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ARTICLE INFO ABSTRACT
Editor: H. Falcon-Lang Deep-marine sedimentary records provide a unique opportunity to investigate long-term vegetation changes
in response to climate through pollen analysis. In contrast to pollen records from terrestrial sites which
Dataset link: https://doi.org/10.5281/zenodo.1 capture a local vegetation signature, deep-marine records typically capture a regional vegetation signature,
6623457 with pollen often taking long and complex transport pathways before depositing on the seafloor. To use
Keywords: deep-marine pollen records to their full potential, we need to understand how pollen is reaching deep-marine
Palynology sites and whether different transport processes (i.e. ocean currents or gravity flows) impact or bias the final
Palaeovegetation palaeovegetation record. We compare three deep-marine pollen records from offshore eastern Aotearoa-New
Ealiﬁg?limate Zealand from different depths, proximities from land, and sedimentary settings to understand whether these
‘urbidites

different factors influence the final palaeovegetation records. We focus on the glacial-interglacial transitions
from Marine Isotope Stages 6-5 and 2-1, and present a new 135 ka pollen record from the turbidite-dominated
sediment core IODP-U1520D. We find that pollen assemblages in the three cores show consistent changes
over glacial-interglacial cycles, with pollen assemblages showing greater similarities in interglacial periods
and varying during glacial periods. The general consistency in pollen assemblages is surprising given the
vastly different nature of the three sediment cores and shows that deep-marine records, including fine-grained
turbidite-dominated records from active margins, can yield reliable palaeovegetation records.

Aotearoa-New Zealand
I0DP

1. Introduction glacial-interglacial cycles (Hooghiemstra, 2023). After the discovery
that pollen accumulates alongside sediments in deep-marine basins,

Deep-marine sedimentary records provide an opportunity to cre- many long pollen records have been created globally, showing how veg-
ate long, continuous, and reliably dated records of past vegetation etation has responded to large-scale changes in climate (Hooghiemstra
by analysing the pollen archived in the sedi‘m?nts (DHPOI}L 1999; et al, 1992; Lyle et al.,, 2001; Heusser et al., 2006; Igarashi and
Sanchez-Gonii et al., 2018). Globally, there arc.3 11m1.ted terreﬁtrlal pol%en Oba, 2006; Gonzalez et al., 2008; Dupont, 2011; Sanchez-Gofii et al.,
records that extend further than the previous interglacial (Marine 2016, 2018). In Aotearoa-New Zealand, there are just a handful of

Isotope Stage 5e), due to continents being a mostly erosive surface, . )
with limited basins where sediment can accumulate to cover multiple continuous (Newnham, 1992; Shulmeister et al., 2001; Vandergoes
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et al.,, 2005; Alloway et al., 2007; Newnham et al., 2007a,b) and
discontinuous (McGlone and Topping, 1983; McGlone et al., 1984;
Mildenhall, 1995; Newnham and Alloway, 2004; Vandergoes et al.,
2013; Newnham et al., 2017; Piva et al., 2023) vegetation records from
terrestrial sediment cores that extend through, and beyond, the most re-
cent glacial period (Newnham et al., 1999; Alloway et al., 2007; Barrell
et al., 2013). Of the few terrestrial records from Aotearoa-New Zealand
that span older glacial-interglacial cycles, age control is often lim-
ited (Newnham et al., 1999) due to the 55 ka maximum of radiocarbon
dating (Guilderson et al., 2005; Heaton et al., 2020; Li et al., 2021). In
contrast, marine sediments can be dated beyond the radiocarbon dating
limit by comparing the stable isotope §'30 from benthic foraminifera
to global benthic stacks (Lisiecki and Raymo, 2005), providing an
understanding of how vegetation has responded to changes in climate
in deeper time (Hooghiemstra et al., 1992; Heusser and Van de Geer,
1994; Kershaw et al., 2003; Mildenhall et al., 2004; Kershaw and Kaars,
2006; Dupont, 2011; Sanchez-Goni et al., 2016). While deep-marine
sediment cores offer clear advantages for reconstructing past vegetation
over multiple glacial-interglacial cycles, interpreting the pollen record
is often more complex than for terrestrial records (Hooghiemstra et al.,
1992; Dupont, 1999; Sanchez-Goni et al., 2018). In terrestrial records,
such as lakes, the source-to-sink path for pollen is relatively straight-
forward as it is typically sourced from local vegetation adjacent to the
site, whereas deep-marine pollen records reflect regional vegetation
patterns, as pollen may travel from various hinterland sources before
being deposited in the deep ocean (Hooghiemstra et al., 1992; Heusser
and Van de Geer, 1994; Mildenhall, 2003; Mildenhall et al., 2004;
Dupont, 2011; Sanchez-Goiii et al., 2018). It typically takes pollen
longer to reach deep-marine sites, with the potential to be reworked
multiple times along transport pathways, which may include a com-
bination of wind (Mildenhall, 1976; Scott and van Zinderen Barker
Sr, 1985; Zwier et al., 2022), water (Zhu et al., 2003; Moss et al.,
2005; Ryan et al., 2016), and gravity flow transport (McArthur et al.,
2017; Vieira and Jolley, 2020; Jolley et al., 2022; McDonald et al.,
2024). The long and complex transport pathways that pollen follows to
reach a deep-marine site also introduce taphonomic biases into marine
pollen records, as certain taxa may be preferentially transported by
wind and water (Mildenhall, 1976; Heusser and Balsam, 1977; Holmes,
1990; Montade et al.,, 2011; McGann, 2018). To use deep-marine
pollen records to their full potential to reconstruct vegetation over
multiple glacial-interglacial cycles, we need to thoroughly understand
how different pollen transport pathways and processes could impact
deep-marine pollen records and interpretations of past vegetation.

