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value of roughly 1 m is suggested if the area of rupture extended
over the 3-km thickness of the crust that has been observed to
host microseismicity®’, and along the 30-km length of the axis
defined by the concentration of seismicity seen in Figs 1 and 3. A
value of 0.5 m is suggested if rupture penetrated the full thickness of
the crust.

Although the general character of the predicted ‘slug-test’ tran-
sient (Fig. 4) is remarkably similar to that of the observed transient
(Fig. 2), the results must be considered with appropriate caution,
because there are large uncertainties in applying such a simple
model. For example, (1) the model considers only lateral diffusion.
Ventilation through the sediment section or through faults and
permeable basement outcrops (as reflected by the year-long recov-
ery to the normal formation state, established by the thermal and
hydrologic structure of the valley") will ‘dilute’ the magnitude of
the initial transient, and vertical diffusion from any extension of the
dilatant volume below the transmissive uppermost crust will add to
and stretch the source signal. (2) Considering the dilatation to be
concentrated as a vertical line-source ‘implosion’ is unquestionably
to oversimplify. Distributed dilatancy along the axis of the valley will
create diffusional directivity (enhancing propagation across strike),
and reduce the effective range between the source and the obser-
vation site along axis. (3) Perhaps the greatest shortcoming of the
slug-test analogue is that it does not consider the initial distribution
of elastic strain associated with the spreading event, in which
quadrants of contraction (and hence volumes of positive anomalous
pressure) lie next to quadrants of dilatation. Diffusion between
these quadrants will produce an ‘annihilation’ effect near nodal
planes and complicate any pressure transient generated by net
dilatation. Despite these uncertainties, however, the simple
concentrated-source model provides a useful first-order tool for
estimating net dilatation and the hydraulic transmission properties
of the formation, and for guiding a more complete analysis that will
take distributed co-seismic deformation and three-dimensional
diffusion into account.

We note that the co- and post-seismic pressure transients observed
in ODP Hole 857D represent a significant fraction (totalling nearly
20%) of the deep-seated buoyancy that drives hydrothermal dis-
charge at a nearby vent field. A pressure differential of +80 kPa was
measured across the sediment section in ODP Hole 858G, which was
drilled 1.6 km to the north into a sediment-buried permeable base-
ment edifice beneath the vent field, sealed, and instrumented at the
same time as ODP Hole 857D'>". Unfortunately, the seals at this
high-temperature site failed long before the earthquake swarm, but it
is reasonable to conclude that basement there experienced a similar
co- and post-seismic reduction in pressure. The lack of any signs of
augmented hydrothermal discharge searched for during a water-
column investigation of the valley carried out shortly after the swarm
ended is consistent with this conclusion, as well as with our primary
conclusion that the permeable crust at this site suffered net dilatancy
at the time of the seismic activity. O

Methods

An outline of the relationships among strain, total stress, and pore fluid pressure in a
poroelastic medium is provided in refs 11 and 21. The elastic properties involved are either
established by laboratory data (at conditions corresponding to the formation temperature
and pressure of 280 °C and 30 MPa, respectively), by observations of cored material, or by
observed formation-fluid pressure response to tidal loading. These include: fluid
compressibility, B¢ = 1.3 X 10~ Pa~'; solid constituent compressibility,

B, =2.0% 10 " Pa"'; one-dimensional tidal loading efficiency, y = 0.14; matrix frame
compressibility, 8, = 6.8 X 10~ ! Pa~'; porosity, n = 0.15; and Poisson’s ratio, » = 0.25.
The resulting linear coefficient relating strain and fluid pressure is 0.29 X 10~°Pa™". The
relationship between permeability k and hydraulic diffusivity n involves a subset of these
properties plus viscosity u = 10~ *Pas (appropriate for the formation temperature):

