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Summary

¢ Some plant traits may be legacies of coevolution with extinct megafauna. One example is
the convergent evolution of ‘divaricate’ cage architectures in many New Zealand lineages,
interpreted as a response to recently extinct flightless avian browsers whose ancestors arrived
during the Paleogene period. Although experiments have confirmed that divaricate habit
deters extant browsers, its abundance on frosty, droughty sites appears consistent with an
earlier interpretation as a response to cold, dry Plio-Pleistocene climates.

¢ We used 45 protein-coding sequences from plastid genomes to reconstruct the evolution-
ary history of the divaricate habit in extant New Zealand lineages. Our dated phylogeny of
215 species included 91% of New Zealand eudicot divaricate species.

e We show that 86% of extant divaricate plants diverged from non-divaricate sisters within
the last 5 Ma, implicating Plio-Pleistocene climates in the proliferation of cage architectures in
New Zealand.

e Our results, combined with other recent findings, are consistent with the synthetic hypothe-
sis that the browser-deterrent effect of cage architectures was strongly selected only when
Plio-Pleistocene climatic constraints prevented woody plants from growing quickly out of
reach of browsers. This is consistent with the abundance of cage architectures in other regions
where plant growth is restricted by aridity or short frost-free periods.

Introduction

As carly as the 19 century, Alfred Russell Wallace and other sci-
entists recognised that ‘we live in a zoologically impoverished
world from which all the hugest and fiercest and strangest forms
have recently disappeared’ (Wallace, 1876). Although much
research has focused on the causes of late Quaternary extinctions
(Martin & Klein, 1989; Stuart, 2015; Saltré et al., 2016), biolo-
gists have increasingly also inquired into the ecological roles
played by extinct megafauna, and the resulting evolutionary lega-
cies. A range of puzzling features of plants has been interpreted as
anachronistic legacies of herbivory past or of broken mutualistic
interactions (Bond & Silander, 2007; Kistler ez 4/, 2015; Galetti
etal., 2018).

One such possible legacy is the convergent evolution of cage
architectures in many plant lineages in New Zealand (Green-
wood & Atkinson, 1977). Cage architectures occur there in as
many as 80 eudicot and one conifer species from 20 families, rep-
resenting ¢. 13% of the indigenous woody flora (Maurin & Lusk,
2021). Although spinescence is the best-known type of structural
defence against vertebrate browsers (Hanley ez al., 2007; Charles-
Dominique et al, 2016), densely branched ‘cage’ architectures
with small widely separated leaves have also been shown to deter
browsing (Charles-Dominique ez 4/, 2017). Cage architectures
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in other regions are often accompanied by spinescence (Cav-
agnaro & Golluscio, 2017; Charles-Dominique ez 4/, 2017), but
most New Zealand cage-like plants are markedly nonspinescent,
and have historically been termed ‘divaricate’ or ‘divaricating’
plants (Greenwood & Atkinson, 1977; Fig. 1).

Nevertheless, the putative selective forces driving this celebrated
case of convergent evolution in the New Zealand flora has been the
subject of intense debate. Early botanists, noting its prominence in
the rain shadow of New Zealand’s Southern Alps, interpreted the
divaricate habit as an adaptation to cold, dry Plio-Pleistocene cli-
mates (Diels, 1896; Cockayne, 1912), a hypothesis developed fur-
ther by McGlone & Webb (1981). Greenwood & Atkinson
(1977) proposed an alternative hypothesis, that the divaricate habit
arose as a defence against now-extinct flightless avian browsers,
nine species of moa. Although experiments have since confirmed
that the divaricate habit can deter browsing by both avian and
ungulate herbivores (Bond ez al., 2004; Pollock ez al., 2007), there
is also experimental evidence that the small leaves of divaricate
plants help them cope with frost (Lusk ez 4/, 2018), and small
leaves in general reduce vulnerability to overheating during
drought (Yates et al, 2010). The climatic and moa-browsing
hypotheses are not mutually exclusive (Cooper ¢t al., 1993), and a
recent synthetic hypothesis proposes that cage architectures did
not become advantageous in New Zealand as an antibrowsing
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Fig. 1 Architectural comparison of seedlings of two New Zealand
congeners that frequently hybridise. The broadleaved Coprosma robusta is
on the left, and the divaricate Coprosma propinqua on the right.
Reproduced from Lusk et al. (2021), with permission from the publisher.

defence until climatic adversity restricted growth rates of young
trees and shrubs, preventing them from growing quickly out of
reach of ground-dwelling herbivores (Lusk ez /., 2016).

