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No-analogue associations in the fossil record of southern 1 

conifers reveal conservatism in precipitation, but not 2 

temperature axes 3 

Abstract 4 

Aim: Southern conifers have evolved under different evolutionary pressures to northern 5 

lineages, but in both regions these plants have undergone extensive extinction and 6 

range alteration over the Cenozoic (the last 66 million years). It is not possible to directly 7 

observe the ecology of fossils, but indirect evidence of changes in bioclimatic envelopes 8 

can be derived from no-analogue assemblages – groups of co-occurring fossils that have 9 

climatically incongruous living relatives. We identify and examine the specific pairs of no-10 

analogue fossils within assemblages to disentangle the effects of climatic factors on past 11 

conifer extinctions, and suggest which of these factors are likely to threaten southern 12 

conifer biodiversity in the future.  13 

Location: Southern Hemisphere 14 

Time period: Cenozoic 15 

Major taxa studied: Conifers 16 

Methods: We use a recently developed method, ‘hyperoverlap’, to identify no-analogue 17 

pairs of southern conifers. We characterise each pair in terms of temperature and 18 

precipitation, and evaluate temporal patterns in no-analogue pairs. These analyses 19 

represent a novel approach to studying both no-analogue fossils, and past changes in 20 

bioclimatic envelopes.  21 

Results: We identified 240 no-analogue pairs in the Cenozoic record of southern conifers. 22 

Most (75.4%) observations of no-analogue pairs are likely to result from a change in the 23 

thermal (rather than hydrological) distribution between the fossil taxa and their extant 24 

counterparts, regardless of region or assemblage age. Thus, the fossil record shows 25 
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some thermal lability, but strong hydrological stability in the tolerances of these plants. 26 

This implies that most southern conifers have inhabited wet climates through the 27 

Cenozoic, which is consistent with physiological evidence suggesting strong 28 

conservatism in drought tolerance.  29 

Main conclusions: Southern conifers have successfully adapted to a wide range of 30 

temperatures, but future changes in rainfall are likely to pose the greatest threat to these 31 

plants, either directly or indirectly (e.g., through increased incidence of fire in mesic 32 

areas).  33 

Keywords: aridification, conifer, evolution , fossil, hyperoverlap, niche conservatism  34 
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Introduction 35 

No-analogue assemblages – fossil assemblages in which the nearest living relatives of some 36 

taxa occupy dissimilar climates to the nearest living relatives of other taxa from the same 37 

palaeocommunity – challenge the assumption that fossil species inhabited similar climatic 38 

conditions to their modern relatives. Such assemblages (also termed nonanalogue 39 

communities, disharmonious assemblages, mixed floras, intermingled, mosaic, anomalous 40 

assemblages and extraprovincial biotas) have been identified in the fossil records of 41 

vascular plants (Jordan, 1997; Macphail, 2007; Williams & Jackson, 2007), marine and 42 

terrestrial invertebrates (Coope, 2000; Preece & Bridgland, 2012), birds (Brasso & Emslie, 43 

2006), mammals (Graham et al., 1996). Although palaeoclimatic estimations often allow for 44 

such assemblages by excluding certain fossil taxa from analyses (Mosbrugger & Utescher, 45 

1997), no-analogue assemblages can provide valuable insights into past changes in the 46 

climatic ranges of taxa. Previous studies of no-analogue assemblages have examined 47 

relatively recent fossil biota, with a focus on rapid community changes (e.g. in response to 48 

Pleistocene glaciation; Jackson & Williams 2004). To the best of the authors’ knowledge, no 49 

‘true’ no-analogue (i.e., not due to transport or other taphonomic mixing) assemblages from 50 

earlier than the Pleistocene have been quantitatively analysed. However, if the fossils can 51 

be attributed to living groups or species, it is possible to study no-analogue associations 52 

from much further back in time.  53 

One approach to understanding no-analogue assemblages is to partition them into pairs of 54 

co-occurring fossils. We can then identify no-analogue pairs as those pairs of fossil taxa for 55 

which their extant counterparts have non-overlapping bioclimatic envelopes. We can 56 

assemble these pairwise data to compare fossil assemblages in detail and consider trends in 57 

time and space. The results can then be interpreted based on an understanding of how no-58 

analogue pairs form. 59 
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Some no-analogue pairs may arise through misidentification of fossils, transport of the 60 

fossils from areas with different climates or inaccurate modelling of the bioclimatic envelopes 61 

of the fossils’ extant relatives (see Jordan, 1997; Stewart, 2009 for discussion). However, 62 

the most likely explanation for many no-analogue pairs is that the bioclimatic envelope 63 

occupied by the fossilised taxon was not the same as that occupied by its nearest living 64 

relatives.   65 

For two co-occurring fossil taxa to become a no-analogue pair, there must be a loss of part 66 

of the bioclimatic envelope of one or both members of the pair. This restriction can occur via 67 

several different mechanisms (Fig. 1). There could be environmental change leading to loss 68 

of available bioclimatic space (Fig, 1b-c); this represents a change in the existing niche 69 

sensu Peterson et al. (2011). The bioclimatic envelope can also be restricted by non-climatic 70 

variables (e.g. biotic or anthropogenic factors; Fig. 1e), these would typically involve 71 

changes in the realised niche (sensu Peterson et al. 2011), or extinction of ecotypes 72 