k = p&n, where &, the storage compressibility, is a function of 1, 8, 8 and 3, as outlined
in ref. 21.
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Cladogenesis and morphological
diversification in passerine hirds
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Morphological diversity tends to increase within evolving
lineages over time"?, but the relative roles of gradual evolution-
ary change (anagenesis)® and abrupt shifts associated with
speciation events (cladogenesis, or ‘punctuated equilibrium’)*
have not been resolved for most groups of organisms’. However,
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these two modes of evolution can be distinguished by the fact that
morphological variance increases in proportion to time under
anagenesis®, and in proportion to the logarithm of the number of
species under cladogenesis’. Although species and time are
themselves correlated, multiple regression analysis provides a
statistical framework for partitioning their relative contri-
butions. In this study, I use multiple regressions to evaluate the
effects of time and species number on morphological diversity
within clades of passerine birds. The results show clearly that
number of species exerts a strong influence on morphological
variance independent of time, but that time has no unique effect.
Thus, morphological evolution in birds seems to be associated
with cladogenesis. How lineage splitting promotes morphologi-
cal diversification poses an important challenge to ecologists and
evolutionary biologists.

I quantified morphological variation by the variance of principal
component (PC) scores within tribe-to-family-level clades of pas-
serine birds (Supplementary Table 1) based on eight log-trans-
formed external measurements (for example, wing, leg and beak; see
Methods). These variables characterize structure related to diet,
substrate use and habitat®’. The variances provide convenient
indices to diversity because the PC axes have dimensionless scales,
distances between species in morphological space are conserved and
the estimate of the variance is independent of both sample size and
the average value of the measurement variables"'’.

I evaluated the contributions of taxon age (see Methods) and
species richness to morphological variation by multiple regression.
Using this approach, the unique statistical effects of age and species
richness can be estimated, independently of any correlation between
the two. Morphological variance within the entire sample of clades
(n=95) was unrelated to variation in the relative age of clades
(P> 0.18 for all PC axes), but increased significantly (P < 0.05)
with respect to the logarithm of species on all principal components,
except PC4, PC5 and PC8 (Fig. 1a). When age was dropped from the
analysis and continental versus non-continental distribution was
included as an effect, morphological variances on PC4 (P = 0.0003)
and PC8 (P = 0.006) were also significantly related to species
number (Fig. 1b).

In many clades of birds distributed in southeast Asia, including
Indonesia, the Philippines and Australasia, numerous differentiated
island populations have been given species names. To avoid poten-
tially uninformative variation introduced by these clades, I per-
formed a second analysis restricted to continental clades, with
undersampled taxa also removed (see Methods). Among these 50
clades, relative age remained insignificant in both simple and
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Figure 1 The relationship between morphological variance and number of species for
95 passerine clades. Clades distributed in non-continental (open symbols) and continental
(solid symbols) regions, and undersampled clades (triangles). a, Total variance (PC1—
PC8). Dashed regression line includes all 95 clades (slope = 0.415 = 0.141s.e.m.);
solid regression line includes only well-sampled continental clades (n = 50,

slope = 1.016 = 0.208s.e.m.). b, PC4 (relative beak length). Dashed regression line for
non-continental clades (elevation = 0.723 = 0.180 s.e.m.); solid regression line for all
continental clades (common slope = 1.134 = 0.306s.e.m.).
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multiple regressions. When age was removed as a variable, the
relationship of morphological variance to logarithm of the number
of species was significant for all principal components (P < 0.0001;
P =0.0049 (PC5) and P = 0.0008 (PC8)), except PC7 (P = 0.19).
Number of species alone explained 15.3% to 43.6% of the variation
among clades on individual PC axes, and 33.3% of the total
variation. These results were independent of the proportion of
species sampled per clade (all P > 0.05).

Because the relative ages of clades varied by only a factor of four
(see Methods), these analyses might not have included a sufficient
range to detect an effect of time on morphological variance. Indeed,
age and the log-transformed number of species per clade were
unrelated in the entire sample of clades (r = —0.135, P = 0.19,
n = 95), and morphological variance was unrelated to age alone in
simple correlations (all P > 0.12). To provide a broader range of
clade age, I calculated morphological variances within 108 genera
(having five or more species sampled) and included these in a
multiple regression with tribe-to-family-level clades. In the analysis,
morphological variance was significantly related to age alone on all
PC axes (P < 0.01); this was as expected because the logarithm of
species number was also significantly correlated with relative age
(r=10.55, P <0.0001). However, the effect of age in multiple
regressions was insignificant for all axes (P > 0.05) except PC5
(P =0.016). As found before, the effect of the logarithm of species
number was significant (P < 0.006 for all PC axes, and <0.0001 for
PCl, 2,3 and 5), accounting for 9.1% to 24.1% of the morphological
variance. Thus, morphological variance does not increase over time
independently of species production, and I conclude that the
proliferation of species is the primary driver of morphological
diversification within clades of passerine birds.

