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ABSTRACT

Aim Using conifers as a model system, we aim to test four hypotheses. H1: the
processes that shape the phylogenetic structure of regional species assemblages
depend on climate. H2: apparent effects of current climate can be equally well
explained by past climate. H3: strong Quaternary climate oscillations have led to
phylogenetically non-random assemblages, either with few closely related species
because isolated populations do not persist long enough to become new species or
with many close relatives due to increased allopatric speciation. H4: strong late
Cenozoic aridification has led to assemblages with many close relatives due to
extinction and adaptive radiation.

Location Global.

Methods We used boosted regression trees to relate the net relatedness index
(NRI) of regional conifer assemblages to current climate, past climate (0.021, 3 and
7.3–11.6 Ma), and gradual and cyclic late Cenozoic climate change while simulta-
neously accounting for habitat and biogeographic covariates.

Results Climate was the most important predictor of NRI, supporting H1.
Current and past climate showed similar relationships with NRI, supporting H2.
Conifer NRI was further related to Quaternary climate oscillations and gradual late
Cenozoic climate trends, but the shape of the relationships supported neither H3
nor H4.

Main conclusions The climate–NRI relationships suggest that late Cenozoic
climate consistently influenced the dynamics of conifer speciation, extinction and
dispersal, leading to global patterns of phylogenetic assemblage structure. We
deduce from the phylogenetic structure that diversification has been highest in
warm or dry climates over the last ≥11.6 Myr. The fact that phylogenetic structure
is related to climate trends and oscillations indicates that climate change plays an
important role in addition to climate per se, but the exact underlying mechanisms
remain unclear. Our results suggest that past climate needs to be taken into account
when aiming to explain the phylogenetic structure of regional assemblages and
other related aspects of biodiversity.
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INTRODUCTION

Plant diversity and its associated ecosystem functions exhibit

tremendous geographic variation. In forests, the world’s most

diverse and productive ecosystems, vascular plant diversity can

differ by several orders of magnitude (Latham & Ricklefs, 1993).

Biodiversity is often strongly correlated with the current envi-

ronment, especially with climate (water and energy; Hawkins

et al., 2003), suggesting that current ecological limits to diversity

play a role. However, it is clear that diversity patterns also

depend on long-term speciation and extinction processes

(Swenson, 2011; Wiens, 2011). Those may also be related to

climate (e.g. Svenning, 2003; Gillooly & Allen, 2007; Svenning

et al., 2008b). Since diversification dynamics generally take mil-

lions of years to unfold and the effects of extinction on diversity

should consequently also persist for millions of years, currently

observed patterns should mainly reflect the cumulative effect of

past climate. Correlations between biodiversity and current

climate may thus be due to its resemblance to past climate, either

because climate itself is stable over extended periods or because

species have tracked a suitable climate by dispersal. In cases

where climate change outpaces biotic dispersal and diversifica-

tion, past climate may even be a better predictor of current

diversity patterns than current climate, providing strong

evidence for historical effects (Svenning et al., 2008a;

Rakotoarinivo et al., 2013). Using spatially explicit models of

palaeoclimate (e.g. Haywood & Valdes, 2004; Braconnot et al.,

2007; Pound et al., 2011), it is now possible to quantitatively

explore the extent to which current diversity patterns are lega-

cies of past conditions (Sandel et al., 2011; Blach-Overgaard

et al., 2013; Rakotoarinivo et al., 2013). In particular,

palaeoclimatic data from different epochs allow us to identify

the time-scales at which climate influences diversity patterns

through different long-term processes (Kissling et al., 2012b;

Blach-Overgaard et al., 2013). This approach should be particu-

larly powerful in conjunction with time-calibrated molecular

phylogenies, which reveal the timing of lineage diversification.

The phylogenetic structure of regional assemblages (sets of

species co-occurring in a certain region) integrates current

species distributions with time-calibrated phylogenetic history,

reflects the dynamics of speciation, extinction and dispersal, and

can be related to current and past environments in a spatially

explicit manner. Phylogenetic structure can be measured with

the net relatedness index (NRI), which quantifies whether the

species of an observed assemblage are more closely related

(‘clustered’) or more distantly related (‘overdispersed’) than

expected based on random assembly from a given species pool

(Webb et al., 2002). This index was originally developed for

community ecology, but its use has recently been extended to

explore diversification dynamics at global and regional scales.

For example, the NRI of regional palm (Arecaceae) assemblages

indicates that geographic isolation, past changes in biome area

and past climate change have affected speciation, extinction and

range dynamics (Kissling et al., 2012a). The regional NRI of

African mammal assemblages has been suggested to reflect the

interplay of radiation, niche filling and competition (Cardillo,

2011). The NRI of scarabid beetle assembles in previously

glaciated parts of Europe has been used to suggest that

phylogenetic assemblage structure can be shaped by post-glacial

recolonization dynamics, with good dispersers being close rela-

tives (Hortal et al., 2011). Those examples illustrate the ability of

the NRI to capture evolutionary and biogeographic dynamics at

large spatial scales and their interplay with past environments.