(including ecologically distinct taxa, Fig. 1f); this can represent a change in the fundamental 73 

or scenopoetic niche (sensu Peterson et al., 2011). Adaptive evolution can create no-74 

analogue pairs (Fig. 1g), but only if it involves a simultaneous loss of part of the bioclimatic 75 

envelope (e.g. if the evolution involves an adaptive trade-off). One important consideration is 76 

that the current bioclimatic envelope may be affected by earlier range restrictions (Fig. 1d) –77 

habitat suitable for both taxa may be currently available, but either or both taxa may be in 78 

climatic disequilibrium (Svenning & Skov, 2007), potentially obscuring the cause of no-79 

analogue pairs. Importantly, these scenarios are not mutually exclusive, which can make it 80 

even more difficult to identify the mechanism causing a no-analogue pair to arise. 81 
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 82 

Figure 1. No-analogue pair formation via changes in bioclimatic envelope. The 83 
bioclimatic envelopes of two taxa (red, blue) are depicted here in two-dimensional 84 
climate space. The occupied bioclimatic envelope of a taxon (shaded red and blue) is 85 
limited by the set of climatic conditions that are favourable for that taxon (the 86 
potential bioclimatic envelope; red and blue outlines), as well as the availability of  87 
climate space (black outline). If two taxa co-occurred in the past, there must have 88 
been overlap between their occupied bioclimatic envelopes (a). If they no longer 89 
overlap, there must have been a change in either one or both of these bioclimatic 90 
envelopes. This could take place via changes in the available environment (b) that 91 
may also have a legacy effect leading to climatic disequilibrium (c, d), loss of the 92 
bioclimatic envelope via other biotic or abiotic factors (e, f), or even adaptive 93 
evolution (g), as long as there is a concomitant loss of part of the bioclimatic range. 94 
These processes are not mutually exclusive, and although we have only illustrated 95 
climatic disequilibrium with regard to climatic availability, other processes shown here 96 
can also have similar legacy effects.  97 
 98 
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The ‘southern conifers’ – Podocarpaceae, Araucariaceae, Callitroideae (Cupressaceae), 99 

Athrotaxis (Cupressaceae), and Austrotaxus (Taxaceae) – provide a good group for the 100 

study of no-analogue associations. This mostly southern hemisphere group has, with the 101 

exception of Austrotaxus, an exceptional Cenozoic fossil record (Hill & Brodribb, 1999). In a 102 

spectacular display of morphological stasis for 30 million years, the Eocene species 103 

Pherosphaera microfolia is almost indistinguishable from the extant P. hookeriana (Wells & 104 

Hill, 1989). There is significant evidence that conifer distributions are physiologically 105 

constrained by climatic factors (Enright & Hill, 1995; Brodribb & Hill, 1999; Brodribb et al., 106 

2014) and it is widely assumed that conifers show high levels of evolutionary niche 107 

conservatism, as has been demonstrated for Southern Hemisphere plants (Crisp et al., 108 

2009). This assumption underpins the widespread use of taxonomic information in 109 

palaeoclimatic estimations (Jordan 2011). However, variation among closely related species 110 

in both climatic range and in physiology (see Larter et al., 2017) shows that many taxa have 111 

changed their bioclimatic ranges.  Furthermore, the presence of no-analogue assemblages 112 

in the fossil record as recently as the Pleistocene is clear evidence that some of these 113 

changes are both large, and relatively recent (Jordan 1997).  114 

Here, we use a recently developed method, HYPEROVERLAP (Brown et al., 2020) to identify 115 

no-analogue pairs in the southern conifer fossil record, then consider the roles of 116 

temperature and precipitation in the incidence of these associations. We examined: (1) 117 

whether no-analogue associations are associated with a particular time period; (2) the 118 

relative importance of temperature and precipitation in these shifts by identifying no-119 

analogue pairs that can be explained by changes in either temperature or precipitation 120 

requirements allowing us to estimate the specific climatic drivers of Cenozoic conifer 121 

extinctions. Given the well-documented importance of drought tolerance for southern conifer 122 

distributions (Brodribb et al., 2014; Larter et al., 2017), we hypothesized that the fossil record 123 

will reflect greater conservatism in precipitation dimensions than in thermal dimensions – 124 
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i.e., we expect that most of the implied changes in bioclimatic envelopes between fossil and 125 

extant conifers will be in thermal dimensions, rather than those related to rainfall.   126 