In spite of the significant relationship between morphological
diversity and species richness, considerable variation remains.
Factors besides species formation per se that could influence
morphological diversity include: (1) the complexity of the environ-
ment as a template for morphological adaptation''™"; (2) the
constraining influence of other species, particularly potential com-
petitors, within the distribution of a diversifying clade; and (3)
diversifying selection from competition by secondarily sympatric
sister taxa'"'"*"7.

The environmental template undoubtedly is clade-specific and
difficult to evaluate. Although large and small clades coexist
regionally, whether the availability of ecological space limits diver-
sification cannot be easily addressed. One might expect islands to
present more limited ecological opportunities than continental
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Figure 2 Distribution of morphological variance on PC axes 1-4. Values estimated by
hierarchical nested analysis of variance compared to the value expected if morphology
diversified in direct relation to the logarithm of the average number of species within
evolutionary lineages (black bars).
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landmasses; however, even most non-continental clades have diver-
sified within large, ecologically complex regions. As explained
below, non-continental clades of comparable size have no less
morphological variance than those that have diversified within
continental landmasses.

To evaluate the constraining influence of regional diversity, I
compared morphological variance between clades in continental
and non-continental areas. Many non-continental tribe-to-family-
level lineages of passerine birds occur on islands or island-
continents (including New Guinea, New Zealand, Madagascar
and Australia) where morphological space presumably has been
less densely occupied than in the major continental landmasses of
Africa, Eurasia, and North and South America. Variance within
continental clades was less than that in island clades on all
morphological axes (binomial P = 0.004). However, the only axis
showing a significant continent/non-continent effect in the overall
analysis (n = 95) was PC4, which is correlated with the length of the
beak relative to the size of the foot. Variance on this axis in non-
continental clades exceeded that in continental clades (F; 9, = 16.1,
P < 0.0001) by 0.72 £ 0.18 (mean * s.e.m.) log;, units, or a factor
of 5.2 (Fig. 1b). This axis is associated with variation in diet, feeding
method and substrate use in birds, and it probably represents an axis
along which birds can easily diverge ecologically.

A range of beak morphology, from greatly elongated to massively
stout, characterizes many island passerine clades. Three of these
with extreme variation on PC4 are indicated in Fig. 1b: the New
Zealand wattlebirds (Callaeatidae), the Malagasy asities (Philepitti-
dae) and the Hawaiian honeycreepers (Drepanidini). These unusual
radiations of non-continental forms might reflect open ecological
space on islands allowing novel avenues of morphological change.
Indeed, the beak morphology of the Hawaiian honeycreepers fills
most of the morphological space occupied by passerine birds'®.

To test the effect of diversifying selection, I further related
morphological variation to the extent of sympatry (see Methods)
among species within small clades. Diversifying selection should be
most intense when sister lineages gain secondary sympatry and
compete strongly for shared resources'>'”'?. The potential effect of
both factors was explored for clades with fewer than ten species
(n = 32), that exhibited the full range of morphological variance
(see Fig. 1) and could be scored easily for degree of sympatry (see
Supplementary Table 2), and also could be designated as either
continental or non-continental.

Morphological variances were higher among non-continental
clades on all axes except PC7 (binomial P = 0.035), but the effects
were not significant by themselves on any of the PC axes. Variance
increased with respect to the sympatry index on all eight PC axes
(P =0.004), but significantly only on PC4 (P = 0.014). Thus,
among small clades, morphological diversification tends to be
accelerated on islands and by selection following secondary sym-
patry, but neither effect is strong.

Whatever the cause of diversification, if morphological change
associated with speciation events were random and homogeneous,
the relationship between morphological variance and the logarithm
of species number would be linear. Accordingly, the slope of the
regression between the logarithm of the variance and the double
logarithm of species number would be 1.0. Higher slopes would
indicate acceleration of morphological diversification with species
number; lower slopes would indicate constrained diversification
with increasing species richness. Among the well-sampled conti-
nental clades (n = 50), the slope (b) of this relationship exceeded
one for PC1 (b = 1.74 * 0.34s.e.m., t = 2.18, P = 0.034) and PC3
(b=1.54 = 0.26s.e.m., t = 2.22, P = 0.034). The total variance in
the smaller PC axes increased at a lower rate than the logarithm of
species number (PC5-8 combined, b= 0.49 £ 0.15s.e.m.,
t = —3.40, P = 0.0029). Thus, some components of morphological
variance increase disproportionately more rapidly than the number
of species per clade, but these are balanced by some that increase more
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slowly. The resulting total morphological variance (PC1-8) increased
as the 1.02 = 0.21 s.e.m. power of the logarithm of species number.