At a global scale, the null expectation of random phylogenetic

structure (NRI = 0, Fig. 1a) is unlikely to be met because disper-

sal among landmasses is limited and climate niche conservatism

is influential (Wiens & Donoghue, 2004). Overall, this should

lead to phylogenetic clustering (NRI > 0; Fig. 1b). If dispersal is
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Figure 1 Possible net relatedness index (NRI)–climate relationships and their drivers. (a) The null expectation: diversifying lineages
disperse freely and unconstrained by climate, leading to a random phylogenetic structure (NRI = 0) irrespective of climate. (b) The
movement of diversifying lineages is constrained by dispersal barriers and/or conservative niche evolution, but diversification is
homogeneous in all climates and places, leading to clustered phylogenetic structure (NRI > 0) irrespective of climate. (c) As in (b), the
movement of diversifying lineages is constrained by dispersal barriers and/or conservative niche evolution, but recent diversification is
increased/suppressed in certain climates, leading to a dependency of NRI on climate. The red ‘x’ indicates an extinction event.
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limited and/or climate niche evolution conservative, different

diversification dynamics in different climates can lead to distinct

climate–NRI relationships (Fig. 1c). At limited geographic and

taxonomic scales, such relationships may emerge by coinci-

dence, if, for example, a key innovation triggers a radiation in a

clade that happens to be adapted to a certain climate or happens

to inhabit a geographically isolated region of a certain climate.

However, when quantified globally across large lineages, and

especially if climate–NRI relationships emerge consistently in

different parts of the world, a causal role of climate (i.e. stimu-

lation or suppression of diversification by climate) may be

inferred.

The effects of climate on the balance of speciation and extinc-

tion are an integral part of ecological theory (e.g. Gillooly &

Allen, 2007). Certain climatic conditions, mainly high tempera-

ture, are thought to increase speciation and decrease extinction

(Gillooly & Allen, 2007); this should lead to a relationship

between climate and the phylogenetic structure of assemblages

(Fig. 1c). In addition, NRI is sensitive to changes in diversifica-

tion over time (Kissling et al., 2012a). Recent radiations in geo-

logically young climates may cause phylogenetic clustering

relative to older climates. However, directional climate change

may also cause extinction of species that are maladapted to

novel climates (e.g. Svenning, 2003; Sniderman et al., 2013),

leading to phylogenetic clustering if climatic tolerances exhibit

a phylogenetic signal (Eiserhardt et al., 2015). Fast (105 year

time-scale), cyclic climate change, such as the glacial–

interglacial climate oscillations of the Quaternary, may also

cause phylogenetic clustering through extinction (Eiserhardt

et al., 2015). Alternatively, rapid climate oscillations may prevent

speciation because species ranges are perturbed so frequently

that diverging populations come into secondary contact before

they have developed reproductive barriers, or because incipient

species go extinct (Dynesius & Jansson, 2000). Strong climate

oscillations may select for widespread, generalist lineages that

are less prone to extinction, but also less prone to speciation

(Jansson et al., 2013), leading to phylogenetically overdispersed

assemblages of old, widespread generalist species in climatically

unstable regions (Dynesius & Jansson, 2000; Sandel et al., 2011).

However, range fragmentation caused by climate change has

also been proposed to potentially increase net diversification by

causing allopatric speciation (Haffer, 1969). If and how NRI is

related to the climate of specific epochs can thus provide impor-

tant insights into the way diversification – and thus current

diversity – is shaped by past climate.

Conifers (Pinophyta), with about 615 species and a

subcosmopolitan distribution (Fig. 2a) (Farjon, 2010), are an

ideal model group for studying the effect of climate history on

the diversification of forest trees. Most conifers are trees; they are

frequent in many kinds of forest, the main exception being

tropical lowland rain forest, and are dominant canopy trees in

many ecosystems (e.g. most boreal forests; Fig. 2b) (Farjon,

2010; Brodribb et al., 2012). Thus, conifers occur across large

gradients of climate per se and climate stability, although com-

petition with angiosperms might restrict them to habitats

having low productivity or high disturbance (e.g. fire-prone

habitats) (Bond, 1989; Brodribb et al., 2012). Within this general

ecological strategy, the three large conifer families (Pinaceae,

Podocarpaceae and Cupressaceae) show distinct adaptations

and distributions (Brodribb et al., 2012). Regional conifer floras

can be quite diverse, with up to 88 species per country (Fig. 2a),

and multiple conifer species may also co-occur locally (Fig. 2c).