Cooper et al. (1993) suggested that phylogenetic dating of
divergences between New Zealand divaricate plants and their
non-divaricate relatives would help to distinguish between these
hypotheses. Fossils date moa presence in New Zealand to at least
16-19 million years ago (Ma) (Tennyson er al, 2010) and
genetic evidence suggest their volant ancestors arrived ¢. 60 Ma
(Phillips ez al, 2010), therefore, under the moa-browsing
hypothesis, one might expect the divaricate habit to date at least
as far back as the early Miocene age. The cold, dry climates pur-
ported to have favoured selection for the divaricate habit under
the climate hypothesis arose from the Plio-Pleistocene combina-
tion of global cooling (Hornibrook, 1992) and the uplift of the
Southern Alps (Batt ez al, 2000), therefore, under both the cli-
mate hypothesis and the synthetic browsing-climate hypothesis,
one might expect the divaricate habit to be at most ¢. 5 Ma old.
Dated phylogenies including divaricate species indicate ages from
<1 Ma to >20 Ma for such divergences (Maurin & Lusk, 2021),
but these studies did not necessarily sample the most closely
related pairs of extant non-divaricate and divaricate species, as it
was not their objective; the resulting phylogenies may therefore
overestimate the age of some divergences.

Here, we present the first study with the objective of dating the
origin of the divaricate habit in extant lineages of the New
Zealand flora. We propose a dated phylogeny of 215 species,
with an extensive sampling of divaricate New Zealand eudicots
(91%). It is based on DNA sequences of protein-coding plastid
genes extracted from complete or near-complete plastid genomes,
built under a maximum likelihood framework and calibrated
using 10 fossils and one secondary calibration.
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Materials and Methods

Sampling plan

We gathered a dataset of 215 complete or near-complete plastid
DNA sequences of eudicot species. This included 73 divaricate
species, representing 91% of the list of eudicot divaricate species
of New Zealand compiled in Maurin & Lusk (2021). We man-
aged to include 100% of the divaricate species from 21 out of the
23 eudicot genera with divaricate representatives of this list; 82%
of divaricate Coprosma species were included (Table 1, see Results
section). We aimed at including the most closely related non-
divaricate species as possible to each divaricate species we consid-
ered, based on morphological characters and previous phyloge-
netic studies. In total, 190 of the sequences we used were newly
generated for this study from herbarium specimens or newly col-
lected vouchered samples, while the others were sourced from
GenBank. Supporting Information Table S1 presents the sam-
pling plan with the relevant information regarding the specimens.

Gene flow between species that have only recently diverged
can complicate the estimation of their relatedness by way of plas-
tid DNA phylogenies, yet this issue can be circumvented for our
research question. Plastid introgression (or ‘capture’; Soltis &
Kuzoff, 1995) is likely to result in underestimates of divergence
ages in species-rich genera known for frequent interspecific
hybridisation, such as Coprosma, Olearia and Sophora (Allan,
1961; Wichman et al., 2002; Shepherd & Heenan, 2021); how-
ever, our dependence on single accessions of each species pre-
cludes the identification of potental occurrences of this
phenomenon. We circumvent this risk of underestimating the
age of the divaricate habit with a combination of two method-
ological elements: (1) within these potentially problematic gen-
era, we sampled allopatric species from different landmasses
around the Southern Hemisphere, between which gene flow is
very unlikely to have occurred; (2) we conservatively considered
the age of the most recent common ancestor (MRCA) of each of
these genera rather than the date of divergence between each
divaricate species and its nearest non-divaricate relative. How-
ever, our trees should not be considered reliable estimates of phy-
logeny at the species level in such groups.

Plastid DNA has important advantages in studies focused on
dating of divergences, rather than on detailed phylogenetic rela-
tionships. Firstly, it can be modelled as a haploid single nonre-
combining linkage (Nock ez al, 2011) that is generally
structurally conserved (Tonti-Filippini ¢t al., 2017) allowing the
alignment of long stretches of DNA and increasing the precision
of date estimates for relatively recent divergences through
increased sampling of sites. Secondly, coding regions of plastid
DNA can be unambiguously aligned across broad phylogenetic
sampling such as ours and suffer less than nuclear makers from
substitution saturation of variable regions.