Here we investigate the complexities of pollen transport and depo-
sition in both proximal and distal deep-marine settings by comparing
three deep-marine pollen records from different marine sedimentary
settings from offshore eastern Aotearoa-New Zealand: P69/Marion
Dufresne(MD)97-2121 (McGlone, 2001; Carter and Manighetti, 2006)
positioned on the continental slope, dominated by fine-grained sed-
imentation; International Ocean Discovery Program (IODP)U1520D
(Barnes et al., 2019) positioned in a deep-marine trough dominated by
turbidite sediments; and Ocean Drilling Program (ODP)1123B (Carter
et al.,, 1999; Mildenhall et al., 2004), a distal core >1000 km off-
shore, dominated by carbonate ooze (Fig. 1). We integrate pollen
records from these three sites to determine the relative importance
of differences in ocean currents, sedimentary processes, and distance
from pollen sources in influencing the palaeovegetation records pre-
served across these different marine settings. We have targeted the
two most recent glacial-interglacial cycles, primarily focusing on the
glacials Marine Isotope Stage (MIS) 6 and 2 and the interglacials
MIS 5e and 1, because this is a time when global climate under-
went major changes which influenced the vegetation in Aotearoa-New
Zealand, which are documented in terrestrial pollen records, albeit frag-
mented (McGlone and Topping, 1983; McGlone et al., 1984; Newnham,
1992; Mildenhall, 1995; Shulmeister et al., 2001; Newnham and Al-
loway, 2004; Vandergoes et al., 2005; Alloway et al., 2007; Newnham
et al., 2007a,b, 2013).
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The location of the three sediment cores off the east coast of
Aotearoa-New Zealand means that pollen and sediment contributing
to the records were likely sourced from both Te Waipounamu-South
Island and/or Te Ika-a-Maui-North Island (Fig. 1; McGlone, 2001;
Mildenhall, 2003; Mildenhall et al., 2004; Orpin, 2004; Parra et al.,
2012; Hayward et al., 2022; Underwood, 2022; Woodhouse et al.,
2024). The modern North and South Island of Aotearoa-New Zealand
exhibit a diverse range of vegetation communities, spanning native
communities (i.e. podocarp-hardwood forests, beech forests, shrub-
lands, and grassland; Wardle and P, 1991; Walker et al., 2006) to
introduced forests (i.e. Pinus radiata; Wilmshurst, 1997; Elliot et al.,
2003; Star, 2008). Terrestrial pollen records indicate that before human
arrival in Aotearoa-New Zealand (~1250 AD, Wilmshurst et al., 2008),
the vegetation during interglacial periods was predominantly composed
of podocarp-hardwood forests, with some beech forest at higher el-
evations (~800-1300 m; Newnham and Lowe, 2000; Alloway et al.,
2007; Barrell et al., 2013; Schindler et al., 2021). In glacial periods,
shrub and grass communities expanded to cover much of the central
North Island and northern South Island as the cooler temperatures
caused podocarp-hardwood communities to contract (McGlone, 1985;
McGlone et al., 2010; Newnham et al., 2013; Wood et al., 2017). In
glacial periods, continuous forest was predominantly present north of
36°S (Alloway et al.,, 2007; Newnham et al., 2013). Consequently,
pollen records offshore eastern Aotearoa-New Zealand are expected to
preserve a vegetation shift from higher proportions of podocarps and
hardwoods in interglacials, which are then replaced by beech, small
trees and shrubs, and herbs and grasses during glacials. Terrestrial
records, such as those from Kaipo Bog (Newnham and Lowe, 2000)
or Repongaere Swamp (Wilmshurst et al., 1999), provide valuable
insights, but primarily reflect vegetation changes local to those sites
and do not extend to the Last Glacial Maximum (LGM; Fig. 1). In
contrast, deep-marine records reflect regional vegetation changes, re-
quiring consideration of the long-distance transport mechanisms and
potential transport pathways of different pollen types when interpreting
past vegetation. For example, many of Aotearoa-New Zealand’s native
conifers, such as Prumnopitys and Podocarpus are saccate,' making them
buoyant and allowing them to be transported long distances in both wa-
ter and air (Heusser and Balsam, 1977; Holmes, 1990; Tomlinson, 1994;
Mildenhall, 2003; Montade et al., 2011; McGann, 2018). The beech
pollen taxa Fuscospora sp. is not saccate, but despite this demonstrates
superior wind transport ability, as evidenced by its high percentages
in terrestrial cores from the Chatham Islands, transported over 1000
km from mainland Aotearoa-New Zealand via the dominant westerly
winds (Fig. 1; Dodson, 1976; Mildenhall, 1976; Holt et al., 2010). In
contrast, many small trees, shrubs, herbs, and grass pollen are either
not as robust (thinner walls than robust fern spores like Cyathea) or
are not as efficient at being transported in wind or water for long
distances (Wilmshurst et al., 1999; McGlone, 2001). However, this
pattern does not apply to all pollen taxa within these groups, with
the shrub Coprosma, for example, producing large quantities of well-
dispersed pollen that is typically well represented in marine pollen
records (Heusser and Van de Geer, 1994; Mildenhall, 2003; Ryan et al.,
2012). Despite these differences in pollen transport abilities, studies
from Aotearoa-New Zealand comparing terrestrial and marine pollen
records have found that the changes in pollen assemblages between
glacial and interglacial periods are broadly similar between the onshore
and offshore records (Wilmshurst et al., 1999; McGlone, 2001; Ryan
et al.,, 2012). This raises the question of whether this relationship
holds true for marine pollen records with greater distances from shore,
variable depths, and different sedimentary depositional settings.

