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The role of theQuasi-biennial Oscillation (QBO)
in the response to solar forcing has been noted in
earlier studies (3). A set of experiments with the
two WACCM model versions with a prescribed
QBO has been carried out, and results from those
experiments will be presented in a subsequent
paper. However, the results for the climate system
response to solar forcing are qualitatively similar
to those presented here without the QBO, but the
prescribed QBO shows improvements in the strato-
spheric response compared to observations. Though
the solar-forced eastern equatorial SSTanomalies
shown here are about half the amplitude of those
associated with the El Niño–Southern Oscillation,
they are relevant for understanding decadal time-
scale variability in the Pacific. This response also
cannot be used to explain recent global warming
because the 11-year solar cycle has not shown a
measurable trend over the past 30 years (10).
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Good Genes and Good Luck: Ammonoid
Diversity and the End-Permian
Mass Extinction
Arnaud Brayard,1* Gilles Escarguel,2* Hugo Bucher,3,4 Claude Monnet,3 Thomas Brühwiler,3
Nicolas Goudemand,3 Thomas Galfetti,3 Jean Guex5

The end-Permian mass extinction removed more than 80% of marine genera. Ammonoid
cephalopods were among the organisms most affected by this crisis. The analysis of a global
diversity data set of ammonoid genera covering about 106 million years centered on the
Permian-Triassic boundary (PTB) shows that Triassic ammonoids actually reached levels of diversity
higher than in the Permian less than 2 million years after the PTB. The data favor a hierarchical
rather than logistic model of diversification coupled with a niche incumbency hypothesis. This
explosive and nondelayed diversification contrasts with the slow and delayed character of the
Triassic biotic recovery as currently illustrated for other, mainly benthic groups such as
bivalves and gastropods.

During the Paleozoic and Mesozoic, am-
monoids represented an abundant, highly
diversified, and geographically widespread

group of marine cephalopods. As a major com-
ponent of open marine biotas, the diversity and
evolution of these shelly mollusks closely record
the succession of Paleozoic to Mesozoic global
changes (1–3). The Permian is characterized by
four major, slowly evolving clades of ammonoids

showing a protracted, two-step decline during the
Late Permian (Capitanian and Changhsingian ex-
tinctions) (4). Only three known ammonoid genera
among Ceratitida survived the Permian-Triassic
boundary (PTB); with very few exceptions, Triassic
ammonoids are usually found to root into a single
genus and are therefore interpreted as a mono-
phyletic clade (1, 3, 5, 6). Their extinction selectiv-
ity and patterns of recovery have been addressed
through changes of morphological diversity (7–9),
taxonomic richness, endemism, and biogeograph-
ical distribution viewpoints (1, 2). One problem
has been a lack of absolute age calibration of evo-
lutionary trends across the PTB. We have used
diversity analyses combined with recently pub-
lished radiometric ages (10) to show that Triassic
ammonoids diversified explosively in the first mil-
lion years after the PTB.

It has usually been assumed that the end-
Permian mass extinction affected ecological as-

semblages so deeply that the postcrisis biotic
recovery spanned the entire Early Triassic [~5
million years (My) (11)], if not more (12–14).
To test this scenario, we constructed a global
taxonomic data set at the generic level, from the
Late Carboniferous [Kasimovian, 307 million
years ago (Ma)] to the Late Triassic (Rhaetian,
201.5 Ma). For each time bin, we considered all
documented occurrences of ammonoid genera
for each major oceanic sedimentary basin. The
resulting data table records the occurrence of
860 genera within 77 basins through 25 succes-
sive time bins of unequal duration. Paleozoic am-
monoid data are independently derived from the
last versions of the Goniat andAmmon databases
(15, 16); Triassic ammonoid data are compiled
from various sources (10), with the latest pub-
lished genera and occurrences added in all cases.
Due to distinct taxonomic treatments between the
two Paleozoic databases, higher generic richness
counts per time bin are obtained from Ammon
(Fig. 1), but these differences have no consequence
on origination and extinction rate estimates (fig.
S1).We thus selected the publishedGoniat database
for further analyses.