DNA extraction
The DNA of the samples was extracted following one of two

methods:
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¢ Using a CTAB-based protocol (Doyle & Dickson, 1987) mod-
ified as in Smissen & Heenan (2007) to include a phenol : chlo-
roform extraction and recovery using spin columns (Zymo IIC;
Zymo Research, Orange County, CA, USA).
* Following the DNA tissue protocol of the Maxwell 16 instru-
ment (Promega, Madison, WI, USA) and further purified by
phenol : chloroform extraction and recovery in spin columns.
Detailed step-by-step protocols are available upon request.
The DNA concentration of the extracts was measured using the
Qubit dsDNA high-sensitivity assay (Thermo Fisher Scientific,
Waltham, MA, USA).

Library preparation and sequencing

Genomic DNA libraries were prepared following one of two
methods:

¢ Using [llumina Nextera DNA Library Prep kits (Illumina, San
Diego, CA, USA), following the manufacturer’s instructions (Refer-
ence Guide, #15027987 v01, January 2016) except that we halved
the quantities of reagents and the target amount of input DNA.

® Using Illumina TruSeq Nano DNA Library Prep kits, accord-
ing to the manufacturer’s instructions (Reference Guide,
#15041110 Rev. D, June 2015) again using halved reagent quan-
tities and target input DNA; genomic DNA was fragmented
using a Covaris ME220 Focused-ultrasonicator (Covaris,
Woburn, MA, USA; settings: 75 s duration — 40 W peak power —
25% duty factor — 50 cycles per burst).

The concentration and size range of libraries were measured
using a LabChip GX Touch HT instrument (PerkinElmer, Hop-
kinton, MA, USA). Libraries were enriched for plastid DNA
using a custom myBaits kit (Arbor Biosciences, Ann Arbor, MI,
USA) modified from Stull ez a/. (2013; baits provided in Dataset
S1) using the manufacturer’s instructions (v.3.02, July 2016 or
v.4.01, April 2018). Illumina HiSeq sequencing was carried out
by Otago Genomics Facility (Dunedin, New Zealand) using
paired-end 2 x 125 bp reads.

Plastid DNA assembly and annotation

Reads were first trimmed using TRIMMOMATIC v.0.38 software
(Bolger er al, 2014) with the following settings:
ILLUMINACLIP: [path/to/NexteraPE-PE.fa or TruSeq3-PE-
2.fa according to the library preparation method]:1:30:10
SLIDINGWINDOW:10:20 MINLEN:40. For each family we
included, a complete plastid genome as closely related as possible
to our samples was selected from GenBank as a reference against
which to map the reads of samples from that family. Then, in
each family, the best quality (i.e. best compromise between high-
est HQ%, lowest percentage of ambiguous bases and highest cov-
erage) resulting consensus sequence was selected and its reads
mapped against itself to create an assembly of improved quality.
Finally, the reads of the other members of the family were
mapped against this new improved consensus. Mappings were
performed with Bwa, using the Bwa-MEM algorithm (Li, 2013).
Sequence annotation was carried out as follows: (1) the
improved reference sequence for each family was aligned to the
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GenBank sequence initially used to map its reads using the
MAaFrT algorithm v.7.388 (Katoh et al., 2002; Katoh & Standley,
2013) plugin in GENEIOUS PRIME 2019.2.1; (2) the annotations
of the GenBank references were transferred to the improved ref-
erences and manually checked; (3) the other sequences of each
family were aligned to their corresponding improved references,
again with MAFFT within GENEIOUS PRIME, and annotations trans-
ferred across and manually checked.

After making test phylogenies of the resulting sequences, unex-
pected relationships within the genus Coprosma led us to investi-
gate these sequences more deeply. Consensus sequences
generated from mapped reads for many of these samples had a
high level of ambiguous sites. It appeared that many of these
ambiguous sites were the result of pseudogene sequences, in that
they contained frame-shift mutations and substitutions leading to
inferred stop codons in coding regions. Nonfunctional nuclear or
mitochondrial DNAs resulting from gene transfer from the plas-
tid genome are both well documented (Cummings et al., 2003;
Goremykin ez al., 2009; Zhang ez al., 2020), although we are not
aware of other reports of them impacting assemblies of massively
parallel sequence data. Because mitochondrial genomes occur in
plant cells at much higher copy number than nuclear genomes,
they are likely to be the source of the pseudogenes in our
Coprosma data, but proliferation of a plastid-derived sequence or
sequences within the nuclear genome cannot be excluded. To
minimise this issue, we mapped these reads against the GenBank
sequence of  Anthospermum  spathulatum  (accession no.
KY378687), a plastid sequence missing one copy of the inverted
repeat region, with custom mapping parameters in GENEIOUS
PRIME (available upon request to the authors). Despite many tri-
als with different sets of mapping parameters, we could not
obtain genomes of good and consistent quality over their entire
sequences; the compromise we found allowed us to obtain
protein-coding sequences of good quality, but the intergenic por-
tions of genome were of very bad quality. As a result, the Rubi-
aceae sequences could not be deposited on GenBank: they are
instead provided in a Geneious file as Dataset S6.