1 Saccate pollen have sacs that are commonly filled with air making them
buoyant and ‘non-wettable’.
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Fig. 1. The east coast of Aotearoa-New Zealand with the locations of sediment cores P69/MD97-2121, IODP-U1520D and ODP-1123B. Shaded areas are surface

and deep water ocean currents as in Chiswell et al. (2015).

1.1. Pollen transport pathways to the marine environment in eastern
Aotearoa-New Zealand

To explore biases in marine pollen records from eastern Aotearoa-
New Zealand, a thorough understanding of the potential pollen trans-
port pathways to the deep ocean is essential. Pollen likely reaches
the marine environment through wind (Mildenhall, 1976) or river
transport (Mildenhall and Orpin, 2010) and could potentially be-
come trapped in on-land intermediate sedimentary reservoirs (i.e. river
banks) during the transport process. As a result of the mountainous
landscape formed by the Pacific-Australian tectonic plate boundary, a
drainage divide (Fig. 1) exists between the east and west of Aotearoa-
New Zealand, with approximately twice as many large rivers flowing
to the eastern coast (17 rivers with Strahler Order >6 east of the
divide, compared to 9 to the west; Barrell et al., 2013; Abell et al.,
2023; National Institute of Water and Atmospheric Research (NIWA),
2025). Many large rivers (Strahler Order >7) draining the east coast
of the North Island feed into the Hawke’s Bay, with the Waiapu and
Waipaoa Rivers further north, jointly transporting 35 MT/y of sus-
pended sediment to the coastal zone, accounting for 24% of Aotearoa-
New Zealand’s total suspended sediment load (Orpin, 2004; Hicks
et al.,, 2011). Additionally, where many of these large rivers meet the
ocean, there are estuaries and coastal lagoons (>30 to the east of the
North Island divide), which act as effective traps for fine sediment and
potentially pollen (Hume and Herdendorf, 1988; Hume et al., 2007;
Plew et al., 2018).