For each time bin, we derived the total
(observed + inferred; Sobs) number of genera
and estimated overall generic richness using
Chao2 and Jackknife2 nonparametric indices
(10) (Fig. 1 and table S1). Due to the nature of
the available data (generic occurrences within
basins), the close correspondence between Sobs
and Chao2 and Jackknife2 estimators is strong
evidence that most time bins have qualitatively
similar structures of observed basin incidences
resulting from comparable taxonomical practices
and sampling efforts along the analyzed time se-
ries. There is no evidence that Triassic time bins
contain more genera falsely identified as single-
tons (i.e., genera spanning only one time bin)
than Permian ones. When combined with the
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lack of statistical dependence between the num-
bers of sampled basins and singletons (Spearman
r = 0.364, P = 0.088, not significant), this sug-
gests that time bins with abundant singletons re-
flect intervals with high generic richness and
turnover and are not spurious taxonomical, pre-
servational, and/or sampling artifacts. For this
reason, we only describe results based on Sobs.

The poly-cohort matrix (PCM) (Fig. 2) (17),
numbers and rates of generic origination and ex-
tinction (Fig. 3 and tables S2 and S3), and phase
diagram (fig. S4) show that ammonoid genera
smoothly cross the Carboniferous-Permian
boundary, in agreement with previous studies of
the Carboniferous and Permian (8, 9). This stands
in contrast with turnover at the family level (fig.
S2). As shown before (4, 8), there is a slight in-
crease in total diversity from the end-Carboniferous
onward, culminating in theMiddle Permian. Early-
Middle Permian diversities are essentially governed
by fluctuations in the Goniatitida (Fig. 1). During
this time interval, the nonparallelism between the
PCM’s diagonal (the target assemblage axis) (fig.
S5) and prenascence and survivorship contour lines
(Fig. 2) emphasizes the relatively slow and un-
coupled origination and extinction dynamics of
Permian ammonoids (Fig. 3). During the Late
Permian, temporal diversity patterns are marked
by two well-known successive phases of severe
extinctions (Capitanian and Changhsingian) (4, 9).
This time interval of decreasing morphological
diversity (8) corresponds to the progressive de-
cline of Goniatitida and Prolecanitida and to the
rise of Ceratitida (Ceratitina and Otoceratitina)
(Fig. 1 and fig. S2). Prefiguring the post-PTB
diversification dynamics, an increase in diversity
observed during theWuchiapingian stage, between
the two major extinction events, resulted mainly
from the rapid diversification of Otoceratitina,
while Goniatitida experienced a marked diversity
decline. This turnover is also well illustrated by
the PCM graph and associated cluster analysis
(Fig. 2), as well as by the phase diagram (fig. S4).

The Triassic part of the time series consists
of four successive diversity oscillations of declin-
ingmagnitude, probably primarily shaped by glob-
al climatic and oceanographic changes (1, 18)

(Figs. 1 and 3). In the first oscillation, during the
Smithian—i.e., only 1 to 2 My after the PTB,
based on the available radiometric ages and asso-

ciated uncertainties (10, 11)—ammonoid diver-
sity reached values equal to, if not higher than,
those for the Permian (~85 sampled genera) and

Fig. 1. Total generic richness [Sobs; black bold line,
all ammonoids; gray lines, major ammonoid groups;
Permian dotted line, alternate data from Ammon
(16)] andmean Chao2 estimate of the overall generic
richness with its 95% confidence interval (large circles
with vertical bars) (table S1). PTB, Permian-Triassic
boundary; 1, Kasimovian; 2, Gzhelian; 3, Asselian; 4,
Sakmarian; 5, Artinskian; 6, Kungurian; 7, Roadian; 8,
Wordian; 9, Capitanian; 10,Wuchiapingian; unlabeled
successive intervals, Changhsingian, Griesbachian,
Dienerian, Smithian; 15, Spathian; 16, Early Anisian;
17, Middle Anisian; 18, Late Anisian; 19, Ladinian; 20,
Early Carnian; 21, Late Carnian; 22, Early Norian; 23,
Middle Norian; 24, Late Norian; 25, Rhaetian. The
end-Smithian ammonoid extinction event discussed
in the text is not illustrated here due to its short
time duration.
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then were followed by still higher values during
the Spathian (~110 genera). This late Early Triassic
generic richness is unsurpassed during the Middle
and Late Triassic, where diversity oscillated around
an average value of ~70 sampled genera per time

bin, close to the Middle Permian maximum. This
rapid recovery less than 2 My after a mass extinc-
tion is also seen for Early Jurassic ammonoids (19).