Methods 127 

Fossil assemblages and taxa 128 

We used species lists from 43 Cenozoic fossil sites from the southern hemisphere in which 129 

at least three coniferous taxa reliably attributed to extant genera have been identified (Figure 130 

2). For each site, we assembled complete lists of seed plant fossils from these sites from the 131 

literature (see Supporting Information Table S1). The nearest living relative of each identified 132 

fossil was defined as the smallest extant clade to which the fossil can be attributed (for stem 133 

lineages, the nearest living relative was assigned as the nearest crown group). For some 134 

fossils, this was a single species (e.g. Microcachrys tetragona), for others it was necessary 135 

to use a genus or family as the nearest living relative (e.g. the extinct genus Willungia could 136 

only be attributed to Podocarpaceae; Hill & Pole, 1992). Where there was uncertainty in the 137 

extant affinity, we took a conservative approach (with the fossil taxon either being excluded 138 

or attributed to a higher taxonomic level, see Table S1). We included only fossils that were 139 

likely to have been derived from plants close to the fossil site: macrofossils, highly abundant 140 

wind-dispersed pollen, and moderately abundant animal-dispersed pollen. Fossils were 141 

excluded if the authors indicated that were likely to have been reworked (deposited, 142 

unearthed and redeposited in younger sediments).  143 
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 144 

Figure 2. Sites analysed in this study. Site details, including specific layers/core depths and 145 
sources, are available in Supplementary Information (Table S1).  146 

  147 
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Climatic occurrence records 148 

For each nearest living relative, we collated occurrence records for that taxon from the 149 

dataset used in in Larcombe et al. (2018) and Brown et al. (2020). These data represent 150 

individual species records and have been manually cleaned thoroughly to exclude cultivated, 151 

naturalised and duplicate records, as well as including latitudes and longitudes for sites 152 

supported by precise location descriptions as determined from Google Earth (see Larcombe 153 

et al., 2018 for details). Cleaning involved careful assessment of all observations near the 154 

periphery of the apparent climatic range of each taxon. Potential outlier locations were also 155 

visually assessed using Google Earth to ensure that the habitat at that site was consistent 156 

with the known habitat for the species.  Unverified climatic outliers (e.g. where the 157 

coordinates listed on a vouchered specimen were not supported by a location description) 158 

were excluded. Occurrences that were deleted during this process were carefully compared 159 

to documented distributions of species (from Farjon & Filer, 2013) to avoid eliminating true 160 

records.  161 

For each occurrence of each nearest living relative, we extracted five contemporary 162 

environmental variables that are linked to physiological stresses in plants (Table 1) from 163 

WorldClim V2 (Fick & Hijmans, 2017) at a resolution of 30 seconds (approximately 1km2). 164 

Precipitation variables were fourth-root transformed to an approximately normal distribution 165 

to account for the non-linear physiological responses to precipitation (as per Blackman et al., 166 

2012). The environmental variables (both temperature and transformed-precipitation) were 167 

then normalised to the global means and standard deviations to ensure that axes were 168 

comparable (as per Blonder, 2018).  169 

Sampling effort for different taxa was reasonably even relative to area of extent of each 170 

taxon. Occurrence records for each taxon were downsampled to exclude duplicate points in 171 

climate space (approximately equivalent to a 30” grid in geographic space). The number of 172 
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unique climatic records varied markedly from 23 (Fitzroya) to 10778 (Cupressaceae) points 173 

per taxon. These differences are largely explained by differences in geographic extent of the 174 

taxa, although some differences appear to be explained by high original sampling densities 175 

in some regions (e.g. Australia and New Zealand, compared to New Guinea, south-east Asia 176 

and South America).  177 
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No-analogue pair detection 178 

No-analogue pairs were identified using the HYPEROVERLAP package (Brown et al., 2020) in 179 

R (R Core Team, 2014), using default parameters. This method uses a machine learning 180 

classifier to attempt to find a dividing line (or plane/hyperplane in three or more dimensions) 181 

which separates two groups of points. Here, we have constrained the shape of the boundary 182 

to a third-order polynomial kernel as recommended by Brown et al. (2020); see this work for 183 

a discussion of kernel choice and boundary shape. Because this method does not create a 184 

model of the environmental distribution of each taxon, it is relatively insensitive to sampling 185 

effort and sample size. It is sensitive to sampling near the periphery of the bioclimatic 186 

envelope of the taxa, but the distribution data used here were sampled to minimise errors 187 

from such sampling effects. Overall, this approach has been shown to be more accurate 188 

than niche-modelling methods for detecting bioclimatic overlap (and therefore identifying no-189 

analogue pairs), particularly for conifers, which are climatically and geographically well-190 

sampled and have unequally sized geographic distributions (see Brown et al., 2020).  191 

