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Models generally predict a response in species richness to climate, but strong
climate-diversity associations are seldom observed in long-term (more than
10° years) fossil records. Moreover, fossil studies rarely distinguish between
the effects of atmospheric CO, and temperature, which limits their ability to
identify the causal controls on biodiversity. Plants are excellent organisms
for testing climate-diversity hypotheses owing to their strong sensitivity to
CO,, temperature and moisture. We find that pollen morphospecies richness
in an angiosperm-dominated record from the Palaeogene and early Neogene
(65-20 Ma) of Colombia and Venezuela correlates positively to CO, much
more strongly than to temperature (both tropical sea surface temperatures
and estimates of global mean surface temperature). The weaker sensitivity
to temperature may be due to reduced variance in long-term climate relative
to in higher latitudes, or to the occurrence of lethal or sub-lethal tempera-
tures during the warmest times of the Eocene. Physiological models
predict that productivity should be the most sensitive to CO, within the
angiosperms, a prediction supported by our analyses if productivity is
linked to species richness; however, evaluations of non-angiosperm assem-
blages are needed to more completely test this idea.

1. Introduction

Understanding the controls on biodiversity is a central goal in biology [1,2].
Von Humboldt [3] noted the latitudinal gradient in diversity over two centuries
ago and discussed its possible link with climate. Ever since, climate has
remained on the ‘short list” of candidate factors for driving the diversity in
many biological groups [1,2].

Most studies examining climate—diversity hypotheses use present-day
observations or conceptual models [1,2,4,5], but a growing number of studies
have turned to the fossil record [6-12], trading space for time. Many fossil ana-
lyses focus on the Phanerozoic (last 542 Myr) marine invertebrate record
compiled by Jack Sepkoski [13] and expanded by the Palaeobiology Database
[14]. Unfortunately, these studies come to contradictory conclusions, ranging
from a positive correlation between climate and diversity [6,7], a negative cor-
relation [8,9] and no significant correlation [10]. Studies focused on the
Cenozoic (last 66 Myr) find a weak positive climate—diversity link in planktonic
foraminifera [11] and mixed relationships for North American mammals
[12,15]. In short, these biological groups show, at best, an equivocal long-
term (more than 10° years) relationship between diversity and climate. Further-
more, most of these studies do not distinguish between the effects of
atmospheric CO, and temperature for the simple reason that CO, and tempera-
ture correlate broadly with one another on geologic timescales [16]; this makes
differentiating their influence on biodiversity patterns difficult [9]. One attempt
at this differentiation found that the Phanerozoic record of marine invertebrates
is better explained by temperature than by CO, [6].

Plants are excellent candidates for investigating climate—diversity hypo-
theses because as sessile primary producers many of their traits are highly

© 2013 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2013.1024&domain=pdf&date_stamp=2013-06-12
mailto:droyer@wesleyan.edu

sensitive to climate [17]. In particular, plants depend directly
on atmospheric CO; for food and so, compared with hetero-
trophic groups, plant diversity may be more strongly affected
by CO,. Models support a positive relationship between
plant species richness and both CO, and temperature
[1,2,4,5,18]. This is because in most plants CO, and tempera-
ture affect productivity, as well as water- and nutrient-use
efficiency. If increased productivity leads to more individ-
uals, both in existing environments and in previously
water- or nutrient-limited environments, then this may
reduce extinction rates and therefore increase species rich-
ness; other traits sensitive to temperature such as metabolic
strategy may also be important for affecting richness [1].

Here, we investigate how atmospheric CO, and temperature
relate to an angiosperm-dominated record of plant diversity
from pollen in central Colombia and western Venezuela for
the Palaeogene and early Neogene (65—20 Ma) [19]. Jaramillo
et al. [19] found a significant positive correlation between
pollen morphospecies richness and temperature. We seek
here to test the effects of both CO, and temperature. Owing to
the multiple fundamental roles CO; plays in plants, we hypo-
thesize that CO, will be at least as important as temperature
for explaining the observed record of plant diversity.