Data partitioning

We used 45 protein-coding sequences from the long and short
single-copy regions. They were aligned in GENEIOUS PRIME using
the MAFFT plugin, and the alignment manually checked. We par-
titioned this alignment into 1+ 2" codon position on the one
hand and 3™ codon position on the other hand. Sites containing
at least one unresolved base were removed before conducting the
phylogenetic analyses described below, resulting in a final align-
ment of 31 248 sites.

Reconstruction and dating of the phylogeny

We reconstructed the phylogeny of our samples with RAXML
v.8.2.12 (Stamatakis, 2014), run on CIPRES (Miller et al.,
2010), following the guide by Maurin (2020). The search for the
best ML tree was conducted with the following settings: 10 ran-
dom alternative starting trees, 1000 bootstrap (BS) replicates,
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GTRGAMMA model, and fixing the sequence of Ranunculus
sceleratus (Ranunculales) as an outgroup to the rest of the Eudi-
cots. From this best ML tree, we generated 1000 BS replicates to
produce a dated phylogeny with a 95% confidence interval (CI)
on the age at the nodes using TREEPL (Smith & O’Meara, 2012),
again following the guide by Maurin (2020). To calibrate the
tree, we used 10 fossils assigned to internal nodes (all outside our
study clades) and one secondary calibration for the root of the
tree. Our calibration strategy was based on strategies designed for
recently published dated phylogenies of angiosperms (Magallén
etal., 2015; Li er al., 2019), and is explained in Methods S1. The
PryLip alignment used in RAXML and its associated partitioning
file are provided as Datasets S2 and S3, respectively, while the
TREEPL configuration file built is provided as Dataset S4.

This TREEPL phylogeny was compared with a phylogeny built
under Bayesian inference. We used BEaST 2.6.2 software (Bouck-
aert et al., 2019) with the following settings: Birth-Death model
(Gernhard, 2008), BMODELTEST (Bouckaert & Drummond,
2017) and relaxed clock with rates drawn from a lognormal dis-
tribution (Drummond et /., 2006) for each partition. We com-
bined the results of three chains started from different seeds,
which we sampled once every 50k generations and ran until their
combination resulted in effective sampling size >200 for all
parameters, which required chains of 520.6-597.8 M genera-
tions. We calibrated the same nodes as for the TREEPL-built phy-
logeny, and provide details about the calibration strategy in
Methods S1. The XML file used for in BEeasT2 is provided as
Dataset S5.

Finally, the resulting trees were first formatted in FIGTREE
v.1.4.4 (Rambaut, 2018) then refined in INKSCAPE v.0.92.3. The
TREEPL and BEeasT2 files used for the phylogenetic analyses are
provided, ‘see Data availability section’.

Results

Congruence between our TrReePL phylogeny and prior
knowledge

The maximum likelihood and Bayesian inference approaches
produced virtually the same result, in terms both of topology and
dates (Figs S1, S2, respectively). Both these phylogenies led to the
same conclusions regarding our research question; we chose to
focus our discussion on the TREEPL results only.

The dated phylogeny we built with TREEPL is robust to the
choice of parameters. Even though this analysis used the best
optimisation and smoothing parameters suggested by TREEPL, we
tested other sensible values: they resulted in trees that had similar
dates as the tree built from the best parameters. The differences
in values (107'-10° order of magnitude) do not impinge on our
conclusions, as the great majority of divergence dates between
divaricate clades and their non-divaricate sister groups remained
<5 Ma regardless of choice of parameters. The variation in dates
observed can at least partly be attributed to stochasticity of the
TREEPL dating process (Maurin, 2020a).