Once pollen enters the marine environment, it is likely influenced
by both surface (<200 mbsl), intermediate (200-1200 mbsl) and deep
ocean (>2000 mbsl) currents that flow in various directions (Fig. 1).
Close to the east coast of the North Island, the surface Wairarapa
Coastal Current (WCC) flows northward, and further offshore, the
East Cape Current (ECC), transporting Subtropical Water (STW), flows
southward (Fig. 1; Chiswell et al., 2015; Stevens et al., 2021). Once
the ECC hits the Chatham Rise, it is diverted to the east and forms
two large eddies, namely the Wairarapa Eddy and the Rekohu Eddy
(Fig. 1; Chiswell, 2005). At intermediate depths, Antarctic Intermediate
Water (AAIW) flows in the same direction as the STW surface cur-
rents (Bostock et al., 2013; Chiswell et al., 2015). Around 3000 mbsl,
the Deep Western Boundary Current (DWBC) flows westward along the
northern edge of the Chatham Rise, and then northward along the slope
break of northern Aotearoa-New Zealand (Fig. 1; Chiswell et al., 2015).
Pollen could be transported and influenced by these ocean currents
that flow in all directions at any time in its descent to the seafloor,
making it complicated to pinpoint the source of pollen in a marine
record (Fig. 1). Once pollen has settled on the seafloor, it can be further
reworked and transported by contour currents, forming large sediment
drifts including the North Chatham Drift formed by the DWBC (Carter
and McCave, 1997; McCave and Carter, 1997; Hall et al., 2002; Bostock
et al.,, 2019) and various drifts along the east coasts continental shelf
and slope formed by the ECC and the WCC (Fig. 1; Bailey et al., 2021).

On tectonically active convergent margins, such as the Hikurangi
Subduction Margin, another way that pollen can reach the deep ocean
is through transport in gravity flows (Talling et al., 2012, 2013, 2022;
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Table 1
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Sediment core details for P69/MD97-2121, IODP-U1520D, and ODP-1123B, along with the number and depth range of pollen samples used in this study (Stewart

and Neall, 1984; Beaufort et al., 1997; Barnes et al., 2019; Saffer et al., 2019).

Sediment core Latitude, longitude Water depth

Core length  Depth range of pollen samples

Number of Pollen data presented in

name (mbsl) (m) (mbsf) pollen samples

P69 —40.3833, 177.9967 2195 6.63 0.05-6.45 26 McGlone (2001)

MD97-2121 —40.3822, 177.9947 2314 34.92 25.04-34.9 20 GNS Science (2024) counted by D.C.
Mildenhall

10DP-U1520D —38.9691, 179.1317 3520 515.8 0.74-96.78, 122.04-144.41 36 This paper

ODP-1123B —41.7860, —171.4990 3290 488.66 1-8.9 7 Mildenhall et al. (2004)

McDonald et al., 2024). The Hikurangi Margin (Lewis and Pettinga,
1993; Wallace et al., 2009) runs along the east coast of northern
Aotearoa-New Zealand and consists of a network of canyons that
incise the continental shelf, including the Kaikoura Canyon (Lewis
and Barnes, 1999; Mountjoy et al., 2018) and the Mahia Canyon
(Fig. 1; Pedley et al., 2010; Shorrock et al., 2025). Sediment is trans-
ported in these canyons via gravity flows including turbidity currents,
debris flows, and landslides which can be triggered by numerous mech-
anisms including tectonic events such as earthquake shaking (Piper
and Normark, 2009; Pouderoux et al., 2012b; Mountjoy et al., 2018;
Howarth et al.,, 2021), or storm events (Piper and Normark, 2009;
Pouderoux et al., 2012a; Clare et al., 2016). When turbidity currents
exit the canyons, they can continue to debouch into deep water chan-
nels, including the Hikurangi Channel, until they lose momentum and
deposit their sediment either within the channel or on the overbank
lateral to the channel via overspill (Fig. 1; Lewis and Pantin, 2002;
Tek et al., 2022; Shorrock et al., 2025). McDonald et al. (2024) found
that in recent (<150 years) Hikurangi Margin turbidites, pollen and
spores reached concentrations as high as 10,000 grains/g, showing that
significant amounts of pollen are transported to the deep ocean by
turbidity currents along active margins to distances of at least 670 km
down axial channels like the Hikurangi Channel.

