2c, d), within
uncertainty of Sm±Nd model ages of eclogitic xenoliths from the
same region3 and consistent with evidence for old Nd in the
lithospheric mantle beneath the Colorado plateau15,16.

Our data not only con®rm that ancient lithospheric mantle
persists beneath the southwestern USA despite the protracted
Cordilleran orogeny, but also show that the age of the lithospheric

mantle beneath each province is indistinguishable from Nd model
ages of the overlying crust. Thus continental lithospheric strength is
not strictly a function of the formation age of the lithospheric
mantle, as might be inferred from the stability of Archaean cratons.

Instead, bulk composition may control the strength of continen-
tal lithospheric mantle, by controlling its ultimate thickness. To
quantify composition, we use the Mg number (Mg# is the molar
Mg/(Mg+Fe) ratio) of a peridotite as a measure of the degree of
depletion. This number is an inverse measure of the amount of Fe,
and the higher the Mg#, the lower the density. The mode Mg# for
the lithospheric mantle of strong Archaean cratons, such as
Tanzania17,18, South Africa19,20 and Siberia21, is 0.93, for the weak
Palaeoproterozoic to Archaean Mojavia province it is 0.90 (based on
compilations in ref. 22 and our own data), and for the strong
Proterozoic Colorado plateau it is 0.91 (refs 15, 23) (Fig. 3).
Previous studies have shown that most Archaean cratons are under-
lain by more depleted mantle than post-Archaean regions, leading
to an apparent correlation between strength and bulk composition.
Our work corroborates these ®ndings by showing that even when
age±strength correlations break down, bulk composition still in¯u-
ences lithospheric strength.

Motivated by seismological evidence and the lack of a strong
correlation between continents and the long-wavelength geoid,
Jordan suggested that continents are underlain by thermal bound-
ary layers, stabilized against convective disruption by compositional
buoyancy4. This condition, known as the `isopycnic hypothesis',
requires that the negative buoyancy imposed by the colder thermal
state of the mantle beneath continents is exactly compensated by a
lower intrinsic density of the mantle beneath continents at every
level within the viscous thermal boundary layer (but below the
elastic mechanical boundary layer). Figure 4 shows isopycnic
density curves calculated (see Methods) for various ocean±continent
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temperature differences for a range of surface heat ¯ows and
parameters given in the ®gure legend24 and in Methods. Although
the absolute positions of the isopycnic lines depend strongly on the
assumed parameters (namely, crustal heat production and potential
temperature of the convecting mantle adiabat), Fig. 4 illustrates that
relative differences in bulk composition translate into differences in
the thickness of the thermal boundary layer regardless of any
uncertainty in the above parameters. The isopycnic hypothesis
thus explains the observed correlation between strength and bulk
composition because more depleted mantle generates a thicker,
colder and hence stronger thermal boundary layer, whereas more-
fertile mantle allows for a thinner, hotter and hence weaker thermal
boundary layer.

Because the Mojavian peridotites are more fertile than typical
cratonic mantle and derive from shallower depths (based on the lack
of garnet), they plot on a warmer isopycnic curve (,70 mWm-2),
whereas the xenoliths from the centre of the Colorado plateau
(garnet-bearing) plot near the array de®ned by peridotites from
stable Archaean cratons. Ignoring localized regions of high heat ¯ow
attributed to recent magmatism, we note that the measured surface
heat ¯ow for Mojavia is 60±80 mWm-2 and that for the Colorado
plateau ranges to lower values (40±80 mWm-2)25. If all of these
regions originally ®t the isopycnic condition, as is probably the case,
given the lack of large negative geoid or free air gravity anomalies
over continents26, the more-fertile character of the Mojavia mantle
requires a thinner thermal boundary layer (50±100 km) than that
beneath the more-depleted Colorado plateau and stable Archaean
cratons (,200 km). This is consistent with the lack of garnet in
Mojavian xenoliths (implying lithospheric thicknesses less than
,90 km) and the presence of garnet in the Colorado plateau
xenoliths. Thermobarometric data on the latter (calculated from
the data of ref. 23) show that the Colorado plateau lithosphere
extended to at least 120 km depth at the time of xenolith sampling.
In this context, we note that spinel peridotite xenoliths from the
western edge of the Colorado plateau10,15 plot along an isopycnic line
intermediate between Mojavia and the central Colorado plateau,
suggesting that the Colorado plateau lithospheric mantle is thickest
at its centre.