 192 

Table 1.  Climatic variables used in analyses of the nearest living relatives of fossils 193 

Abbreviation Variable Biological importance 

mint.cm 
Mean minimum temperature 
of the coldest month 

Freezing tolerance  

(Sakai & Larcher, 2012) 

at.warmq 
Mean temperature of the 
warmest quarter 

Growing season heat availability  

(Prentice et al., 1992) 

p.drym 
Mean precipitation of the 
driest month 

Drought tolerance  

(Mackey, 1994) 

p.warmq 
Mean precipitation of the 
warmest quarter 

Growing season water availability;  

thermal-seasonal sites  

(Prober et al., 2012) 

p.wetq 
Mean precipitation of the 
wettest quarter 

Growing season water availability;  

rainfall-seasonal sites  

(Prober et al., 2012) 
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Climatic factors relating to no-analogue pairs 194 

We performed detection of no-analogue pairs in the five-dimensional climate space defined 195 

by the variables in Table 1. No-analogue pairs were then re-analysed under two additional 196 

scenarios. 197 

Scenario 1: Removal of thermal dimensions (including rainfall seasonality, which is 198 

inherently linked to temperature). If the pair is still a no-analogue pair in the remaining 199 

precipitation dimensions (p.drym and p.wetq), at least one of the fossil entities in the pair 200 

occupied a different precipitation niche to its extant counterpart.  201 

Scenario 2: Removal of precipitation dimensions. If the pair is still a no-analogue pair in the 202 

remaining thermal dimensions (mint.cm, at.warmq), at least one of the fossil entities in the 203 

pair occupied a different thermal niche to its extant counterpart.  204 

Each no-analogue pair was then categorised as one of four types, depending on its 205 

persistence under these two scenarios (Fig. 3). We can view each of these scenarios 206 

through the lens of ecological conservatism; if the thermal niche is highly conserved we 207 

would expect to see changes in the occupied precipitation niche (type ‘P’), and vice versa.  208 
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 209 

Figure 3. The four types of no-analogue pairs depending on whether or not the no-analogue 210 
nature of the pair persisted when certain subsets of environmental dimensions were analysed. 211 
The text in each box describes the inferences we can draw from each type of no-analogue 212 
association in terms of the difference in bioclimatic envelope between the fossil taxon and its 213 
nearest living relative (NLR). In this conceptual figure, temperature and precipitation are each 214 
represented in one dimension, but in our analyses we used two temperature dimensions 215 
(mint.cm, at.warmq)  and two precipitation dimensions (p.drym, p.wetq).  216 
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Temporal analyses 217 

To account for differences in assemblage diversity and non-independence of pairs we 218 

calculated no-analogue scores for each site as the square root of the proportion of no-219 

analogue pairs relative to the total number of pairs (including the pairs of entities with 220 

themselves). The square root converts the score to be independent of sample size (i.e. 221 

number of species per sample) because the number of pairs increases as the square of the 222 

number of species. Generalised additive models (GAMs) were fitted to the median age for 223 

each assemblage and the no-analogue score using the gam function in the mgcv package 224 

(Wood, 2011). Because extant communities are assemblages without no-analogue pairs, we 225 

added a number of modern pseudo-assemblages (points of age 0 and no-analogue score of 226 

0) to the GAM-fitting dataset for each region for which we fitted GAMs (Australia, New 227 

Zealand, South America). We performed this analysis several times, using different numbers 228 

of points to anchor the GAM. We also fitted GAMS that were either unweighted or weighted 229 

by the total number of pairs in each assemblage (to reduce the leverage of depauperate 230 

assemblages). To account for uncertainty in fossil ages, we fitted 9999 GAMs with a 231 

uniformly randomly sampled age from the age range of the assemblages. To test for major 232 

changes in slope in the GAM we also fitted a segmented regression using the ‘segmented’ 233 

package (Muggeo, 2008) to obtain approximate p-values for the approximately linear parts 234 

of the GAMs.  235 

Results 236 

We identified 240 no-analogue pairs (pairs of fossils that have nearest living relatives with 237 

non-overlapping climatic ranges) from 2407 co-occurring pairs of fossils (Supporting 238 

Information Table S2). These no-analogue associations were represented by 73 unique no-239 

analogue pairs involving 27 modern conifer taxa (from 41; Supporting Information Figure 240 

S1).  241 
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Fourteen assemblages did not contain any no-analogue pairs (Table S2). All these sites are 242 

either recent (<1Ma), depauperate (<6 fossil conifer taxa), pollen-only assemblages, or 243 

some combination of the above. Four assemblages contained 15 or more no-analogue pairs: 244 

Monpeelyata, Pioneer, Little Rapid River and Cethana. These are all Oligocene or Early 245 

Miocene Tasmanian assemblages with notably high conifer diversity (12-16 fossil taxa; 246 

