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The extent to which biological diversity affects rates of diversification is central
to understanding macroevolutionary dynamics, yet no consensus has
emerged on the importance of diversity-dependence of evolutionary rates.
Here, we analyse the species-level fossil record of early Palaeozoic graptoloids,
documented with high temporal resolution, to test directly whether rates of
diversification were influenced by levels of standing diversity within this
major clade of marine zooplankton. To circumvent the statistical regression-
to-the-mean artefact, whereby higher- and lower-than-average values of
diversity tend to be followed by negative and positive diversification rates,
we construct a non-parametric, empirically scaled, diversity-independent
null model by randomizing the observed diversification rates with respect to
time. Comparing observed correlations between diversity and diversification
rate to those expected from this diversity-independent model, we find evi-
dence for negative diversity-dependence, accounting for up to 12% of the
variance in diversification rate, with maximal correlation at a temporal lag
of approximately 1 Myr. Diversity-dependence persists throughout the Ordo-
vician and Silurian, despite a major increase in the strength and frequency of
extinction and speciation pulses in the Silurian. By contrast to some previous
work, we find that diversity-dependence affects rates of speciation and extinc-
tion nearly equally on average, although subtle differences emerge when we
compare the Ordovician and Silurian.

1. Introduction

It is axiomatic and intuitive that the standing level of biodiversity within a clade
at any time is a function of the long-term, integrated history of diversification
rates preceding that time. Less obvious are the generality and strength of feed-
backs whereby diversity itself influences rates of diversification [1-4], despite
the fact that over 40 years have passed since palaeontologists first adapted popu-
lation-biology models to probe the dynamics of diversification on geological time
scales [5—-7]. The hypothesis of negative diversity-dependence posits that, all else
being equal, higher levels of diversity tend to suppress rates of diversification—a
phenomenon which in turn is generally thought to reflect competition and other
direct and indirect biotic interactions involving ecologically similar species—
whereas lower diversity tends to enhance diversification rates because of relaxed
competitive pressure and weaker interactions [2,6]. Models of positive diversity-
dependence have also been discussed [8] but have received less scrutiny. Empirical
tests for negative diversity-dependence have taken three principal forms: (i)
evaluation of the branching structure and implied diversity history in phyloge-
netic trees of living species relative to predictions of alternative diversification
models [2,9,10]; (ii) comparison between observed temporal trajectories of
diversity from the fossil record and those predicted by diversification models
[6,11-14], including models in which carrying capacity is environmentally deter-
mined [13]; and (iii) direct comparison between fossil diversity trajectories and
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rates of diversification across a wide range of diversity changes,
including rebounds from mass extinctions [11,12,15-18]. Here,
we analyse the highly resolved, global fossil record of a major
group of zooplankton, the graptoloids, and apply this third
strategy to document the nature of species-level diversity
dynamics in this clade.

Itis important to distinguish between diversity-dependence
and the existence of fixed or varying hard upper bounds on
diversity. [4,8,11,17,19-21]. A negative relationship between
diversity and diversification rate, for which we are testing, is
evidence for diversity-dependence, but it need not imply that
a clade is close to its ecological limits [4], although it is reason-
able to suppose that the strength of diversity-dependence may
increase as a clade approaches an ecological limit.

2. Material and methods
(a) Data

Data on stratigraphic ranges are sourced from a radioisotopically
calibrated, global, temporal ordination of first and last appearances
of 2041 expertly vetted species of graptoloid graptolites (including
subspecies analysed at species rank) from 493 local stratigraphic
sections spanning the entire history of the graptoloid clade, from
approximately 491.1 to approximately 411.4 Ma. The ordination
and calibration procedures are described in detail elsewhere
[22-24]. The average spacing between resolvable temporal levels
in this ordination is approximately 0.037 Myr. Considering only
the span of time covered by this study (see below), the average spa-
cing is approximately 0.030 Myr overall, approximately 0.034 Myr
in the Ordovician, and approximately 0.026 Myr in the Silurian.