The correlation between strength and bulk composition can be
explained if the latter dictates the ultimate thickness to which the
thermal boundary layer can grow beneath continents, in turn
controlling lithospheric strength by de®ning the thickness of the
lithosphere itself. Further thickening of the thermal boundary layer
beyond that allowed by the bulk Mg# of the lithospheric mantle
would result in this mantle becoming unstable due to its increased
negative thermal buoyancy. We suggest that the low viscosity
imposed on the residual peridotite by the high temperatures
associated with the melting event may have been compensated by
a viscosity increase produced by complete dehydration, thus
explaining how originally hot, depleted mantle may have eventually
stabilized to form thick lithospheric mantle11,27.

Our ®ndings also have implications for interpreting the ancient
rock record. As the Earth may have been hotter and convecting more
vigorously in the past, there may have been a secular decrease in the
degree of melting, resulting in an apparent correlation between
lithospheric mantle composition, and hence lithospheric strength,
with age. However, the unusually fertile, ancient lithospheric mantle
in the Mojavia province raises the question of how much Archaean
lithosphere, characterized by only minor depletion, may have been
lost from the geologic record by recycling back into the mantle. If
this has occurred, the present distribution of Archaean crust may
thus represent a biased sampling of crust underlain by highly
depleted mantle (as suggested, for example, in ref. 28). Alternatively,
the fact that Mojavian lithospheric mantle still persists despite its
fertility may mean that even minor depletion is suf®cient to inhibit
recycling of continental lithosphere. However, because of its weaker
character, such fertile, ancient lithosphere may be more easily

overlooked and mistaken for Phanerozoic material on the basis of
the degree of deformation or metamorphic age. M

Methods
Calculation of isopycnic density curves

These curves (Fig. 4) were calculated from Dr(z) = r0aDT(z), where r0 is the normative
density (at STP) of the fertile convecting mantle beneath oceans (grey vertical bar), a is the
thermal expansion (2.7 ´ 10-5 per 8C), and DT(z) is the continent±ocean temperature
difference as a function of depth z (ref. 4). Values of DT(z) were determined by assuming a
1,300 8C potential adiabat for the convecting mantle (adiabatic temperature gradient of
0.5 8C km-1), and continental geotherms with a range of surface heat ¯ows; we assume that
heat production of the crust and mantle is 0.5 mWm-3 and 0.02 mWm-3 (refs 24, 25),
respectively. This crustal heat-production value was chosen so that the average pressures
and densities of peridotite xenoliths from the stable Archaean Tanzanian, Siberian and
South African cratons approximately coincide with an isopycnic curve derived for a
surface heat ¯ow of 40 mWm-2, the average measured on stable Archaean cratons29. This
choice of crustal heat production is within the range allowed by xenolith
thermobarometry24. Densities were calculated using an empirical correlation between bulk
Mg# and density (in g cm-3), r = 4.201 - 0.950Mg# (r 2 = 0.74) from a suite of well-
characterized xenoliths from Tanzania18. Error bars in Fig. 4 represent the 2jmean of the
entire population of densities (obtained by propagating the 2jmean of Mg#s through the
above equation) and pressures for a given xenolith suite (errors in the thermobarometric
equation or the equation for calculating density from Mg# are not included). Tanzanian
densities were calculated using a linear combination of mineral endmember
compositions30 and their modal abundances (calculated by least-squares regression of
whole-rock and mineral compositions). For internal consistency, the density for con-
vecting upper mantle31 was calculated in the same manner. Pressures for garnet-bearing
peridotites (most cratonic peridotites) were calculated using thermobarometers based on
the solubility of Al in orthopyroxene coexisting with garnet32. For spinel peridotites (for
example, MJ and CPe), the pressure was estimated to be between 1 and 3 GPa, based on
limits placed on the thickness of the crust and the absence of garnet.
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Revealing the consequences of species extinctions for ecosystem
function has been a chief research goal1±7 and has been accom-
panied by enthusiastic debate8±11. Studies carried out predomi-
nantly in terrestrial grassland and soil ecosystems have
demonstrated that as the number of species in assembled com-
munities increases, so too do certain ecosystem processes, such as
productivity, whereas others such as decomposition can remain
unaffected12. Diversity can in¯uence aspects of ecosystem func-
tion, but questions remain as to how generic the patterns observed
are, and whether they are the product of diversity, as such, or of
the functional roles and traits that characterize species in eco-
logical systems. Here we demonstrate variable diversity effects for
species representative of marine coastal systems at both global
and regional scales. We provide evidence for an increase in
complementary resource use as diversity increases and show
strong evidence for diversity effects in naturally assembled com-