Fig.S2).  247 

The no-analogue score for each assemblage (reflecting the proportion of no-analogue pairs, 248 

corrected for assemblage size) increases with assemblage age (Fig. 4). There was no trend 249 

in no-analogue scores from the beginning of the Paleocene (65 million years ago) to the 250 

middle Oligocene (~28Ma), but no-analogue scores decreased from that time onwards (Fig 251 

4). This was the case for all GAMs, at all numbers of anchoring points, both weighted and 252 

unweighted (Fig S3). This was also confirmed by the results of the segmented regression 253 

(Fig S4); all regions showed a significant relationship between no-analogue score and age in 254 

assemblages from the Late Oligocene onwards (respective p-values of 1.7 × 10-3, 1.54 × 10-255 

6, and 2 × 10-16 for each region). Uncertainty in the ages of the fossils had no effect; GAMs 256 

fitted to randomly sampled ages were not significantly different to those fitted to the median 257 

ages. Australian assemblages tended to contain more no-analogue pairs than South 258 

American assemblages (Figs 4, S2-4). 259 
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  260 

Figure 4. Generalised additive models fitted to the no-analogue score and median age of each 261 
fossil site, plus or minus standard error (shaded). The grey dotted line is at 28Ma. This is the 262 
model fitted using 20 anchor points at 0Ma, with a gamma value of 3 and points weighted by the 263 
number of pairs in each assemblage.  264 

Climatic types of no-analogue pairs 265 

Most (75.4%) no-analogue pairs can be explained by a change in temperature without a 266 

change in precipitation (types ‘T’, ‘T_or_P’; Table 2). Only 40.4% of no-analogue pairs can 267 

be explained by a change in precipitation without a change in temperature (types ‘P’, 268 

‘T_or_P’; Table 2). A minority (20.4%) of no-analogue pairs require changes in both 269 

temperature and precipitation dimensions (type ‘T+P’; Table 2). Thus, most no-analogue 270 
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pairs are associated with a past change in the thermal distribution of one or both taxa in the 271 

pair. In 50% of no-analogue assemblages (17 sites; Fig. 5), changes in thermal distribution 272 

could explain all observed no-analogue pairs (i.e. the no-analogue pairs were all of types “T” 273 

or “T_or_P”) and the proportion of temperature no-analogue pairs was higher than 274 

precipitation no-analogue pairs in all sites. No assemblages contained only pairs of type “P” 275 

– a change in precipitation was always associated with an accompanying change in 276 

temperature. There was no clear temporal or geographic pattern in no-analogue pairs that 277 

could be explained by temperature, when expressed as proportion of all no-analogue pairs 278 

(Fig. 5). 279 

Table 2. No-analogue pair type frequency (see Figure 3).  280 

No-analogue pair type count percentage 

Temperature + precipitation (T+P) 49 20.4% 
Temperature (T) 94 39.2% 
Precipitation (P) 10 4.2% 

Temperature or precipitation (T_or_P) 87 36.2% 

Total 240  

  281 
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 282 

Figure 5. Climatic aspects of no-analogue pairs. Each fossil site is represented by a vertical bar 283 
or point. Points denote assemblages with no no-analogue pairs. The coloured components of 284 
each bar show the proportion of no-analogue pairs of each type (from Fig. 3). Red shows the 285 
proportion of thermal no-analogue pairs (T); blue shows the proportion of precipitation no-286 
analogue pairs (P), black shows the proportion of thermal and precipitation no-analogue pairs 287 
(T+P), and grey shows no-analogue pairs that are ambiguous (T_or_P).  If the bar (red or grey) 288 
reaches 1, all no-analogue pairs can be explained by a change in temperature (i.e. without 289 
invoking a change in precipitation). If the bar (blue or grey) reaches -1, all no-analogue pairs in 290 
that assemblage can be explained by change in precipitation (i.e. without invoking a change in 291 
temperature).  292 

Discussion 293 

Our results suggest that changes in the bioclimatic envelope of southern conifers have been 294 

largely thermal, rather than hydrological, and that this pattern does not vary significantly with 295 

assemblage age. This inference assumes that the patterns in no-analogue pairs observed 296 

here are due to past changes in bioclimatic envelopes (Fig. 1). The main alternative causes 297 

– errors in reconstructing extant bioclimatic range and taphonomic biases – should apply 298 

more-or-less equally to all fossils, and therefore should not have created the systematic 299 

change through time observed here (Fig. 4).  300 

The overwhelming predominance of no-analogue pairs in which the non-overlap is in thermal 301 

dimensions (“T” pairs; Fig. 5) implies that the changes in bioclimatic ranges have mostly 302 

been in temperature. We argue that this is the result of much greater long-term stability in 303 

the hydro-climatic envelope than the thermal envelope in southern conifers. It is worth noting 304 
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that the physiological impacts of temperature and precipitation are interlinked (Jones, 2014) 305 