(b) Methods

The majority of our analyses rest on a tabulation of standing
species diversity, D;, at specified points in time separated
evenly by At = 0.25 Myr. The number of species extant at each
time point is the total whose stratigraphic ranges cross the time
line, i.e. those with the first appearance before it and last appear-
ance afterwards [25]. Consistent with our previous analyses [23],
this tabulation implicitly requires that we omit 247 species whose
first and last appearances are at exactly the same temporal level,
as they have no measurable stratigraphic range. These species are
scattered throughout the time series [22], and results are not sen-
sitive to this protocol (see below). The net diversification rate per
lineage-million-years (Lmy) during the interval between succes-
sive time points, ,, is equal to In(D;,;/D;)/At. To avoid edge
effects [25] near the ends of the time series, as well as excessive
noise when diversity is extremely low, we have confined our
analysis to the time period from 481 to 419 Ma, leaving a total
of 1724 species surveyed over 248 0.25-Myr time intervals.

We use relatively short, equal-length intervals rather than
conventional stratigraphic zones to take maximal advantage of
temporal resolution in the data and to avoid well-known arte-
facts, whereby variable interval length may distort taxonomic
rates of evolution [25,26], especially when taxonomic turnover
is used to delineate intervals [26], as is the case with biozones.
An Interval-length variation would be especially problematic
in the present case, as graptolite zones vary in length by over
an order of magnitude, from approximately 0.1 Myr to nearly
4.0 Myr [27,28].

For analyses involving interval-specific speciation and extinction
rates, A, and u;, respectively, we used the per-taxon rate estimates
of [25]: Ay =In(Dsy1/Dipi1)/At and i, = In(Dy/Dysi1)/At,
where D,y is the number of species extant at both successive
time points, t and t + 1. Note that the two ways of calculating
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Figure 1. Diversity and diversification history of graptoloids. (a) Diversity at
the start of 0.25-Myr intervals. LOWESS smoothing indicated by solid curve.
(b) Residual log diversity, &;. () Net diversification rate. Vertical dashed line
shows division of time series, at 447 Ma, into segments operationally referred
to as Ordovician and Silurian herein [23].

net diversification rate, 1, = In(D;,;/D;)/At and r; = A — [, are
algebraically identical.

The long-term expansion and contraction of graptoloid species
richness (figure 1a) provide prima facie evidence that, if a carrying
capacity or diversity limit existed, it was not constant or was not
reached for much of the clade’s history. Therefore, fitting a
simple logistic or other model [7] with a fixed carrying capacity
would seem to make little sense. Recent work has proposed para-
metrizations of a time-varying carrying capacity [21,29], but the
resulting models predict a smooth expansion and contraction in
diversity that is evidently belied by the many 5-10-Myr excursions
superimposed on the long-term expansion and contraction of
graptoloid diversity. Moreover, the models make assumptions
about the causes of changing carrying capacity that may not
hold. We have therefore adopted a direct, statistical approach in
which we ask, time interval by time interval, whether diversifica-
tion rates are predicted by standing diversity. This approach
requires that data be suitably detrended so that, in effect, we are
asking about the possible influence of diversity anomalies,
i.e. residuals in diversity above or below their long-term smoothed
trajectory [17].

Because diversification is a multiplicative process, we
expressed diversity as its natural logarithm (figure 1a). Using the
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intrinsic lowess () function in R v. 3.3.0 [30], we detrended log
diversity using a LOWESS regression with a smoothing span of
0.3, and we retained the residuals of this regression, g, for further
analysis (figure 1b). A span of 0.3 qualitatively captures the broad
trends in graptoloid diversity (figure 1a), but our conclusions are
not sensitive to this parameter choice (see below). Diversity and
rates of speciation, extinction, and net diversification are given
in the electronic supplementary material, table S1.

We want to ask whether higher residual diversity at the start
of an interval corresponds with lower diversification rate during
that interval or subsequent intervals, i.e. whether ¢, is negatively
cross-correlated with ry, 4, 4, etc. [15-17]. Though there is a slight
downward trend in diversification rate, a LOWESS regression
accounts for less than 4% of the variance in rate, compared
with approximately 75% of the variance in diversity. Thus, the
correlation between raw diversity and diversity residuals is
nearly perfect (product-moment correlation: 0.991), and detrend-
ing would have little effect on our analysis. For simplicity, we
therefore did not detrend diversification rate, but results are
not sensitive to this decision (electronic supplementary material,
figure S2C).