This direct proportionality of morphological diversification with
the logarithm of the number of species extends to the entire sample
of passerine birds. Total morphological variance among all passer-
ines (clade size = 5,712 species) was 111% of the extrapolated
values for the sum of PCI-8 (based on the regression of variance
on species number among well-sampled continental clades). Thus,
diversification does not seem to be constrained by existing diversity.

The distribution of morphological variance among taxonomic
levels provides an additional indication that diversification is
unconstrained by increasing species number. If variance increased
uniformly with the logarithm of species number, it would be
distributed as 53.9% among 106 tribe-to-family-level clades within
Passeriformes, 27.7% among an average of 10.95 genera within
clades and 18.4% among an average of 4.9 species within genera.
Morphological variance corresponds closely to this expectation, as
shown for the first four PC axes in Fig. 2. The hierarchical distribution
of variance argues that recent lineage splitting, represented by the
species-within-genus component of variance, has resulted in con-
tinued morphological diversification along all axes of variation.

The filling of morphological space probably has not constrained
speciation either. Tribe-to-family-level clades show no evidence of
regulation of species richness in terms of the expected variation in
number of species among clades®. That is, large tribe-to-family-
level clades are not fewer than predicted by the geometric distri-
bution produced by a random speciation-extinction model. Diver-
sification of passerine birds with respect to both species richness and
morphology seems to be unrestrained globally. Whether or not
increasing species number results in finer local partitioning of
geography or habitat that is unrelated to morphology, larger clades
also generate greater morphological diversity.

Morphological diversification in passerine birds is strongly
associated with species rather than time per se. However, the strong
species effect on morphological diversity identified in this analysis
does not necessarily imply punctuated equilibrium—change associ-
ated with the speciation process itself**'. Speciation can also
promote evolutionary diversification indirectly by establishing
selection for divergent evolution in evolutionarily independent
lineages. Thus, divergent evolution might occur gradually over
long periods following lineage splitting rather than as an abrupt
consequence of the formation of new species in small, peripherally
isolated populations forced to undergo rapid reorganization of their
gene pools™. Although secondary sympatry of sister species is likely
to create strong selection for divergence'>'®'®, newly formed
lineages in species-rich clades might also face sufficient selective
pressure from more distantly related species, to diversify morpho-
logically in allopatry. Mechanisms linking morphological diversity
to species richness can be investigated more readily by relating
divergence to age, distribution and ecology in studies focused on
individual clades. O

Methods

Taxonomy

This analysis is limited to passerine birds (the monophyletic order Passeriformes, 5,712
species), which include more than half of all bird species. I use the 106 smallest non-nested
suprageneric taxa designated as monophyletic groups (tribes, subfamilies or families) in
the treatment of Sibley and Monroe* (see Supplementary Table 1). Age was estimated as
the depth of the node uniting each group with its sister taxon, obtained by DNA
hybridization and expressed as the difference in temperature at 50% dissociation (the
melting point temperature, AT 5,H) between heteroduplexed and homoduplexed DNA
(°C)**. Relative ages of the 106 taxa ranged between 4.3 and 17.9 °C and number of species
varied between 1 and 413. Number of species was independent of deeper phylogenetic
relationships among clades™ according to Abouheif’s test” of serial phylogenetic
independence (1 = 106, P = 0.155).

Measurements and samples
The following measurements were obtained with calipers and rulers from museum skins:
total length, wing and tail (in mm); tarsus, middle toe, and the length, width and breadth
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of the culmen (0.1 mm)". Measurements were averaged within species. Altogether, the
data set comprised 1,018 (17.8% of 5,712) species in 103 (97.2% of 106) suprageneric taxa
of passerine birds.