Even though the conifer clade dates back to the Carboniferous

(Leslie et al., 2012) most of their current diversity originated

A

B C Figure 2 (a) Species richness of regional
conifer assemblages (in ‘botanical
countries’) world-wide. (b) Coniferous
forest in southern Norway in a cold boreal
climate, with Pinus sylvestris (left) and
Picea abies (right) in the foreground. (c)
Relatively high local diversity of conifer
species (Juniperus communis, Juniperus
oxycedrus, Pinus sylvestris, Pinus nigra) in
southern France in a summer-dry climate
with moderate winter cold. Photos:
Jens-Christian Svenning.
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in the late Cenozoic (Fig. 3). It seems that post-Eocene

aridification caused a high turnover of conifer diversity, includ-

ing massive extinction of mesic and hydric conifer groups and

diversification of lineages with vascular or life-history adapta-

tions that allowed them to thrive in the novel, drier climates of

the late Cenozoic (Crisp & Cook, 2011; Mao et al., 2012;

Pittermann et al., 2012).

Here, we use spatially explicit climate models for the late

Miocene (7.3–11.6 Ma), Pliocene (3 Ma) and Last Glacial

Maximum (LGM; 21 000 yr bp) to test if the phylogenetic struc-

ture of regional conifer assemblages reflects late Cenozoic

climate history. Specifically, we address the following four

hypotheses.

H1: Climate shapes the phylogenetic structure (NRI) of

regional conifer assemblages by affecting speciation and/or

extinction (Fig. 1c). Specifically, we expect high positive NRI

(phylogenetic clustering) in high-energy climates because of

high net diversification. Moreover, we expect high positive

NRI in currently dry areas, reflecting diversification of dry-

adapted lineages such as junipers (Juniperus spp.) and pines

(Pinus spp.) during the late Cenozoic.

H2: Relationships between current climate and NRI are par-

alleled by a similar relationship between past climate and

NRI. This would reflect the stability of relative climatic dif-

ferences in space, and suggest that apparent effects of current

climate can be equally explained by long-term historical

effects.

H3: Quaternary climate oscillations shape NRI because one of

the following mechanisms dominates. H3a: Permanently

divergent populations are less likely to form in climatically

unstable areas, suppressing recent diversification. Thus, areas

with strong Quaternary climate oscillations show more nega-

tive NRI than areas with less pronounced oscillations. H3b:

Quaternary climate oscillations led to range fragmentation

and thus increased allopatric speciation (Pleistocene refuge

hypothesis). Thus, areas with strong Quaternary climate

oscillations show more positive NRI than areas with less pro-

nounced oscillations.

H4: Areas that have become drier during the late Cenozoic

show high positive NRI due to diversification of dry-adapted

lineages.

METHODS

Distributional and phylogenetic data

We downloaded occurrence records from the World Checklist of

Selected Plant Families (WCSP) for all conifer species accepted

in the checklist throughout their natural range (WCSP, 2013).

The data included 3001 presences of 662 conifer species in 269

level-three units of the Biodiversity Information Standards (for-

merly the Taxonomic Databases Working Group, TDWG). The

TDWG level three corresponds to geopolitical units such as

countries, states or comparable areas, in the following called

‘botanical countries’ (Fig. 2a). We digitized the dated conifer

phylogeny of Leslie et al. (2012) using TreeSnatcher (Laubach

and von Haeseler 2007). This tree is the maximum clade cred-

ibility tree of a time-calibrated Bayesian inference of phylogeny

including 489 conifer species. The two data sources followed

slightly different taxonomic concepts requiring manual adjust-

ments (for details see Appendix S1 in Supporting Information).

The phylogenetic tree lacked 156 species listed by WCSP (24% of

the total diversity; see Appendix S2). These were added to the

tree in random positions within their genus (100 replicates; see

Figure 3 Phylogeny and
lineage-through-time plot of conifers. The
phylogenetic tree is based on Leslie et al.
(2012) with the missing species added
randomly within their genera (one of the
100 partially random trees used in the
analysis). Lineage-through-time plots
shown are calculated from the 100 partially
random trees.

Late Cenozoic climate and conifer phylogenetic structure
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Appendix S1 for details), resulting in 100 partially random trees,

one of which is shown in Fig. 3. The final dataset contained a

total of 637 terminal taxa (mostly species, but including some

varieties sensu WCSP).

Conifer clades

Conifers consist of three large clades of Palaeozoic origin: (1) the

‘pine clade’ (family Pinaceae), (2) the ‘cypress clade’ including

the cypress (Cupressaceae), yew (Taxaceae s.l., including

Cephalotaxaceae) and umbrella pine (Sciadopitydaceae) fami-

lies, and (3) the ‘podocarp clade’ including Podocarpaceae s.l.