The topology of our TREEPL phylogeny from the root to the
crown of the families is consistent with current ideas about the
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Table 1 Maximum estimated ages of the divergences between divaricate
and non-divaricate species for each genus represented in our phylogeny.

Older Cl bound
of divaricate/
non-divaricate

Proportion of
divaricate species

Genus sampled MRCA (Ma)
Raukaua (Araliaceae) 1/1 (100%) 0.0
Myrsine (Primulaceae) 1/1 (100%) 0.1
Discaria (Rhamnaceae) 1/1 (100%) 0.2
Hoheria (Malvaceae) 2/2 (100%) 0.3
Corokia (Argophyllaceae) 1/1 (100%) 0.5
Pennantia (Pennantiaceae) 1/1 (100%) 0.6
Sophora (Fabaceae) 2/2 (100%) 0.6
Streblus (Moraceae) 1/1 (100%) 0.7
Aristotelia (Elaeocarpaceae) 1/1 (100%) 0.9
Lophomyrtus (Myrtaceae) 1/1 (100%) 1.8
Melicope (Rutaceae) 1/1 (100%) 1.8
Plagianthus (Malvaceae) 2/2 (100%) 1.8
Melicytus (Violaceae) 6/6(100%) 2.0
Pittosporum (Pittosporaceae) 7/7 (100%) 2.2
Olearia (Asteraceae) 9/9 (100%) 2.4
Elaeocarpus (Elaeocarpaceae) 1/1 (100%) 3.1
Muehlenbeckia (Polygonaceae) 3/3 (100%) 4.1
Carpodetus (Rousseaceae) 1/1 (100%) 4.6
Coprosma (Rubiaceae) 28/34 (82%) 4.9
Teucrium (Lamiaceae) 1/1 (100%) 7.8
Neomyrtus (Myrtaceae) 1/1 (100%) 10.9
Rhabdothamnus (Gesneriaceae) 1/1 (100%) 20.6

In a genus, this age is taken as the older confidence interval (Cl) bound of
the age of the most recent common ancestor (MRCA) of divaricate species
or clades and their non-divaricate sisters. Genera are ordered by increasing
age. Also provided is the proportion of divaricate species of each genus
(according to the list compiled by Maurin & Lusk, 2021) that we sampled.
Ma, million years ago.

relationships among the corresponding clades (APG 1V, 2016;
Stevens, 2017; Fig. 2). This backbone has a BS support of > 94%,
with all nodes but two having BS support of 100%. Furthermore,
the great majority of genera are monophyletic with BS support of
100%, the exceptions being a few genera of doubtful or con-
tentious monophyly, as suggested by previous studies of those
groups (e.g. Coprosma, Cantley er al., 2016 and Teucrium, Sal-
maki ez al., 2016). Finally, the relationships among species within
genera are also consistent with previous work (except for
Muehlenbeckia, see next paragraph), some based on plastid DNA
(Maurin, 2020b for Pennantia, Maurin & Smissen, 2021 for
Corokia); others on nuclear ribosomal markers (e.g. Gardner
et al., 2021 for Streblus; Mitchell ez al., 2009 for Melicytus; Appel-
hans ez al., 2014 for Melicope) or based on morphological charac-
ters (e.g. Aagesen, 1999 for Discaria).

Our estimated ages of orders and more inclusive clades are
largely consistent with previous knowledge (Stevens, 2017). Simi-
larly, our age estimates of family and genus crowns and/or stems
are consistent with previous studies with comparable taxon sam-
pling and dating methods but various sets of DNA markers
(Heenan & McGlone, 2019). There are two notable exceptions
however: the split between Coprosma moorei and the clade com-
posed of Nertera and the rest of Coprosma, and the crown age of
Muehlenbeckia. Our date is significantly younger than that of
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Fig. 2 TreePL phylogeny (Supporting Information Fig. S1) with nodes collapsed at the family level. In bold italics are the 19 eudicot families containing
divaricate species. Mean node ages and 95% confidence intervals on node ages (also represented by blue bars) are displayed at the corresponding nodes.
Names of orders and more inclusive clades are indicated at the crown node of said ranks.