– this may be contributing to the reasonable proportion (20.4%) of no-analogue pairs that 306 

are both thermal and hydrological (T+P). We further argue that the temporal correspondence 307 

between no-analogue pairs (climatically incongruous pairs of fossils) and broad-scale 308 

climatic changes in both temperature and rainfall (Westerhold et al. 2021) suggests that the 309 

no-analogue associations in southern conifers are linked (either directly or indirectly) to 310 

climate change in the last 30 million years. These links may be direct, through the reduction 311 

in fundamental niche through loss of warm- or cold-adapted ecotypes or species, consistent 312 

severe range contraction and extinction of the relevant taxa through this time. They may also 313 

be indirect, through reduction in realised niche via competition with angiosperms 314 

(Condamine et al., 2020), including competition mediated by fire (Belcher et al., 2021).  315 

Regional and temporal patterns  316 

Australian assemblages tend to contain more no-analogue pairs than New Zealand and 317 

South America, and a high proportion of all the no-analogue pairs are due to cool-climate 318 

palaeoendemic genera now restricted to southern Australia (Microcachrys, Lagarostrobos, 319 

Athrotaxis, Diselma, Pherosphaera; Jordan et al., 2016) co-occurring with now tropical taxa. 320 

However, this does not mean that the processes considered here are due to idiosyncrasies 321 

of Australia’s history. No-analogue associations are common in assemblages outside 322 

Australia (Figs 4, S2) and include multiple taxa that are centred outside Australia (Fig S1). In 323 

particular, taxa now restricted to temperate regions outside Australia (e.g. Lepidothamnus 324 

from New Zealand and South America, Austrocedrus from South America) also co-occur 325 

with tropical taxa. Overall, no-analogue associations are not restricted to any one region, 326 

habitat or taxon; this argues that the no-analogue pairs in southern conifers are better 327 

explained by hemisphere-scale processes than by local idiosyncrasies of history (e.g. local 328 

anthropogenic extinctions). It is worth noting that similar co-occurrences in the fossil record 329 
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of now temperate and tropical angiosperm taxa are well known from all the southern 330 

continents (Hill, 2004).  331 

It is possible that lower taxonomic resolution in identifying the living relatives of older fossils 332 

has artefactually suppressed the true numbers of no-analogue pairs in older assemblages. 333 

Older fossils are less likely to be attributable to an extant genus or species and thus, no-334 

analogue pairs are less likely to be detected.  However, it is clear that no-analogue pairs 335 

have decreased in at least the last 20-30Ma (Fig. 4); there are assemblages with no-336 

analogue pairs in all regions at 20Ma, but none in assemblages younger than 1Ma (Fig. S2). 337 

This is consistent with the theory that conifers suffered extinctions during the cooling and 338 

drying of the Oligocene and Miocene (Hill 2004; Brodribb & Hill 2004). The success of the 339 

drought-adapted Cupressaceae (e.g. Callitris) compared to their mesic relatives (e.g. 340 

Athrotaxis) also suggests that precipitation has been a dominant selection pressure acting 341 

on southern conifers (Pitterman et al., 2012; Larter et al., 2017). This contrasts with the 342 

northern conifers, which inhabit environments that extend into much more extreme thermal 343 

environments than their southern counterparts. Thus, a comparable study of northern conifer 344 

no-analogue fossils may reveal strikingly different climatic patterns to those found in this 345 

study, as predicted by Leslie et al., (2012).  346 

Limits on southern conifer distributions 347 

Four climate-related factors provide major limits on the distributions of most southern 348 

hemisphere conifer species– aridity and the need for tolerance of water deficit; freezing 349 

conditions and the need for freezing tolerance; climatic equability and the capacity to 350 

compete in tropical forests associated with warm, wet climates; and finally the frequency and 351 

intensity of fire (Brodribb & Hill, 2004; Bannister & Lord, 2006; Pittermann et al., 2012; 352 

Brodribb et al., 2014; Kooyman et al., 2014; Eiserhardt et al., 2015). Of these factors, 353 

physiological evidence and current distributions suggest that intolerance of dry climates is 354 
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critical, and our results imply that this has been the case throughout the Cenozoic. Brodribb 355 

and Hill (1999; 2002) found that xylem vulnerability to damage under water deficit and water-356 

use efficiency are closely correlated to dry season rainfall in conifers from across the 357 

southern hemisphere (although noting that fire sensitivity and frost tolerance may be 358 

important covariates in this relationship; Laughlin et al., 2020). Furthermore, the 359 

physiological limitations underpinning this relationship are well-studied and have strong 360 

evolutionary bases (Brodribb et al., 2014; Larter et al., 2017). Although thermal distributional 361 

limits appear to be present in some Australian conifers, Bush et al., (2018) found that 362 

thermal disequilibrium (i.e., species not inhabiting their full range of thermal tolerances) is 363 

common in the Australian flora, suggesting that temperature does not directly limit the 364 

distributions of many tree species.  365 

The current distributions of conifers have also been influenced by factors other than current 366 

climates, including distributions in ecological disequilibrium due to past events, and these 367 

past events may have caused some of the no-analogue pairs. At least some southern 368 

conifers are thought to be extremely dispersal-limited (Holz et al. 2015) and may be in a 369 

state of climatic disequilibrium, so that they do not fully occupy their potential bioclimatic 370 

envelope (or realised niche sensu Peterson et al. (2011). Recent work by Sundaram and 371 