(including Phyllocladaceae) and Araucariaceae (Fig. 3). A pre-

liminary analysis showed that the regional phylogenetic struc-

ture (NRI) of conifers as a whole largely reflects which of those

three clades are present, and we therefore analysed these three

clades separately. This corresponds to cutting the phylogeny at a

depth of 289–323 Ma. Choosing a more recent time for cutting

the phylogeny into different clades would have resulted in very

small groups (e.g. Sciadopitydaceae, a single species) with

sample sizes too small for statistical analysis. Thus, using the

three aforementioned clades allowed us to analyse all conifers

while avoiding a disproportionate influence of the deepest diver-

gences. At the same time, it provided us with three replicate

groups, allowing us to assess the consistency of our results across

major evolutionary lineages.

Phylogenetic assemblage structure

We quantified the phylogenetic structure of regional assem-

blages, i.e. the sets of species co-occurring in botanical coun-

tries, using the NRI (Webb et al., 2002). The NRI quantifies how

much the relatedness of co-occurring species (measured as the

mean pairwise distance or mean nearest taxon distance; Webb

et al., 2002) deviates from a null expectation, in our case a null

model where taxon labels were permuted 999 times on the phy-

logeny. The index is defined as a negative standardized effect

size, i.e. NRI = −[MPD.obs − mean(MPD.null)]/SD(MPD.null),

where MPD.obs is the mean pairwise divergence time among

co-occurring species and MPD.null is the mean pairwise diver-

gence time among species in the null assemblages. We used the

computationally efficient R-function of Brunbjerg et al. (2014)

to calculate the NRI. The NRI was calculated separately for the

three major clades (cf. Fig. 3). Assemblages with only one species

were excluded since the NRI is only defined for sets of two or

more species. We calculated NRI separately for each of the 100

partially random trees, and used the mean NRI of each botanical

country across the 100 replicates for further analysis. This

approach is justified since the variation caused by the random

placement of taxa was very small compared with the variation

among botanical countries.

Current and past climate

Mean annual temperature (TEMP) and annual precipita-

tion (PREC) data were obtained from WorldClim (http://

www.worldclim.org; Hijmans et al., 2005) at 10′ resolution for

the present and at 2.5′ resolution for the LGM. We used the

mean values of the CCSM and MIROC models of LGM climate

distributed by the PIMP2 project (Braconnot et al., 2007).

Middle Pliocene (c. 3 Ma) TEMP and PREC were obtained at 1°

resolution from Haywood and Valdes (2004). Late Miocene

(Tortonian, 11.61–7.25 Ma) TEMP and PREC were obtained at

1.25° resolution from Pound et al. (2011). For each of the four

points in time we calculated mean TEMP and mean PREC for

each botanical country using the Zonal Statistics tool in ArcGIS

10.1 (ESRI, Redlands, CA, USA). Palaeoclimate layers were

resampled to 10′ resolution using bilinear interpolation prior to

calculating the botanical country means.

Palaeoclimate change

In addition to the absolute values of current and past climate, we

also calculated several measures to represent temporal climate

variation at different time-scales. To capture the effect of Qua-

ternary climatic oscillations we calculated the difference

(‘anomaly’) between current and LGM climate, separately for

temperature and precipitation. We assumed that the magnitude

of climate change between the LGM and the present is repre-

sentative of the strength of glacial–interglacial climate

oscillations throughout the Pleistocene (Sandel et al., 2011).

Anomalies were calculated at 2.5′ resolution and subsequently

resampled to 10′ and averaged for each botanical country as

described above.

To represent the gradual long-term climate trend during the

late Cenozoic (here defined as approximately the last 10 Myr),

we used the ordinary least squares regression slope of climate

regressed on time in Myr, separately for temperature and pre-

cipitation. This measure integrates the climate values from all

four points in time (current, LGM, Pliocene and Miocene) into

one measure of overall climate trend. To improve interpretation,

we inverted the time scale so that positive slopes indicate

increases in precipitation or temperature. All measures were

calculated for a 10′ grid using resampled versions of the coarser

layers (bilinear interpolation), and subsequently averaged for

botanical countries.

Alternative drivers of phylogenetic structure

In addition to climate and climate change, we also included a

range of habitat and biogeographic variables as covariates in

our models (see below). To represent habitat heterogeneity,

we measured the elevational range of each botanical country

on a 30″ resolution digital elevation model obtained from

WorldClim (Hijmans et al., 2005). In addition, we calculated the

number of soil types present in each botanical country based on

a 30″ raster obtained from the Harmonized World Soil Database

(Fischer et al., 2008). We used the biogeographic realm of each

botanical country as a surrogate variable for any factor causing

divergent diversification in different realms, including plate

tectonics, broad-scale environmental differences and possible

differences in intrinsic diversification rates of different realm-

W. L. Eiserhardt et al.
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endemic clades (see Appendix S1 for details). Finally, we used

current TEMP and PREC to calculate climate rarity (i.e. the area

of similar climate within a 1000-km radius) as described in

Sandel et al. (2011), and averaged this measure for each botani-

cal country. We include climate rarity here as it represents iso-

lation rather than climate per se.

Maps of all predictor variables are shown in Fig. S1.