The Early Triassic rapid ammonoid diversifi-
cation diverges from delayed recovery after the

PTB suggested for many benthic groups (e.g., 13).
Apparently, recovery rates strongly varied across
marine clades, and ammonoids boomed well be-
fore the oceanic realm returned to a long-term
steady state. Our time-calibrated results indicate
that there was a very rapid succession of new
families and genera during the Early Triassic (Fig.
2 and figs. S2 and S4). Extreme contraction of
survivorship and prenascence contour lines is di-
agnostic of high evolutionary rates, as echoed by
the simultaneously high numbers and rates of
Early Triassic originations and extinctions (Fig.
3). Ammonoid diversification during the Early
Triassic produced more than 200 genera in less
than ~5 My and was accompanied by a progres-
sive change from cosmopolitan to latitudinally re-
stricted distributions of genera (1). These changes
coincide with the emergence of a clear latitudinal
diversity gradient during most of the Smithian and
Spathian, which suggests that the sea surface tem-
perature gradient increased during the late Early
Triassic (1, 2). This trend was not a gradual, con-
tinuous, and smooth one. For instance, ammonoid
diversity severely dropped at the Smithian-Spathian
boundary (1), coinciding with a major short-term per-
turbation of the global carbon cycle (11, 18, 20, 21).
However, (i) ammonoids already reached a diversity
level as high as, if not higher than, in the Permian
during the Smithian (Fig. 1), and (ii) as for the end-
Permian global event, the end-Smithian disturbances
did not markedly delay the long-term Triassic am-
monoid diversification.

How did these cephalopods flourish in the pre-
sumably unstable and harsh environmental condi-
tions prevailing at that time? The same question
applies to conodonts, whose Early Triassic diver-
sity dynamics tend to parallel that of ammonoids
(22). The mode(s) of life of ammonoids remains
conjectural. These marine organisms may have a
pseudoplanktonic juvenile stage (1, 23, 24). Am-
monoids are morphologically and taxonomically
so diverse that it is likely that they occupied a
great variety of niches and exploited various food
resources. Their high diversity and abundance sug-
gest that diversified and abundant food resources
were already available less than 2 My after the
PTB. Consequently, even if Early Triassic trophic
webs were possibly less complex than Permian
and Middle-Late Triassic ones, they were far from
devastated. At least some sizeable, while still
unknown, primary production made it possible
for these two clades to diversify profusely and
rapidly despite short-term fluctuations of envi-
ronmental conditions such as temperature, pH,
and O2 content of oceanic waters (e.g., 1, 18, 25).

The Early-Middle Triassic transition was again
marked by a severe drop in ammonoid diversity.
In this case, a fall in global sea level is implicated
(26). Middle and Late Triassic generic and family
richness remained lower than in the late Early
Triassic, close to theMiddle Permianmaximumbut
with a few more families (~20 versus ~15 per time
bin) (Fig. 1 and fig. S2); richness also appeared less
variable, possibly because oceanic geochemical
conditions stabilized during that time (11, 20, 21).
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From the early Anisian onward, three successive
diversity cycles are evident: Early Anisian–Early
Carnian, Early Carnian–Early Norian, and Early
Norian–Rhaetian (Figs. 2 and 3). The last cycle
ends with a marked diversity decline through the
Late Norian and Rhaetian, corresponding to the
Triassic-Jurassic mass extinction (19).