munities at a regional scale. The variability among individual
species responses is consistent with a positive but idiosyncratic
pattern of ecosystem function with increased diversity.

We investigated diversity±function relations in mesocosms con-
taining a gradient of species richness, established using intertidal
invertebrates. The ecosystem function that we measured was the
¯ux of nutrients (speci®cally ammonia nitrogen (NH4-N)) to the
overlying water column, a microbial process essential for primary
production, which is mediated through the physical working of the
sediment by invertebrates13,14.

Replicate species pools were sampled from locations around the
coastlines of northeast Scotland, southwest Sweden and central
south Australia. These replicate regional species pools allow us to
separate the effects of species richness from any combinatorial
effects that might result from species identity. Such between-site
comparisons have been made in terrestrial systems4, and the
importance of environment and site effects is well recognized15±17.

For each site we created a species richness gradient, on the basis of
previous knowledge of the local species pools. Species were not
selected randomly; rather, they were common species dominating
the biomass at each site, and all are known to interact directly with
the sediment in which they live. These simple assemblages ranged
from one to four species, dependent on locality (see Methods and
Supplementary Information). At these low levels of species richness,
the effects of diversity are most likely to be manifest. Additionally,
species were classi®ed into one of three functional groups so that the
effects of functional diversity could also be considered (see Meth-
ods). Two treatments were employed: a primary treatment of species

Table 1 Summary of ANCOVA of NH4-N production across sites and
treatments

Source of variation d.f. s.s. m.s. F P
.............................................................................................................................................................................

Combined site analysis*
Site 3 38.108 1.723 158.71 0.001²
Biomass 1 0.937 0.346 31.93 0.001
Site*biomass 3 0.156 0.037 3.44 0.018
Species richness 1 0.058 0.05 4.65 0.032
Error 195 2.12 0.01
Total 211 43.82

.............................................................................................................................................................................

Individual site analysis³

Gullmarsfjord
Biomass 1 0.234 0.162 50.18 0.001
Species richness 1 0.055 0.017 5.31 0.024
Function richness 1 0.109 0.014 4.49 0.037
Species identity 9 0.206 0.023 7.12 0.001
Error 77 0.248 0.003
Total 89 0.854

Ythan a§
Biomass 1 0.058 0.026 5.18 0.035
Species identity 3 0.067 0.022 4.4 0.016
Error 19 0.096 0.005
Total 25 0.233

Ythan b§
Biomass 1 0.301 0.098 34.09 0.001
Species identity 3 0.438 0.1463 50.92 0.001
Error 40 0.114 0.002
Total 46 0.917

Boston bayk
Biomass 1 0.828 0.486 25 0.001
Error 39 0.758 0.019
Total 48 1.732

.............................................................................................................................................................................

d.f., degrees of freedom. s.s., sum of squares. m.s., mean squares.
* Each site was treated as a replicate for the purposes of a large combined analysis. the design
treated site as a factor whereas biomass, species richness and functional group richness were
treated as covariates. Functional group richness terms were non-signi®cant and are not presented
here.
² Signi®cant inter-site differences are responsible for signi®cant species richness terms (two and
four species treatments are only present at Gullmarsfjord site, which is signi®cantly different from
Ythan and Boston bay sites).
³ Because of the signi®cant site terms each site was analysed separately. The structure of this
analysis regarded species identity (treatment identity) as the main factor, and biomass, species
richness and functional group richness as covariates for the purposes of regression analysis.
§ At the Ythan estuary sites, both species richness and functional richness were non-signi®cant
(data not shown).
kNo signi®cant effects were found at Boston bay for species richness, functional richness or species
identity.³ Present address: Environment Department, University of York, Heslington, York, YO10 5DD, UK.
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