Analyses

We tested for overall trends towards phylogenetic cluster-

ing or overdispersion using intercept-only simultaneous

autoregressive models (Kembel & Hubbell, 2006; Kissling &

Carl, 2008). This approach is equivalent to a t-test, but takes

spatial autocorrelation into account (see Appendix S1 for

details). To rule out potential biases introduced by differences in

the size of botanical countries, we checked for correlations

between country area and NRI, species richness and all predictor

variables, respectively (Fig. S3). We then explored the relation-

ship between the climate, habitat and biogeographic variables

and NRI in our three conifer clades, using boosted regression

trees (BRT) as implemented in the R-package ‘dismo’ (Hijmans

et al., 2013). BRT is a machine learning method that can identify

complex nonlinear responses of a variable (here NRI) to a set of

predictors without constraining the functional form of the

response or the possible kinds of interactions a priori (Elith

et al., 2008). In our basic model, we included current climate

(temperature and precipitation), Pleistocene climatic oscilla-

tions (temperature and precipitation) and the gradual long-

term climate trend of the late Cenozoic (temperature and

precipitation) as well as the habitat and biogeographic variables

(elevation range, number of soil types, biogeographic realm and

climate rarity) as predictor variables. This model allowed us to

identify the relative contribution of each variable to explaining

NRI, and the strength, direction and shape of the relationships.

We used the stepwise model simplification procedure of Elith

et al. (2008) to identify redundant predictor variables based on

predictive deviance.

To test our second hypothesis, we replaced current climate

with LGM, Pliocene or Miocene climate (one after another).

This allowed us to compare the ability of current climate with

the ability of past climate at different points in time to explain

NRI while simultaneously accounting for the effect of the

gradual long-term climatic trend of the late Cenozoic, the cli-

matic oscillations of the Pleistocene, biogeographic factors and

habitat variables.

To explore whether the inferred NRI–environment relation-

ships were general or tied to certain geographic areas, we divided

our dataset into a New World (North and South America) and

an Old World (all other realms) half and repeated the BRT

analysis. Note that we did not recalculate NRI, i.e. the NRI values

were still based on a global species pool. To explore whether our

results were biased by the averaging of climate within botanical

countries (some of which are climatically very heterogeneous),

we repeated our global analysis 100 times, each time using the

climate conditions at a random geographic location within each

botanical country instead of the mean. In all BRT analyses, we

used a tree complexity of five and a learning rate of 0.001, which

were inferred using the procedures recommended by Elith et al.

(2008).

All analyses were performed in R v.3.0.1 (R Development

Core Team, 2010) unless stated otherwise.

RESULTS

The phylogenetic structure of conifer assemblages showed

strong geographic variation in all three clades (Fig. 4). Values for

the pine clade ranged from moderate overdispersion to extreme

phylogenetic clustering (NRI −2.17 to 8.00), but were not sig-

nificantly different from random on average (mean NRI = 0.86,

P = 0.26). The two other clades exhibited a smaller range of

NRI values (podocarp clade, −2.30 to 2.66; cypress clade, −2.70

to 4.04), but a significantly positive mean NRI indicating

phylogenetic clustering (podocarp clade, mean NRI = 1.08,

P < 0.001; cypress clade, mean NRI = 1.08, P < 0.001).

In the BRT analysis, climate variables per se (represented by

either current, LGM, Pliocene or Miocene values of temperature

or precipitation) were by far the most influential predictors in all

three clades (Fig. 5, Table S2). They contributed half of the

model performance in the pine and cypress clades and about a

third in the podocarp clade (Fig. 5). However, different aspects

of climate were important in different clades (Tables 1 & S2,

Figs 6 & S4): in the pine and podocarp clades, NRI was strongly

related to temperature while the effect of precipitation was

weak, while the cypress clade showed the opposite pattern with

a strong response to precipitation, but not to temperature. The

pine clade showed a steep increase of NRI between c. 10 and

15 °C; this pattern was found in both hemispheres, but was far

more pronounced in the New World. The podocarp clade also

showed a steep increase of NRI with TEMP, albeit at higher

temperatures (20–25 °C), in both hemispheres. The cypress

clade showed the strongest clustering in dry areas below c.

500 mm of annual precipitation and a very steep decrease of

NRI between c. 500 and 1000 mm in both hemispheres.

In all three clades, NRI showed an independent, strong signal

of historical climate change as measured by Pleistocene climatic

oscillations and the gradual late Cenozoic climate trend (Fig. 5).

Together these historical climate change variables accounted for

up to 49.8% of the model performance (for the pine clade when

combined with LGM climate; Table S2). Again, the different

clades showed different responses (Tables 1 & S2, Figs 7 & S4).