Cantley er al. (2016) for Coprosma, most probably because their
calibration was conservatively old but also perhaps because of our
much-increased sampling of nucleotides. Schuster ez 4l (2013)
provided an age range of 14.2-33.5 Ma for the crown age of
Muehlenbeckia based on an analysis of plastid and nuclear riboso-
mal DNA, with their tree showing a relatively early divergence of
M. astonii within Muehlenbeckia as well as a topology inconsistent
with our tree. However, some of the Muehlenbeckia nrDNA
sequences used in Schuster e al. (2013) were replaced without
comment with more recent sequences in Schuster et al. (2015)
and we note that in both cases cloning of PCR products was used
to generate sequences. It is possible that a mixture including par-
alogous sequences or pseudogenes were analysed in Schuster ez al.

(2013).
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Divergence time between divaricate species and their
closest non-divaricate relatives

The older CI bound of the age of the >90% BS-supported
MRCA of a divaricate species (or clade) and its closest non-
divaricate sister is <5 Ma in all but three cases (Table 1). In cases
of genera with numerous species whose relationships are not well
supported or when there is reason to believe that plastid phyloge-
nies may be poor reflections of species phylogenies (e.g.
Coprosma, Olearia, Sophora), we conservatively considered the
MRCA of the entire genus. For Coprosma, C.moorei was
excluded because phylogenetic evidence suggests that it should be
excluded from that genus (Cantley er al, 2016; this study).
Figs S1 and S2 show which nodes we decided to examine under
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these rules. Because our discussion about the evolution of divari-
cate habit in New Zealand is centred around whether or not the
divaricate habit proliferated within the last ¢. 5Ma, we consid-
ered the older CI bounds of these ages instead of the mean esti-
mated ages, to ensure a conservative treatment of the question.
The only three cases for which older dates are suggested are 7eu-
crium, Neomyrtus and Rhabdothamnus. Neomyrtus and Rbab-
dothamnus are both monospecific; even if we sampled their
closest extant non-divaricate relatives, it is likely that extinctions
of closer non-divaricate relatives have occurred. For Neomyrtus,
phylogenies of nuclear internal transcribed spacer sequences sug-
gest that the monotypic New Caledonian endemic genus Myrias-
trum, for which limited plastid DNA sequence is available, is a
closer relative than any taxon we sampled (Smissen ez a/., 2021).
The difference for Teucrium may not be significant: the place-
ment of 7. parvifolium is only supported by a BS value of 73; a
better resolved and more thoroughly sampled phylogeny based
on similar genetic markers and dating approach to ours may find
a younger MRCA of T. parvifolium and a non-divaricate relative.

Discussion

The divergence dates we obtained indicate a proliferation of the
divaricate habit in New Zealand within the last 5 Ma (Table 1;
Fig. 3). The only three species associated with divergences older
than 5 Ma (7. parvifolium, Neomyrtus pedunculata, Rhabdotham-
nus solandri) have only weakly developed cage architectures and
were described by Greenwood & Atkinson (1977) as ‘semidivari-
cate’. By contrast, divergences that gave rise to highly developed
cage architectures occurred exclusively after this date. This
Plio-Pleistocene concentration of divergences implicates climatic

Genetic evidence of
potential moa presence

Research™5

adversity as, at least partly, responsible for the evolution of the
divaricate habit in many New Zealand lineages. The combined
effects of the rise of the Southern Alps (Batt ez al, 2000) and
global cooling (Hornibrook, 1992) created new frosty and
droughty environments in New Zealand during the last 5 Ma,
especially in the eastern South Island (Fig. 3).

Our results are difficult to reconcile with an explanation of
divaricate evolution based solely on avian browsing (Greenwood
& Atkinson, 1977). Fossil evidence indicates that moa were pre-
sent in New Zealand at least 16 Ma (Tennyson et al., 2010), and
the date of divergence of moa from their closest extant relatives
(South American tinamous) has been estimated at ¢. 60 Ma
(Phillips ez al, 2010; Fig. 3). If moa browsing alone had driven
the development of the divaricate habit, we might therefore
expect to find highly developed cage architectures associated with
many divergences before 5Ma and possibly whole clades of
species showing cage architectures, as seen in the Miocene prolif-
eration of spinescence in Africa, coincident with the rise of bovids
(Charles-Dominique et a/., 2016).