2. Material and methods
(a) Datasets

The record of pollen morphospecies richness comes from Jaramillo
et al. [19], who analysed 1060 samples from the Palaecogene and
early Neogene (65-20 Ma) of central Colombia and western Vene-
zuela (figure 1). Atmospheric CO, comes from the compilation of
Beerling & Royer [20] and subsequent updates [21,22]; together,
there are 168 independent estimates for our studied interval
(figure 1a). Benthic 3'%0 comes from the compilation of Zachos
et al. [23] (n= 6649 for our interval; figure 1b). Most previous
climate—diversity studies correlate directly with benthic 8'°0;
here, we transform 3'®0 to global mean surface temperature
following the approach of Royer et al. [24], which includes an
ice-volume correction, an important factor after 34 Ma. This
particular transformation probably underestimates peak tempera-
tures during the Eocene [24]. Tropical sea surface temperatures
(SSTs) may have been partially decoupled from the benthic 8'%0
record during the Eocene [25]. Because our diversity record
comes from the tropics, we also included in our analyses a
compilation of tropical SST (n = 76) [25-27].

For each dataset, we calculated arithmetic means of 1 Myr
time bins. The diversity, benthic 8'°0, and global mean surface
temperature series have no empty bins, CO; has 11, and tropical
SST 22. We transformed each series to have a mean of zero and a
standard deviation of one (z distribution). This aids in visualiza-
tion, for example, the self-similarity in the patterns of benthic
3'%0 and estimated global mean surface temperature (figure 2b).

One risk with inferring causation from correlational analyses
is that an additional factor or factors may be important. In
climate—diversity studies, particularly those encompassing the
entire Phanerozoic, one such potential factor is the general rise
in diversity to the present [13,14]. To minimize the influence of
these types of factor, especially those that operate on longer time-
scales than the temporal resolution of the analysis (1 Myr here),
first differences [10,12,19] or residuals to a spline fit [6,9]
are often first computed. Although a factor such as biological
escalation is probably less important in a Cenozoic- versus Pha-
nerozoic-scale study, we include a first-difference analysis. The
true levels of significance from first-difference correlations are
probably underestimated because all long-term trends are
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Figure 1. Temporal patterns in pollen morphospecies richness, atmospheric
(0, and temperature. Each data point is the mean of a T Myr time-step. Bars
represent standard errors of the mean (many are smaller than the symbols).
Species richness data are identical in (a,b).

eliminated, while those from uncorrected correlations may be
overestimated. For first differences, we do not analyse the benthic
8'%0 dataset owing to its near identity to global mean surface
temperature (figure 2b), nor the tropical SST dataset owing to
its sparseness (25 missing bins).

(b) Analyses

All analyses were performed in StaTistica (v. 8; Stat Soft, Inc.). Each
of our input series (figure 1) show temporal autocorrelation, which
can inflate correlational coefficients (r of lag-1 autocorrelation =
0.91 for morphospecies richness, 0.77 for CO,, 0.95 for benthic
8'%0 and global surface temperature, and 0.46 for tropical SST).
To minimize this effect, we computed all correlational coefficients
(figure 3 and table 1) with a bootstrap routine, resampling with
replacement 1000 times assuming a uniform distribution. The
regressions (and associated p-values) in figure 3 are type II
regressions, which account for error in both independent and
dependent variables.

To investigate the combined effects of CO, and temperature
on diversity, we ran a type II multiple linear regression with
backwards stepwise reduction. This procedure sequentially
removes input variables that are not contributing significantly
to the explanatory power of the regression. As a cross-check,
we examined these same relationships with a path analytic
approach (structural equation modelling). As with the multiple
regression analysis, diversity was the dependent variable and
various combinations of climate were the independent variables.
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Figure 2. Standardized temporal patterns in pollen morphospecies richness,
atmospheric (0, and temperature. Each data point is the mean of a 1 Myr
time-step, then transformed to a z distribution (series mean =0 and
s.d. = 1). Bars represent standard errors of the mean (many are smaller
than the symbols). Species richness data are identical in (a,b).

The models were generated under a Monte Carlo bootstrapping
procedure with 1000 replicates, with the means and standard
errors calculated from the bootstrapped distributions. Goodness
of fit was quantified with the Akaike information criterion (AIC).
Path analysis accounts for collinearity, but as a complementary
test we also directly removed the covariance between standar-
dized CO, and global surface temperature with a partial
correlation analysis. Standardized diversity was then regressed
separately on the independent partitions of standardized CO,
and global surface temperature.