For specified temporal lags, we calculated the Spearman rank-
order correlation between residual diversity and diversification
rate, & and ry,1,5 Where the lag is expressed in terms of the
number of intervals. (Note that the lagged correlation between &,
and r;41,g involves only the diversification rate in the single
0.25 Myr interval at t + lag, not the net diversification rate from
interval t through to interval t + lag.) We used this measure of cor-
relation to allow detection of a monotonic but potentially
nonlinear relationship and to avoid undue influence of outliers.
A lag of zero compares residual diversity at the start of an interval
with diversification rate within that same interval. A significant
negative correlation, exceeding the expectations of an appropriate
null model (see below), is taken as evidence for diversity-
dependence of diversification rate.

We chose the comparison between observed correlations and a
null model, rather than testing for cross-correlation between
observed first differences, for two reasons: (i) differences focus
on short-term fluctuations in the time series, but we are also inter-
ested in the possibility of more persistent features, for example,
if several successive time intervals have higher than average
diversity and lower than average diversification rate; and (ii) the
nature of our time series generally forces first differences to have
a strong, negative correlation. Recall that the diversification rate,
1y, is equal to Dyyq — D, with diversity measured on a log scale.
In other words, r, is exactly equal to the first difference of diversity
indexed to time interval ¢, (AD);. Thus, the correlation between the
first differences of diversity and the first differences of diversifica-
tion rate reduces to the correlation between r; and (1.7 — 1), which
is of the general form a versus (b—a). The expected product-
moment correlation in such a case is approximately equal to
—0.71 (ie. ,\/ﬁ) if 2 and b are independent random variables
with equal variance ([31], p. 650). In the present case, although r,
and ;.7 of course have nearly identical variances, they are not
independent (see below), and the expected correlation between
(AD); and (Ar), is therefore reduced somewhat. It is nonetheless
rather strong at —0.62.

Discussion of bias in the detection of diversity-dependence
has largely focused on difficulties with drawing indirect infer-
ences from evolutionary trees of living species [3,4,9,10]. In the
case of direct tests for cross-correlation, a potential bias arises
from regression to the mean [15,16,32,33]. In the present context,
there will be a tendency for higher-than-average values of diver-
sity to be immediately followed by decreases (i.e. negative
diversification rates), and for lower-than-average values to be fol-
lowed by increases, inducing a correlation between diversity and
diversification rate at zero lag. In the absence of true diversity-
dependence, the expected, induced correlation is stronger when

successive diversity values are less similar to each other [32],
i.e. when diversity is more volatile, as well as for time series
of diversity that are shorter and those that end closer to their
starting value (electronic supplementary material, figure S10).

To avoid this artefact, we have therefore developed a non-
parametric null expectation for the cross-correlation between
diversity and diversification rate by generating an ensemble of
empirically scaled, synthetic diversity histories in which, by
construction, diversification rate is completely unaffected by
diversity (electronic supplementary material, R code). Each simu-
lated history results from a randomization of the observed net
diversification rates. It begins at the observed, initial diversity
level, and each successive diversity level, expressed as its natural
logarithm, is equal to the previous diversity level plus a diversi-
fication rate chosen randomly without replacement from the
observed values. In this way, the sum of diversification rates is
conserved, and the beginning and ending diversity levels of
the entire time series match those in the observed data. We
also constrained each simulation to maintain a diversity of at
least one species at all times; simulations that fell below that
threshold were discarded. An ensemble of 10000 successful
simulated histories was generated. Each was detrended and ana-
lysed exactly as for the observed data, yielding a cross-correlation
between residual diversity and diversification rate. For graphical
purposes, the resulting distribution of correlations was smoothed
with a kernel density estimator using the intrinsic density () func-
tion in R [30] with default options. Also indicated in the figures
are the tails corresponding to the extreme 5% of the simulated
correlations, for one-tailed comparisons against the directional
hypothesis of negative diversity dependence.

Net diversification rate can be affected via the speciation rate,
the extinction rate, or both. We, therefore, developed a randomiz-
ation procedure for assessing diversity-dependence in speciation
and extinction rates, which shuffles net diversification rates but
keeps track of the coupled speciation and extinction components.
Because of the large increase in speciation and extinction rates at
about 447 Ma [22,23], these rates were investigated separately for
the time spans 481-447 Ma and 447-419 Ma, and all steps in the
analysis, including the detrending of data and the randomization,
were confined to the intervals within these time spans. Speciation
and extinction rates are significantly cross-correlated (for 481-
447 Ma, r = 0.37, p < 0.001; for 447-419 Ma, r = 0.35, p < 0.001).
We, therefore, calculated partial rank-order correlations between
speciation and residual diversity with extinction held constant,
and between extinction and residual diversity with speciation
held constant.