Although it is possible that Neogene plant extinctions have
obscured evidence of earlier proliferation of cage architectures in
New Zealand, overall the plant fossil record is not consistent with
this scenario. The New Zealand flora in general has undergone
massive turnover since the mid-Miocene age, with an estimated
89% of the extant vascular plant species of New Zealand origi-
nating within the last 15Ma (Heenan & McGlone, 2019; see
also Wallis & Jorge, 2018). Large moa were present at least as
carly as 16 Ma (Tennyson er al, 2010; Fig. 3), and probably
much earlier (Phillips ez a/, 2010). Earlier divaricate lineages
might conceivably have been present during the Miocene, only to
have died out and been replaced by new lineages that

Fossil evidence of moa
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Fig. 3 Log time-scale plot of the maximum estimated ages of the divergences between divaricate and non-divaricate species (Table 1). The selective
pressures purported to have favoured the evolution of the divaricate habit in New Zealand (NZ) and landmarks in its geological history are also shown.
Although the NZ biota has in the past been regarded as a Gondwanan legacy, molecular clock dating studies have shown that the vast majority of extant
angiosperm lineages arrived by trans-oceanic dispersal during the Cenozoic era (Heenan & McGlone, 2019). Similarly, moa are now believed to have
evolved from volant ancestors that arrived by long-distance dispersal (Phillips et al., 2010). Although the extent of the NZ landmass was greatly reduced
during the Oligocene period (Mildenhall et al., 2014), fossil and genetic evidence suggests that this marine transgression has had little effect on the

formation of the extant flora (Heenan & McGlone, 2019). Myr, million years.
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independently evolved the divaricate habit anew in response to
moa browsing. According to this scenario, the cold and dry cli-
mates arising since 5 Ma would not have been critical for the local
evolution of cage architectures. A macrofossil of a divaricate-like
plant with nanophyll leaves has been reported from the early
Miocene age of New Zealand (Campbell ¢z 2/, 2000), although
the equivalence of this plant with contemporary divaricate plants
is by no means certain. More conclusively, the typical leaf class
sizes of extant divaricate species (nanophylls and leptophylls,
sensu Wolfe, 1993) make up only 1.5% of New Zealand macro-
fossil assemblages from the warmer climates of the early to mid-
Miocene (Reichgelt ez al., 2017). This palacobotanical evidence
seems telling, as small leaves are normally an integral part of con-
temporary cage architectures in other regions (McQueen, 2000;
Bond & Silander, 2007; Charles-Dominique ez a/., 2017). Cage
architectures are therefore unlikely to have been widespread in
early to mid-Miocene New Zealand. Although Pole & Moore
(2011) reported fossil leaves very similar to those of the extant
New Zealand divaricate Myrsine divaricata from near the end of
the Miocene (6.5-6.0 Ma), by that time global temperatures had
cooled considerably.

Although our chronology of divergences (Table 1; Fig. 3) is
compatible with an explanation based solely on climate (Diels,
1896; McGlone & Webb, 1981), other studies have implicated
browsing in the evolution of cage architectures. Experiments have
shown New Zealand divaricate plants to be less attractive to both
avian and ungulate browsers than larger leaved, more sparsely-
branched relatives (Pollock ez al., 2007; Lusk et al., 2021), as also
seen with cage architectures in southern Africa (Charles-
Dominique ez al, 2017). These studies indicated a selective
advantage of the divaricate habit and of cage architecture, in gen-
eral, in deterring browsers.

The sum of evidence from this and previous research is there-
fore best explained by the synthetic hypothesis that cage architec-
tures were not strongly selected in New Zealand until cold, dry
Plio-Pleistocene climates prevented juvenile trees from growing
quickly out of the browse zone (Lusk ez 4/, 2016). This hypothe-
sis is consistent with the abundance of cage architectures in other
regions where plant growth is restricted by aridity or short frost-
free periods, such as Patagonian steppe (McQueen, 2000),
African savannas (Charles-Dominique et al., 2017), and Mada-
gascan thickets (Bond & Silander, 2007). It is also consistent
with the low incidence of spinescence (a more well known struc-
tural defence) in moist tropical forests (Charles-Dominique ez 4/,
2016; da Silva-Luz et al., 2019), where juvenile pioneer trees can
rapidly escape from ground-based browsers by growing several
metres in height per year beneath treefall gaps (Brokaw, 1987).
As well as reconciling the two competing explanations of the
divaricate habit in New Zealand, this study therefore adds to evi-
dence that climate modulates the adaptive value of structural
defences against browsing, worldwide. The especially high inci-
dence of spinescence in fertile savannas (Scholes, 1990), and of
cage architectures on alluvial soils in New Zealand (Lusk ez 4/,
2020), suggest that a selection for structural defences is strongest
when high nutrient availability coincides with strong climatic
constraints on plant growth rates (Lusk ez al., 2016).
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