Precipitation change had the clearest and most consistent effect

on NRI. The pine and cypress clades showed similar responses to

Pleistocene precipitation oscillations, with higher NRI values in

areas that have become drier during post-glacial warming

(Fig. 7a). This pattern was present in both hemispheres for the

pine clade, but restricted to the New World for the cypress clade

(Fig. S4e,f). The podocarp clade did not show a clear response to

Pleistocene precipitation oscillations (Fig. 7a), although this

variable was not dropped in model simplification (Table 1).

Pleistocene temperature oscillations were identified as redun-

dant in all clades (Table 1). All three clades showed the same

Late Cenozoic climate and conifer phylogenetic structure
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qualitative response to the gradual late Cenozoic precipitation

trend (Fig. 7c): higher NRI in areas where precipitation has

increased over the late Cenozoic compared with areas where

precipitation has decreased. This pattern also emerged in the

Old World analysis but not in the New World (Fig. S4i,j). The

long-term temperature trend was retained in the model for the

podocarp and cypress clades, but the responses appeared idio-

syncratic across clades and hemispheres (Figs 7d & S4k,l).

Figure 4 Geographic variation in phylogenetic community structure (net relatedness index, NRI) in three conifer clades: (a) pine clade,
(b) podocarp clade, (c) cypress clade (see Fig. 2). Positive NRI values indicate coexistence of close relatives, whereas negative values indicate
coexistence of distant relatives. White lines indicate the botanical countries for which the NRI was computed.

Figure 5 Relative importance of predictor categories in boosted regression tree models explaining the phylogenetic structure of regional
assemblages in three major conifer clades. The importance value of each group is the sum of the importance values of its constituent
variables [current climate: mean annual temperature, annual precipitation; Quaternary climate oscillations: Last Glacial Maximum (LGM)
temperature anomaly, LGM precipitation anomaly; late Cenozoic climate trend: late Cenozoic temperature trend, late Cenozoic
precipitation trend; biogeography: biogeographic realm, climate rarity; habitat: altitudinal range, number of soil types]. Similar results were
obtained when current climate was replaced with the LGM, Pliocene and Miocene climate (Table S2).

W. L. Eiserhardt et al.
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Covariates related to habitat explained up to 12% of the vari-

ation in NRI (Table S2). Soil diversity was essentially irrelevant,

whereas elevation range showed idiosyncratic responses in the

NRI of the three clades (Fig. S5). Biogeographic variables con-

tributed up to 25% of the overall predictive power (Table S2).

This contribution depended heavily on the biogeographic

realm. While some differences among realms appeared to be

clade specific, there were also systematic patterns, for example a

consistently higher NRI in the New World than in the Old World

(except Australasia) in the pine and cypress clades (Fig. S5d).

DISCUSSION

In conifers, temperature and precipitation have clearly influ-

enced speciation, extinction and dispersal, the three fundamen-

tal processes by which spatial patterns of species diversity can

change (Wiens, 2011). The phylogenetic structure of floras and

faunas strongly reflects those processes at the regional scale

(Cavender-Bares et al., 2009); this allowed us to demonstrated

the impact of climate by statistically linking the phylogenetic

structure of regional conifer assemblages to a range of climatic

and non-climatic variables, including palaeoclimate, at a high

spatial resolution.

Our first hypothesis predicted clustered phylogenetic struc-

ture in high-energy climates as well as in dry areas, a pattern that

was partly confirmed by the results. As predicted, the pine and

podocarp clades showed a positive relationship between tem-

perature and NRI (Fig. 6b), which is in line with the prediction

of metabolic theory (Gillooly & Allen, 2007) that net diversifi-

cation should be higher in high-energy environments due to a

high mutation rate and large population sizes. Alternatively, the

relationship may be due to allopatric speciation; in the warm

low latitudes, Pinaceae and Podocarpaceae/Araucariaceae tend

to occur in montane habitats or on poor soils that are geo-

graphically fragmented and thus conducive to allopatric specia-

tion. Interestingly, the same qualitative response of Pinaceae

NRI is found in both hemispheres, but it is quantitatively about

eight times stronger in the New World than the Old World

(Fig. S4c,d). This pattern is presumably driven by the radiation

of a limited number of pine clades (e.g. ponderosa pines, pinyon

pines and south-eastern pines in Section Australes) in Mexico

and the south-eastern United States. This suggests that while

there is some generality to the NRI–temperature relationship,

region-specific factors (possibly including the representation of

certain subclades) are also important. In the podocarp clade,

negative NRI values are concentrated in the far south of South

America and Australasia; this pattern may be due to high extinc-

tion in the cool high-latitude climates (Palazzesi et al., 2014),

leaving assemblages with distantly related survivors and thereby

creating a positive NRI–temperature relationship. In contrast to

the pine and podocarp clades, the cypress clade did not show any

relationship between temperature and NRI (Fig. 6b). Instead, it

showed a negative relationship between NRI and precipitation

(Fig. 6a), indicating that the diversification of this clade was

controlled by a different mechanism, probably late Cenozoic

aridification. Trends of habitat area over time can potentially

Table 1 Variables retained in a stepwise model simplification procedure based on predictive deviance (Elith et al., 2008). All variables were
included in the initial model; variables retained in the simplified model are marked ‘x’. For clades see Fig. 3.