(c) Strengths of study design

Our study design has several advantages over many previous
efforts. First and most critically, atmospheric CO, and tempera-
ture can be more readily deconvolved for our selected time
interval. Although CO, and temperature are generally coupled
during the Cenozoic [20,24], two intervals exhibit a weaker
relationship. First, during the Palaeocene (66—-56 Ma) CO, was
mostly under 500 ppm and similar to values during the Oligo-
cene (33.9-23.0 Ma), while global temperatures were distinctly
warmer (approx. more than 5°C; figure 1). Second, CO, stayed
fairly constant at approximately 1000 ppm from approximately
50-35Ma, while global temperatures dropped considerably

(figure 1). Importantly, these periods of partial decoupling are
each recorded by multiple palaeo-CO, methods [20]. These
differences offer a rare opportunity to distinguish between the
roles of CO, and temperature on diversity.

A second advantage to our approach is that the plant record
comes from a limited number of stratigraphic sections (1 = 15)
that were sampled for pollen in a uniform way by one laboratory
group [19]. As a result, the record is largely unbiased by
sampling effort. Such a bias has hindered many previous inves-
tigations, especially Phanerozoic-scale studies, because intervals
with high species richness tend to be the most intensely sampled
[14,28]. Tools are available to account for the bias [14], but two
recent studies using them come to contradictory conclusions
about Phanerozoic climate—diversity relationships in marine
invertebrates [6,10].

A third advantage is that the stratigraphic sections sample a
fairly uniform environment: the lowland wet neotropics. This
minimizes the likelihood of major biome shifts and contrasts
with most Phanerozoic global compilations which sample
across many environments. The evolution of the Andes pro-
foundly impacted the biogeography of South America, but
mountain building in the north peaked largely after our studied
interval (23-12 Ma) [29]. Intracanopy variations in CO, in tropi-
cal forests (typically approx. 100 ppm [30]) presumably have not
changed significantly over time and are smaller than the long-
term atmospheric changes studied here (approx. 500 ppm;
figure 1a).

A final advantage is that the climate records of benthic §'¥0
[23] and atmospheric CO, [20] are comparatively rich for our
chosen interval, allowing for a temporal resolution of 1 Myr for all
analysis; this contrasts with Phanerozoic-scale studies, which are
typically limited to an approximately 10 Myr resolution [6-10].
In addition, temperature estimates from the 3'*0 of marine carbon-
ate become increasingly suspect in the pre-Cretaceous [31], an issue
we avoid with our younger chosen interval.

3. Results

Pollen morphospecies richness [19] rises through the Palaeocene
and early Eocene, with one shorter-term spike in the late
Palaeocene (60—58 Ma; figure 1). Richness remains high and
largely unchanging during the middle Eocene (49-42 Ma)
before falling, including a sharp drop around the Eocene-
Oligocene boundary (33.9 Ma; figure 1). Atmospheric CO,
shows a strikingly similar pattern, including the sharp late
Palaeocene spike (figure 1a). The similarity is more apparent
once the two series are transformed to the same scale (figure 2a).

In contrast, temperature correlates more weakly to diver-
sity. The benthic 3'®0 record and its transformation to global
mean surface temperature show a comparatively more gra-
dual ramp-up to the early Eocene (the ‘early Eocene climatic
optimum’), with no evidence for a late Palaeocene spike; temp-
eratures then begin to cool immediately, with no plateau
between 49 and 42 Ma (figures 1b and 2b). Tropical SST data
are more sparse, but do show a rise during the Palaeocene
and early Eocene similar in scale to the diversity and CO,
records; however, the steep cooling after the early Eocene cli-
matic optimum closely mirrors the global temperature record
but not the diversity and CO, records (figure 2b).

A complementary suite of statistical analyses support
a stronger association between richness and CO, than to
temperature. The correlation coefficients between CO, and
richness are much higher than between temperature and
richness (table 1) whether for standardized (z distribution;
figure 3ab) or standardized first-difference (figure 3c,d)
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Figure 3. Crossplots of atmospheric (0, and global surface temperature against pollen morphospecies richness. (a,b) Standardized scores (identical to data in
figure 2). Bars represent standard errors of the mean (both for x-axis and y-axis; many are smaller than the symbols). (¢d) Standardized first-difference
scores. First differences are computed from the data in figure 1, then transformed to a z distribution (series mean = 0 and s.d. = 1). Type Il regressions and
their associated p-values are plotted in all panels; companion r* values come from a bootstrap approach (see also table 1).