Leslie (in press) showing that climatic stability affects conifer distributions is in accordance 372 

with our findings of conservatism, as taxa that are unable to adapt to climatic changes are 373 

most likely to persist in stable, climatically suitable environments.Overall, the effects of past 374 

climates on southern conifers may be smaller than observed in northern hemisphere 375 

conifers because the southern conifers have not been substantially affected by either severe 376 

freezing climates or extensive Pleistocene glaciation – two factors that are considered to 377 

have been critical in determining the distribution and composition of northern floras (Leslie et 378 

al., 2012). However, other historical processes or events may have contributed to the 379 

distribution of southern conifers. 380 
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Past and present fires are likely to have affected the bioclimatic envelopes of many southern 381 

conifers (Enright & Hill 1995; Farjon & Filer, 2013) and evidence from charcoal in sediments 382 

indicates a major increase in fire from the late Neogene onwards (Herring 1985). However, 383 

fire is intimately linked to both temperature and precipitation, as well as the abundance and 384 

type of angiosperms (Belcher et al., 2021).  Some no-analogue pairs may have been caused 385 

by disturbances that are decoupled from climate, but the strong preciptiation signal we 386 

observed implies that this is not the case for the majority of no-analogue pairs.  387 

Formation of no-analogue pairs 388 

Most of the no-analogue associations studied here represent changes in the thermal 389 

envelope of one or both members of the pair. These changes inevitably involve loss of part 390 

of the climatic ranges of one or both of the taxa involved in these associations. Although 391 

geographic and climate space are not perfectly correlated (see Peterson et al. 2011), loss of 392 

geographic range is strongly linked to loss of climatic range, and the fossil record of 393 

southern conifers demonstrates a massive loss of geographic range. For example, two 394 

genera in many of the no-analogue associations detected in this study (Microcachrys and 395 

Lagarostrobos; Table S2) were present on all southern hemisphere landmasses during the 396 

Cretaceous and Palaeogene, but are now restricted to Tasmania (Hill & Brodribb 1999). 397 

Many other southern conifer taxa, including taxa involved in almost all of the no-analogue 398 

pairs, have contracted from multiple continents to much more restricted ranges (Hill & 399 

Brodribb 1999; Wilf, 2012).  400 

Furthermore, the geographic and climatic range loss in southern conifers involved 401 

substantial extinction. Hill and Brodribb (1999) demonstrated very high diversity of southern 402 

conifers in the Cenozoic, including many extinct species and some extinct genera. Such 403 

estimates of fossil diversity may even be underestimates because species are often 404 

represented in the palaeobotanical record by pollen or vegetative fragments, so many fossils 405 
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can only be referred to extant families or genera, rather than species. Even so, many 406 

currently species-poor genera are represented by multiple species in the fossil record – 407 

Microcachrys has one extant species, endemic to the alpine regions of Tasmania, but there 408 

is at least one additional species described from New Zealand fossils, and there are at least 409 

five distinct pollen types which have been linked to the genus (Carpenter et al., 2011). Many 410 

authors have concluded that southern conifers suffered high levels of extinction during the 411 

Cenozoic (Jordan, 1995; Brodribb & Hill, 2004; Carpenter et al., 2011; Crisp & Cook, 2011), 412 

so we find it reasonable to assume that most no-analogue associations in the fossil record 413 

are the result of extinctions. However, it is unclear whether these extinctions were driven by 414 

aridification, temperature fluctuations, or other factors (e.g. fire, biotic interactions).  415 

However, these changes in bioclimatic envelopes implicit in the no-analogue pairs may well 416 

also include adaptation to novel climates. The fact that many of the southern conifers 417 

involved in no-analogue pairs now occupy climatic conditions that were absent or much 418 

more restricted in the Paleogene in the southern hemisphere (e.g. freezing temperatures; 419 