Unlike in the Permian, where genera show
uncorrelated to weakly correlated origination
and extinction dynamics (Fig. 3 and table S2)
[linear association between logðNtþ1

Ori=N
t
OriÞ and

logðNtþ1
Ext=N

t
ExtÞ: R2 = 0.060, P = 0.56 for Goniat;

R2 = 0.536, P = 0.025 for Ammon], Triassic am-
monoids show highly coupled dynamics (R2 =
0.978, P = 1.2 × 10−9) because of the large aver-
age proportion of sampled singletons [71% versus
19% (Goniat) to 53% (Ammon) before the PTB].
We investigated the Triassic ammonoid diversity
dynamics through diversification models directly
derived from the empirical origination and extinc-
tion rates (Fig. 4). Based on the overall geometry
of the sampled time series (excluding the Late
Norian and Rhaetian time bins, which correspond
to the end-Triassic mass extinction), we selected
twodiversity-dependent constrained diversification
models: the (evolutionary-based) logistic (27) and
(population dynamics–based) hierarchical (28)
ones. These models basically differ in the way
origination and extinction rates linearly (logistic)
or exponentially (hierarchical) relate to taxonomic
richness, ultimately leading to a sigmoidal-shaped
curve of richness changing through time modeled
as a two-parameter logistic function or a three-
parameter Gompertz function, respectively. All
computations were done based on Maurer’s per-
taxon per-My origination and extinction rates (28)
computed with or without singletons (10). These
rates share the same statistical behavior as Foote’s
estimated per-capita per-My rates (29), with which
theyhighly correlate (tableS3).WeselectedMaurer’s
rather than Foote’s rates because the later cannot
be calculated for three of the four Early Triassic
time bins, that is, when ammonoids actually re-
covered (table S2).

Model comparison using evidence ratios cal-
culated from corrected Akaike information crite-
rion values favors the hierarchical diversification
model over the logistic one (table S5). Indeed,
even if both models converge toward the same
steady-state richness values (~70 sampled genera)
(Fig. 4), the logistic model clearly fails to capture
the Early Triassic nondelayed recovery dynamics,
contrary to the hierarchical one. In addition, the
empirical (log) richness-rates relationships (table
S4) illustrate a possible niche incumbency effect
(30). This hypothesis, which predicts that richness
and extinction rates are independent, allows the
estimate of an average steady-state generic niche
saturation level of ~85% under the hierarchical
model, compatible with species niche saturation
levels previously published for various clades of
marine organisms (30).

Numerous Lazarus taxa among benthic and
pelagic mollusks reappear during the Smithian
(e.g., 6, 31). Coupledwith the Triassic ammonoid

nondelayed diversity dynamics evidenced here,
this suggests that complex trophic webs based on
abundant and diversified primary producers were
already functioning less than 2 My after the PTB
and opens the possibility that heterotrophic taxa
other than ammonoids also rapidly recovered.
The end-Smithian global event, possibly linked
to a late eruptive phase of the Siberian traps,
initiated the conodont demise and corresponds to
a major global change in the carbon cycle and
climate (8, 18, 20, 21) but did not markedly delay
the explosive recovery of Ceratitid ammonoids.
This phased scenario for the Triassic biotic recov-
ery accounts well for its generally accepted de-
layed character, which may reflect still inadequate
sampling and time resolution and/or biased di-
versity estimates due to the lack of sampling stan-
dardization in the first million years after the PTB
(32, 33). Recoveries obviously show environment-
and clade-specific dynamics. Nevertheless, our
results indicate that the time duration of the post-
PTB recovery is likely overestimated, at least for
some marine taxa.
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Enhancement of Biodiversity and
Ecosystem Services by Ecological
Restoration: A Meta-Analysis
José M. Rey Benayas,1,2* Adrian C. Newton,3 Anita Diaz,3 James M. Bullock4

Ecological restoration is widely used to reverse the environmental degradation caused by human
activities. However, the effectiveness of restoration actions in increasing provision of both
biodiversity and ecosystem services has not been evaluated systematically. A meta-analysis of 89
restoration assessments in a wide range of ecosystem types across the globe indicates that
ecological restoration increased provision of biodiversity and ecosystem services by 44 and 25%,
respectively. However, values of both remained lower in restored versus intact reference
ecosystems. Increases in biodiversity and ecosystem service measures after restoration were
positively correlated. Results indicate that restoration actions focused on enhancing biodiversity
should support increased provision of ecosystem services, particularly in tropical terrestrial biomes.

Ecological restoration involves assisting the
recovery of an ecosystem that has been
degraded, damaged, or destroyed, typical-

ly as a result of human activities (1). Restoration

actions are increasingly being implemented
throughout the world (2), supported by global
policy commitments such as the Convention on
Biological Diversity [article 8(f), (3)]. A major
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