Annual

precipitation

(current)

Mean annual

temperature

(current)

LGM

precipitation

anomaly

LGM

temperature

anomaly

Long-term

precipitation

trend

Long-term

temperature

trend

Elevational

range

Number

of soil

types

Climate

rarity

Biogeographic

realm

Pine clade x x x

Podocarp clade x x x x x

Cypress clade x x x x x
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Figure 6 Partial responses of the
phylogenetic structure of regional conifer
assemblages (net relatedness index, NRI) to
climate in a boosted regression tree model.
All response curves are centred on their
mean, i.e. NRI values on the y-axis are
relative.
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influence the phylogenetic structure of assemblages (Kissling

et al., 2012a). In Cupressaceae, lineages retaining the ancestral

mesic–hydric niche contracted into relictual distributions

during the Neogene, while the evolution of drought tolerance

allowed extensive diversification within the crown groups of

Cupressoideae and Callitroideae (Pittermann et al., 2012). This

mechanism may have caused a higher NRI in the expanding

xeric habitats compared with the contracting mesic habitats.

The heterogeneity among the three conifer clades in their

response to temperature and precipitation (Fig. 6) underlines

that they are distinct in ecology and biogeographic history,

despite sharing important ecological attributes (Brodribb et al.,

2012). Despite those differences, our results support the idea

that the overall pattern of more recent diversification of North-

ern Hemisphere conifers compared with the Southern Hemi-

sphere was influenced by Neogene climate change (Leslie et al.,

2012).

Strong correlations between biodiversity and current climate

(e.g. Hawkins et al., 2003) are often thought to prove that bio-

logical communities are in equilibrium with the environment.

According to this view, history is mainly reflected in patterns of

species composition, while the environment dictates how the

species combine into communities and thus controls species

richness. However, even strong correlations can be misleading

if potential predictor variables are collinear (Dormann

et al., 2013). Macroecological studies regularly account for this

problem by considering as many aspects of the current environ-

ment as possible, but past environments are much more rarely

taken into account. We hypothesized that if the relative climatic

differences between different points in space are stable through

time, every relationship between current climate and NRI would

be paralleled by a similar relationship between past climate and

NRI (hypothesis H2). This was supported by our results; in fact,

the observed climate–NRI relationships may have originated at

any time since the late Miocene (Fig. 6a,b), or even earlier, if the

(unknown) climatic patterns at earlier points in time were also

similar. It is impossible that an inherently historic measure such

as the NRI can be entirely shaped by current processes; however,

a relationship between NRI and current but not past climate

would indicate different diversification dynamics in clades of

different climatic preference that move freely to track climate, a

scenario that requires climatic niche conservatism but not dis-

persal limitation. Our result is compatible with a scenario of

dispersal limitation restricting different clades to different

regions that consistently differ in climate, and thus in their effect

on diversification. This neither requires nor precludes niche

conservatism. Disentangling the relative influences of niche evo-

lution and dispersal constraints requires a different approach

(Eiserhardt et al., 2013).

The rapid climate oscillations of the Quaternary apparently

had a distinct effect on the phylogenetic structure of conifers

(Fig. 7a,b), but there was no support for our hypothesis H3,
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which predicted a decrease (H3a) or increase (H3b) of NRI with

the magnitude of climate oscillations. Instead, the pine and

cypress clades showed a directional response to Quaternary pre-

cipitation oscillations, with a higher NRI in areas with a negative

LGM precipitation anomaly (Fig. 7a). This pattern may reflect

the selective survival and diversification of the drought-adapted

conifer lineages that had diversified during the Neogene in

response to long-term aridification (Pittermann et al., 2012). We

suggest that the survival and further diversification of those

lineages during the Quaternary depended on conditions with

relatively wet glacial periods and relatively dry interglacial

periods, as indicated by a negative LGM precipitation anomaly.

Even drought-tolerant conifers do not tolerate conditions which

are too arid (e.g. Adams et al., 2009); thus, a relatively high

precipitation would be needed for their survival during glacial

periods, which were characterized by low CO2 levels (Sigman &

Boyle, 2000) and thus relatively high drought stress. During

interglacial periods, the survival of those lineages would require

relatively dry conditions, allowing them to escape competition

from angiosperms, which is known to limit the ecological

niche of conifers (Brodribb et al., 2012). Numerous diversifica-

tion events in drought-tolerant lineages such as Juniperus,

Hesperocyparis and Pinus date to the Quaternary (Leslie et al.,

2012), indicating that those lineages not only survived but also

diversified. According to our results, this survival and diversifi-

cation was spatially structured by the balance of glacial and

interglacial precipitation, confirming our expectation that Qua-

ternary climatic oscillations are a strong driver of phylogenetic

assemblage structure.