3. Results

At zero lag (i.e. g versus ry), there is a negative correlation
between residual diversity and diversification rate, but it is
well within the null distribution (figure 2). The correlation
becomes stronger and deviates further from the null expectation
as the lag increases to 1 Myr (i.e. & versus r;.4), then it drops
into the background after a lag of about 1.5 Myr. Consistent
with the hypothesis of negative diversity-dependence,
observed diversification rates are predicted by residual
diversity to an extent that is incompatible with a diversity-
independent model. A peak correlation at a lag of four time
intervals would not be expected from regression to the mean,
nor is it likely to be an artefact of incomplete sampling (elec-
tronic supplementary material, figures S6—-S8). That negative
correlations in the null model persist past zero lag is a combi-
nation of regression to the mean and the autocorrelation of
diversity. For example, D, and 1, will be correlated by regression
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Figure 2. Observed rank-order correlation between diversity and diversifica-
tion rate compared with a diversity-independent diversification model based
on randomizing the observed diversification rates. In this and subsequent
figures, probability distribution of synthetic diversity-diversification corre-
lations is based on 10000 realizations; vertical scale arbitrary. Shaded tails
correspond to the extreme 5% of the simulated correlations, for one-tailed
comparisons against the directional hypothesis of negative diversity depen-
dence. Observed correlations at 0.5-1.5 Myr fall outside the null
distribution with a p-value of 0.05 or lower.

to the mean. Because D;_; and D, are also correlated, D;_; and r;
will be correlated as well, albeit more weakly than D; and 7;.

At a lag of 1 Myr, some 15% of the rank-order variance
in diversification rate is potentially explained by diversity-
dependence (figure 3). Given that cross-correlations in the ran-
domized time series have a magnitude of approximately 0.18
on average at this lag, accounting for approximately 3% of
the variance, we conservatively estimate that the proportion
of variance that can be attributed to diversity-dependence is
closer to 12%. Our results are robust to a number of alternative
protocols, including, among others: ignoring the magnitude of
residual diversity and diversification rate and simply coding
them as binary variables, negative versus positive; omitting
intervals with zero net diversification; analysing diversity on
an arithmetic rather than logarithmic scale; using a looser or
tighter LOWESS smoothing to detrend the diversity data; omit-
ting species that may be relatively poorly sampled; and binning
data into longer time intervals (electronic supplementary
material, figures S1-54).

Note that the observed cross-correlations between diversity
and diversification rate at different lags are not independent of
each other, because diversity itself is autocorrelated. If r;
depends only on D;—,;, we may observe a correlation, for
example, between 7, and D;—o541, teflecting the correlation
between D; 1, and D jz41 (electronic supplementary
material, figure S8).

diversification rate

-1.0 0.5 0 0.5 1.0
diversity residuals

Figure 3. Diversity residuals versus diversification rate at a lag of four time
intervals (1.0 Myr). Points depict each of 248 0.25-Myr time intervals.

In light of the late Ordovician change in diversity
dynamics, leading to an approximate doubling of speciation
and extinction rates [22,23] and more pronounced fluctuations
in net diversification rate (figure 1), we tested whether the two
broad time spans, 481-447 Ma and 447—-419 Ma, are character-
ized by different strengths of diversity-dependence (figure 4).
Diversity-dependence of net diversification is comparably
strong between the two time spans, but in the younger interval
it is somewhat less persistent, showing a peak at a lag of
approximately 0.5Myr and dropping within the null range
after approximately 1 Myr. This difference in persistence may
be related to a difference in average species duration, which
is about half as long in the Silurian as in the Ordovician [23].

Turning to the component speciation and extinction rates
that determine net diversification, we see that extinction is
impacted similarly in the Ordovician and Silurian, with
peak effect at a lag of 0.25-0.5 Myr. Speciation rate is
impacted in the Ordovician (over a lag interval of 0.75 to
>2Myr) more strongly than in the Silurian. This result
suggests that in the Ordovician, when greenhouse climatic
conditions dominated [23], the dependence of diversification
on diversity may have operated initially through extinction
and, with a longer lag interval, also through speciation. But
in the Silurian icehouse, where background extinction is
repeatedly punctuated by sharp spikes linked to environ-
mental disturbances [22,23], it operated mainly through
extinction rate. Thus, external perturbations and internal
dynamics are not mutually exclusive processes.