Table 1. Relationships between pollen morphospecies richness, temperature
and atmospheric 0,.
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values. The regression coefficients of richness on CO, and
temperature are both highly significant (p < 0.01) but the
adjusted r%s are disproportionate with CO, and temperature
explaining 73.3 per cent and 17.2 per cent of the variance
in richness, respectively. Regression analysis of standardi-
zed first-difference data reveals a significant effect for CO,
(p = 0.01; adjusted * = 0.19) but not for global mean surface
temperature (p = 0.52; adjusted r* = —0.01). CO, and tempera-
ture correlate only weakly (tables 1 and 2); not surprisingly,

Table 2. Path analysis for pollen morphospecies richness, global surface
temperature and atmospheric 0,.

r p-value
Z distribution
B C02—>r|chness S
global surfacetemperature—>nchness e
B C02—>globalsurface temperature e
e +zd|str|but|on SO
C02—>r|chness T
N global surfacetempﬂ e
. C02—>globa|surface temperature e e

then, the partial correlation between standardized diversity
and CO; holding global surface temperature constant was sig-
nificant (r=0.77, p <0.01), whereas the partial correlation
between standardized diversity and global surface temperature
holding CO, constant was not significant (r = 0.18, p = 0.32).
Interestingly, the strength of correlation between standardized
diversity and both global surface temperature and CO,
improves somewhat when diversity is lagged by several million
years; it is not clear if this reflects a true lag in the response of
forest diversity to climate change.

For multiple linear regression models built to explain
richness from CO, and temperature, CO, always has the
most explanatory power. Reverse algorithms that remove
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independent variables of little-to-no-significance uniformly
eliminate all temperature variables, leaving only a univariate
model with CO, for both standardized and first-difference
data (p < 0.001 and p = 0.01, respectively). Finally, path analy-
sis (structural equation modelling) supports the greater
importance of CO, over temperature for explaining pollen mor-
photype richness. AIC values are lowest for a model that
includes standardized richness, CO, and global mean surface
temperature (0.099 + 0.02 versus 0.15 + 0.01 for substituting
in tropical SST and 0.54 + 0.03 for including both temperature
variables); in this model, CO; is the strongest correlate of rich-
ness (table 2). Path analysis of standardized first-difference
data finds that only the effect of CO, on richness is significant
(table 2), in keeping with the multiple regression analysis.
These same patterns are also observed from the regressions
of standardized diversity on the residuals of CO, and global
surface temperature from the partial correlation analyses
(F132=4.3,p <0.01; Fy 5, = 1.01, p = 0.32, respectively).

4. Discussion

Pollen morphospecies richness from the neotropics of
Colombia and Venezuela [19] is more strongly correlated
with atmospheric CO, than with temperature (figure 3; tables
1 and 2). This is true even though in the CO, dataset uncertain-
ties are large (especially at high CO,) and some of the million
year bins are empty (figure 1a). Our interpreted patterns hold
whether or not the data are transformed by their first difference
and whether or not the data are analysed univariately or multi-
variately. Tropical SST, which should be more appropriate than
global mean surface temperature for correlating with tropical
diversity, shows the same weaker link to richness. Atmospheric
COs is the only dataset that mirrors the low richness values at
the beginning (Palaeocene) and end (Miocene) of the time
series, sustained high values during the mid-Eocene, and a
short-term spike in the late Palaeocene.

Theoretical considerations support a positive relationship
between temperature and plant diversity (see §1). While
some of our analyses uphold this view, others do not, most
notably the first differences (figure 3c,d; tables 1 and 2).
Indeed, because the diversity correlations to temperature
are always weaker than those to CO,, it is possible that temp-
erature is simply secondarily related. For a plant record from
the tropics, this may make sense. First, long-term diversity
records from heterotrophic groups show no consistently
strong associations with benthic 8'%0; coupled to this, plant
productivity is sensitive to CO,, and productivity has been
linked to species richness (see §1). Together, this suggests a
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