Two samples of tribe-to-family-level clades were analysed. The most inclusive
contained the 95 taxa for which I measured more than one species and could therefore
calculate morphological variance. The second sample (n = 50) excluded clades restricted
to non-continental landmasses (primarily Australasia, New Zealand, Madagascar and the
Greater Antilles), as well as tribe-to-family-level clades for which I measured fewer species
than one-third the number of genera or one-tenth the number of species.

In a further analysis, I extended the range of clade age by including estimates of
morphological variance within 108 genera having five or more species and for which I had
measured more than 20% of all species. Genera were assigned a relative age of
ATs5oH = 3.2°C (the median relative age of nodes within subtribes)**. These were
combined with well-sampled tribe-to-family-level clades.

Sympatry within small clades

Tused distribution maps in field guides and handbooks to estimate by eye the approximate
degree of sympatry among the species in clades having fewer than ten species (see
Supplementary Table 2). For each clade, the sympatry index is the proportion of species
(0-1) having greater than =~50% overlap in their geographic range with one or more other
species in the clade, hence having the potential for interacting locally.

Analyses

The eight morphological values were log;,-transformed to make the distribution of
variation in each of the measurements dimensionless, approximately normal within the
sample of species and unrelated to the mean value of the measurement. Over all species,
standard deviations of the log-transformed measurements varied between 0.144 and 0.195
(equivalent to factors of 1.39 and 1.57) and thus large and small measurements
contributed comparably to distance between species in morphological space. Log-
transformed measurements were subjected to a principal components (PC) analysis based
on the covariance matrix, to reduce the dimensionality of the data and obtain uncorrelated
axes of morphological variation. Using the covariance matrix preserves the original
euclidean distances between species™.

The first PC axis incorporated 75% of the variance in morphology and the first three
axes incorporated 91%. The resulting eight PC scores for each species were then used to
estimate the variance on each of the PC axes for each tribe-to-family-level clade. The
estimate of the variance is unbiased with respect to sample size'. Among 95 clades, the
morphological standard deviation was phylogenetically independent according to
Aboubheif’s test** for PC1 (P = 0.55) and PC4 (P = 0.17).

To test the hypothesis that morphological diversification is a function of number of
species, time or both, I used multiple regression to determine the relationship between
morphological variance on each of the PC axes and the logarithm of species number and
relative age of each clade. Each of the variables was log-transformed to make the deviations
of morphological variance about the regression uniform and to test the linearity of the
relationship (slope = 1).

I conducted nested analyses of variance to examine the distribution of variation among
species within genera, genera within tribe-to-family-level clades, and clades within
passerines. The expected morphological variation depending on a direct relationship to
the logarithm of species was calculated as follows: the logarithm of the number of smaller
taxa within each larger taxon at each level in the hierarchy of analysis (that is, 106 clades
within passerines, 10.95 genera per clade and 4.92 species per genus).

All analyses were performed using the Statistical Analysis System (SAS Institute, Cary,
North Carolina).
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The economic damage caused by episodic outbreaks of forest-
defoliating insects has spurred much research’, yet why such
outbreaks occur remains unclear®. Theoretical biologists argue
that outbreaks are driven by specialist pathogens or parasitoids,
because host—pathogen and host—parasitoid models show large-
amplitude, long-period cycles resembling time series of out-
breaks™. Field biologists counter that outbreaks occur when
generalist predators fail, because predation in low-density defo-
liator populations is usually high enough to prevent outbreaks®®.
Neither explanation is sufficient, however, because the time
between outbreaks in the data is far more variable than in
host-pathogen and host-parasitoid models'?, and far shorter
than in generalist-predator models®"'. Here we show that insect
outbreaks can be explained by a model that includes both a
generalist predator and a specialist pathogen. In this host-
pathogen—predator model, stochasticity causes defoliator den-
sities to fluctuate erratically between an equilibrium maintained
by the predator, and cycles driven by the pathogen'>'*. Outbreaks
in this model occur at long but irregular intervals, matching the
data. Our results suggest that explanations of insect outbreaks
must go beyond classical models to consider interactions among
multiple species.

The host-pathogen model that we begin with describes the
effects of a specialist pathogen on the population dynamics of a
forest defoliator. Host-specific pathogens of defoliators are often
baculoviruses, which cause fatal diseases transmitted when larvae

341