Some previous work has assumed [34] or detected different
strengths of diversity-dependence in the origination and
extinction components of net diversification. In Cenozoic
mammals, rates of speciation were found to be diversity-
dependent, but not so for rates of extinction [12]. Using
somewhat different methods, two analyses of Phanerozoic
marine animals at the genus level found support for stronger
diversity-dependence of extinction in one case [15] and orig-
ination in the other [17]. In contrast to these studies (the last
two of which were carried out at coarser temporal resolution
than the mammal analysis or the present one), our results
suggest that speciation and extinction in graptoloids
responded to diversity with comparable strength, on average,
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Figure 4. Test for diversity-dependence of diversification, speciation, and extinction rates for segments of graptoloid history corresponding to lower and higher
average rates. Lower and higher rates pertain to 481—447 Ma and 447-419 Ma, respectively. Format as in figure 2. (a) Net diversification, 481—447 Ma;
(b) speciation, 481—447 Ma; (c) extinction, 481—447 Ma; (d) net diversification, 447—419 Ma; (e) speciation, 447—419 Ma; (f) extinction 447—419 Ma. Peak

correlation in net diversification occurs at shorter lags in the Silurian.

although, as already noted, we detect a somewhat weaker
effect on speciation than on extinction during the Silurian.
Observed diversification rate is significantly and positively
autocorrelated (r = 0.218, p < 0.001) at a lag of one interval,
i.e. 0.25 Myr, but not at a lag of two intervals (r = 0.110, p =
0.09). It is reasonable to ask whether this aspect of the temporal
structure of diversification rate, which need not reflect
diversity-dependence, could influence the perception of
diversity-dependence. We therefore constructed an alternative
null model that also constrains diversification rates to be inde-
pendent of diversity, but additionally incorporates empirically
scaled autocorrelation in the diversification rate. Fitting an AR1
model, 7, = by + byr,—1, to the observed diversification rates
yields the following: by= —0.0163 and b;= 0.219 (p < 0.001),
with residual variance, sz, equal to 0.241. The simulation
begins at the observed starting diversity and picks an initial
diversification rate at random from the observed distribution.
Each subsequent diversification rate is equal to b; times the pre-
vious one, plus the intercept by, plus a zero-centred normal
deviate with variance equal to s?. Again, diversity histories
dropping below one species were rejected, an ensemble of 10
000 simulations was produced, and detrending and analysis

were carried out for each simulation just as for the observed
data. Taking the autocorrelation of diversification rate into
account in developing the null expectation affects the details
of the null distribution. But the principal result, a peak in
observed diversity-dependence at approximately 1 Myr, both
in absolute terms and relative to the null expectation, persists
(electronic supplementary material, figure S5).

4. Discussion and conclusion

We have tested for diversity-dependence in the graptoloids by
analysing the correlation between evolutionary rates and
diversity anomalies relative to a long-term trajectory. Whether
or not this trajectory tracks, at least in part, a history of carrying
capacity, an obvious and unanswered question remains: why
does it take on the particular shape it has? An initial expansion
and final decline are generally to be expected in an extinct clade
that is diversifying stochastically [5,18,35], a fact that is expli-
citly taken into account in our null model. Beyond that, the
additional factors potentially responsible, which are outside
the scope of this paper, include obvious candidates such as
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productivity and nutrient flux; extent of habitable space and
suitable environmental conditions; and interaction with other
clades [6,11,18,36-39].

Though we have presented evidence for significant
diversity-dependence of evolutionary rates, these dynamics
account for a minority of rate variation. Oceanographic and cli-
matic change have also strongly influenced speciation and
extinction rates in graptoloids [22,23]. In this way, our findings
are similar to those for Cenozoic planktonic foraminifera, in
which climatic variation contributes substantially to diversity
history [14], although the effect of environmental change on
graptoloid history appears to be concentrated in discrete
events rather than reflecting a smooth continuum [22,23].