Pross et al., 2012; Westerhold et al., 2021) suggests that the thermal envelope of conifers 420 

has expanded in response to changes in the available climatic space. However, only one 421 

southern conifer clade (Callitris, Larter et al., 2017) has been able to expand its range into 422 

the drier climates that expanded during the Cenozoic, suggesting that the precipitation 423 

requirements of most of these plants are highly stable and unlikely to respond to future 424 

aridification. In this study, the other members of the no-analogue pairs involving Callitris are 425 

likely to be the driving members of those pairs: Microcachrys, Fitzroya and Diselma, and 426 

only the latter of these involves a change in the precipitation niche (Table S2). We suggest 427 

that the radiation of Callitris has not produced any no-analogue associations because, 428 

although the genus is generally considered a specialist of arid environments, it has retained 429 

occupation of wet regions (e.g. C. macleayana), so no regions of climatic space have been 430 

lost. 431 
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It is also possible that some fossil taxa co-occurred in no-analogue climates (combinations of 432 

climatic conditions that no longer exist; Williams & Jackson, 2004). This could lead to no-433 

analogue pairs via a reduction in available climate space (i.e. a reduction in the existing 434 

niche; Fig. 1b), and can have long-term legacy effects even if suitable climatic conditions 435 

become available once more (Fig. 1c, d). It seems plausible that this may be the case for at 436 

least some no-analogue pairs, and could well be a major contributing factor to the 437 

extinctions described above. It may never be possible to disentangle the exact processes 438 

leading to no-analogue pairs, but all plausible explanations discussed here are consistent 439 

with high levels of niche conservatism, specifically of the precipitation niche.    440 

Implications 441 

In a remarkable display of ecological conservatism, our study suggests that the hydraulic 442 

limitations (sensitivity of the water transport system to water deficit) on current conifer 443 

distributions (see Brodribb & Hill 1999; Brodribb et al., 2014) have existed for at least the last 444 

50 million years.  This conservatism may be linked to morphological constraints – Hill (2004) 445 

suggested that morphological changes in the leaves of Dacrycarpus were adaptations to a 446 

drying climate, shortly before the genus became extinct in Australia.  Recently, Condamine 447 

et al., (2020) found that an angiosperm-driven extinction model was a better fit to extant 448 

conifer diversity patterns than climate-driven models, and suggested that competition with 449 

angiosperms was the main cause of Cenozoic extinctions. However, our results highlight the 450 

importance of including water availability in studies of palaeoecological changes – 451 

precipitation was not included in the model set evaluated in Condamine et al. (2020) – so 452 

while our findings support the conclusions of these authors with regard to the limited 453 

influence of temperature, we find evidence for the role of changing precipitation regimes in 454 

directly or indirectly driving Cenozoic contraction of southern conifers. This is consistent with 455 

observations that the most hydraulically vulnerable conifers (e.g. Acmopyle) also have the 456 

earliest last appearances in the fossil record of Australia (Brodribb & Hill, 2004).  457 
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Studies on the effect of climate on deep-time biodiversity patterns have been largely centred 458 

on temperature both in marine (Yasuhara et al., 2012; Yasuhara et al., 2020) and terrestrial 459 

systems (e.g., Shiono et. al, 2018), but our results emphasise the need to consider changes 460 

in precipitation regime as long-term drivers of change in terrestrial systems. Furthermore, 461 

our results highlight the potential for using fossils as proxies for precipitation. We show that 462 

the nearest living relatives of fossils of southern conifers provide reliable indicators of 463 

palaeoprecipitation, but – for pre-Quaternary sites – are less reliable indicators of 464 

palaeotemperatures.  In this context it is worth noting that palaeoprecipitation is more difficult 465 

to estimate than palaeotemperature using other methodologies, including foliar physiognomy 466 

(leaf size and shape; Wolfe, 1993; Wei et al., 2021), marine fossils and biochemistry. 467 

Although there is some risk in making inferences from negative results (the absence of 468 

precipitation no-analogue pairs), conservatism remains the most parsimonious explanation 469 

for our observations. It may thus be possible to assess other palaeoproxies using no-470 

analogue pairs to identify which aspects of the niche have remained stable through 471 

geological time.  472 

Here, we show that analysis of no-analogue pairs in the fossil record can be used to infer 473 

changes in the evolutionary and ecological history of taxa. The pair-oriented approach 474 

employed here also has the advantage of detecting changes in climatic envelopes without 475 

the need to reconstruct past climates. While the focus of this study is restricted to southern 476 

conifers, our novel analyses using no-analogue pairs in multidimensional environmental 477 

space are applicable to any sets of fossil assemblages. Of particular interest for future study 478 

are northern hemisphere conifers – Leslie et al., (2012) reported hemisphere-scale 479 

evolutionary differences in conifers that may be driven by the differences between the 480 

largely continental northern environment and the more oceanic southern hemisphere. 481 

Additionally, we highlight the utility of southern conifers for palaeoprecipitation estimation. 482 
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Although our evidence is consistent with very high levels of evolutionary conservatism in 483 

climatic niches of conifers, this conservatism is largely in dimensions related to water, not to 484 

temperature. This emphasises current and future threats to many southern conifers posed 485 

by drying climates (Brodribb et al 2020).   486 
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