In all three clades, the effect of late Cenozoic climate trends

was quantitatively important (Fig. 5), supporting our expecta-

tion that gradual long-term climate change is an important

driver of diversification processes. However, the direction of the

effect – higher NRI in areas where precipitation has increased

since the late Miocene (Fig. 7c) – runs opposite to our hypoth-

esis H4 which predicts more clustering in environments with a

negative precipitation trend due to radiations in areas that have

become more arid. Interestingly, this trend seems to be absent in

the New World (Fig. S4j). The origins of this relationship remain

unclear, but the spatial patterns of NRI (Fig. 4) and the tem-

perature trend (Fig. S1l) indicate that it may be driven by parts

of the Mediterranean region. The Mediterranean as a whole

underwent strong aridification during the late Cenozoic;

however, according to our palaeoclimatic data, in some parts of

it (notably the Iberian and Italian peninsulas) precipitation

increased on average since the late Miocene. Those parts also

show high NRI, possibly due to radiation of drought-tolerant

lineages followed by relatively low Quaternary extinction.

Increased precipitation might have alleviated extinctions, but

this conjecture requires further testing.

The recent availability of high-resolution climate models

reaching as far back as the Miocene (Pound et al., 2011) now

allows us to test the influence of palaeoclimate on evolutionary

processes with unprecedented spatial detail, but incorporating

those variables into biodiversity models remains a challenge.

Ideally, one would wish to reconstruct the movement of diver-

sifying lineages across space and environments explicitly, i.e.

model the dispersal and niche shifts of lineages along the

branches of the phylogenetic tree at high resolution. However,

models of niche evolution and range evolution are still insuffi-

ciently integrated (Lawing & Matzke, 2014), and while our

ability to incorporate palaeoclimate into such models has

improved substantially (Condamine et al., 2013) this is not yet

possible at a high spatial resolution. Analysing the phylogenetic

structure of regional assemblages enables us to let spatial pat-

terns of diversification emerge from the data (Fig. 4) instead of

relying on coarse a priori area definitions. Moreover, it allows us

to use environmental data at the resolution of our distributional

data (here botanical countries) instead of using global average

palaeoclimate (Condamine et al., 2013) and approximating

species climate niches by summary statistics such as means or

extremes. However, the contribution of individual lineages to

the NRI patterns is generally unknown (but sometimes obvious)

and macroevolutionary rates are not measured directly,

although their variation can be qualitatively inferred from vari-

ation in the patterns of NRI (Fig. 1). The integration and

improvement of macroevolutionary and biogeographic models

is an active research field (Lawing & Matzke, 2014) and many of

the limitations will soon be overcome, but for the time being

important complementary insights into the geography of

lineage diversification can be gained by analysing NRI patterns.

Our results suggest that the current distribution of conifer

phylogenetic diversity is strongly driven by late Cenozoic climate

history. We have demonstrated that statistical relationships

between current climate and biodiversity cannot be taken as

evidence for current processes without testing for a possible

historical background. This applies to studies of spatial biodi-

versity patterns in general. In the specific case of conifers, it has

proved statistically impossible to discriminate the effects of

current and past climate. This situation may be common,

because relative climatic differences in space depend strongly on

features that change slowly even on geological time-scales, such

as topography and the distribution of land and water; relative

differences thus often persist in spite of global climate trends.

However, in our study system the historical explanation is more

convincing because both fossil and phylogenetic evidence sug-

gests that late Cenozoic climate change was a driver of both

extinction and diversification in conifers (e.g. Crisp & Cook,

2011; Mao et al., 2012; Pittermann et al., 2012). This illustrates

the importance of considering long-term evolutionary and his-

torical mechanisms for explaining diversity patterns as well as

their relations to the current environment, as previously sug-

gested (e.g. Wiens & Donoghue, 2004; Ricklefs, 2006). We have

also shown that not just past and present climate per se, but also

the rate of past climate change can play an important role in

current biodiversity patterns. This idea is not new (e.g. Dynesius

& Jansson, 2000), but spatially explicit palaeoclimatic models

have only recently allowed empirical studies to demonstrate this

relationship with palaeoclimatic change (see also Sandel et al.,

2011; Kissling et al., 2012a; Blach-Overgaard et al., 2013). Effects

of either past climate as such or changes in past climate require

time lags in biodiversity–environment relationships, i.e. that

Late Cenozoic climate and conifer phylogenetic structure
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biodiversity is not in perfect equilibrium with current climate.

As in the present case, an explicit historical approach can reveal

such time lags, which appear to be relevant at time-scales of up

to tens of millions of years. We suggest that the quantitative,

spatially explicit historical approach developed here should be

applied more widely when investigating the determinants of

biodiversity to avoid misleading conclusions from an exclusive

or predominant focus on present-day factors.
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