A prominent recent essay [4] argues against strict bounds
on diversity but nonetheless acknowledges the evidence for
diversity-dependence. By concluding that diversification in
graptoloids was diversity-dependent, we do not claim that
the clade ever reached or even approached its maximal, theor-
etically possible species richness. As we stated at the outset, it
is important to distinguish between diversity-dependence of
evolutionary rates and the existence of fixed ecological limits.
Consider the history of bivalve molluscs over the past
500 Myr. Diversity steadily increased over this time period,
but setbacks at two major mass extinctions were followed by
accelerated diversification, putting the clade back on the same
upward trajectory it had been following [11]—whether that
trajectory reflects unfettered diversification or an expanding
carrying capacity. Several other studies have also supported
diversity-dependence without demonstrating a clear upper
bound on diversity [13-17].

Although graptoloids are ecologically differentiated
[40,41,42], they share sufficient ecological similarity that we
should not be surprised to detect some degree of diversity-
dependence. The mechanisms for diversity-dependence,
however, remain an open question. We are certainly not
suggesting direct zooid-to-zooid combat—nature red in stipe
and nema. Beyond direct biotic interactions, increasing the
number of species in an ecosystem can indirectly suppress spe-
ciation and /or enhance extinction by reducing population sizes
and geographical ranges and enhancing incumbency effects [6].
Although we can separate the speciation and extinction signals
(figure 4), we may in fact be seeing two manifestations of the
same process. The potential effects of diversity on speciation
and extinction are linked by the fact that a reduction in the
rate of successful speciation may be the expression of an increase
in the extinction rate of incipient species [6,43].

Our results provide important constraints on the character-
istic response times inherent in the dynamics of diversification.
When we consider net diversification rate over the entire time
series, the effects of diversity are detectable on several time
scales, peaking at a lag of approximately 1 Myr. One possible
reason for this temporal lag is that speciation and extinction
are not instantaneous processes. The lag of approximately
1 Myr, for example, roughly agrees with some estimates of
the time needed for speciation to be completed through the
establishment of secondary sympatry in the face of barriers to
dispersal [44]. However, this reason seems unlikely in an ocea-
nic pelagic environment, where barriers have been thought to
play a minor role [45] (but cf. [46] and references therein).
Perhaps a more likely mechanism is that species’ first and
last appearances are diachronous, i.e. species take time to
spread throughout their geographical range, at least partly
reflecting habitat availability [47], and to contract from their

maximal range [48-50]. Bearing in mind that our data record n

global first and last appearances, the global first appearance
of a species does not coincide with its first opportunity to inter-
act with other species at local and regional scales, and its global
extinction follows a period of local and regional extirpation. To
consider a simple scenario, an increase in species diversity can
impact local populations only after expansion and dispersal of
the new species. Similarly, the ultimate extinction of existing
species can occur considerably after they initially experience
local competition with new species, if the older species are
gradually ‘pushed into a corner’.

Because we are working with a calibrated, global event
sequence and the timing of local events is not as well calibrated,
we cannot test directly and rigorously for diachroneity.
Diachroneity, if it were ultimately shown to be extensive in
graptoloids, could reflect stratigraphic as well as biological
causes. In particular, if species did in fact instantly spread
throughout their full geographical range but stratigraphic sec-
tions in different places covered only part of each species’ true
duration, species would falsely appear to expand gradually
throughout their geographical ranges. However, we would
not expect such a source of diachroneity to yield a lag in diver-
sity-dependence, because, under this scenario, species would
interact with each other throughout their entire time of coexis-
tence, i.e. the time scale of diversity-dependence would be set
by the global first and last appearances.

Many demonstrations of diversity-dependence in palaeon-
tological data have worked at the genus level [11,15-17].
Although the foregoing discussion implicitly treats nominal
species as ‘good’ biological species, our test for diversity-
dependence does not assume any particular taxonomic level.
Even if what we call graptoloid species would in fact be ranked
as genera were they alive for study today, what is important is
that the rate of change in the number of these units of accounting
depended on how many coexisted. Moreover, the potential con-
tribution of diachroneity to the lag in diversity-dependence
would still apply, as genera tend to expand and contract over
their lifetimes just as species do [35,49]. It is also possible that
graptoloid species are oversplit temporally, in light of their use
in biostratigraphy. Yet our main results hold if we concatenate
successive congeners into longer-lived evolutionary lineages
(electronic supplementary material, figure S2J).

In summary, by circumventing an important methodo-
logical bias and using data documented with exceptionally
high temporal resolution, we have shown that evolutionary
rates in this major clade of early Palaeozoic zooplankton
depend significantly on standing diversity, thus supporting
the hypothesis of negative diversity-dependence, and, in
turn, a role for biotic interactions in graptoloid evolution [23].
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