2. Methodology
2.1. P69/MD97-2121

The P69/MD97-2121 record combines pollen records from two
adjacent sediment cores: P69 (McGlone, 2001) and MD97-2121 (GNS
Science, 2024; Figs. 1 and 2; Table 1). We combine these pollen records
due to the proximity of the core sites (~200 m apart) and because
core MD97-2121 extends the P69 record (Figs. 1 and 2; Table 1). The
core sites for P69 and MD97-2121 are located ~100 km southeast of
the Wairarapa Coast and were retrieved from 2195 and 2314 mbsl,
respectively (Figs. 1 and 2; Table 1). The cores are positioned within a
Hawke Bay slope basin, where initial core logging found no evidence of
turbidites and the sediment was interpreted to be hemipelagic (Figs. 1
and 2; Stewart and Neall, 1984; Carter and Manighetti, 2006). Core
P69 is 6.45 m long and is composed of silt and clay, with laminae
of silty-sandy reworked tephra from the Taupo Volcanic Zone (Figs. 1
and 2; Stewart and Neall, 1984; Nelson et al., 2000; McGlone, 2001).
Following the age model used in McGlone (2001), the P69 record
extends to the MIS2 glacial at 25.6 ka (Fig. 2; Table 1; Stewart and
Neall, 1984). The pollen record for the P69 sediment core (McGlone,
2001) is comprised of 26 samples which cover the entire length of the
core (Table 1).

Core MD97-2121 (Beaufort et al., 1997) is 34.92 m long and consists
of similar lithofacies types as P69, which was originally interpreted as
hemipelagites and reworked tephras (Fig. 2; Carter et al., 2002; Carter
and Manighetti, 2006; Alloway et al., 2007). The base of MD97-2121
is dated at 135 ka, near the end of the glacial MIS6 (Fig. 2; Carter and
Manighetti, 2006; Pahnke and Sachs, 2006; Anderson et al., 2020). The
MD97-2121 pollen record is comprised of 20 pollen samples from the
lower 9.8 m of the core, with unpublished raw pollen counts retrieved
from the Institute of Geological and Nuclear Sciences (GNS Science)
Fossil Record Electronic Database (FRED; Table 1; GNS Science, 2024).

2.2. IODP-U1520D

IODP sediment core U1520D, was retrieved from 3520 mbsl (Figs. 1
and 2; Table 1; Barnes et al.,, 2019; Saffer et al.,, 2019) from the
Hikurangi Trough, ~110 km southeast of the Poverty Bay coast (Figs. 1
and 2). We focus on the upper 189 m of the core, which consists
of a sequence of mostly silt-rich turbidites (Fig. 2; Table 1; Barnes
et al., 2019; Saffer et al., 2019; Woodhouse et al., 2024). Woodhouse
et al. (2024) created an age model for the upper 110 m of the core,
finding that MIS1 is ~10 m thick and MIS2 is ~85 m thick (Fig. 2).
They attributed the higher sedimentation in MIS2 to the lower sea
level which was ~134 m below present at the LGM, resulting in the
Mahia Canyon directly tapping nearshore sediment transport systems
(Fig. 1; Woodhouse et al., 2024). Seismic reflection data indicates that
the section of IODP-U1520D from 189-110 m is likely a distal part of
the Ruatoria Mass Transport Deposit (RMTD; Lewis et al., 1998; Collot
et al., 2001; Barnes et al., 2019; Gamboa et al., 2019; Saffer et al., 2019;
Crundwell and Woodhouse, 2024a). Shipboard observations noted that
IODP-U1520D lacks clear evidence of soft-sediment deformation in the
beds (Barnes et al., 2019), leading to the interpretation that this section
of IODP-U1520D represents an intact block of the RMTD (Gamboa
et al., 2019).

To further improve and extend the age control in IODP-U1520D,
we used radiocarbon (Woodhouse et al., 2024), foraminifera assem-
blages (Crundwell and Woodhouse, 2024a,b), stable isotopes (this
study, Noda et al. 2024, Woodhouse et al. 2024) and tephra (Clarke,
2023; Pank et al., 2025) stratigraphic markers to develop a new age
model using the BIGMACS software (Fig. 3; Table A.3; Lee et al.,
2023). BIGMACS creates a Bayesian age model that, along with ra-
diocarbon (Heaton et al., 2020) and other age tie points, incorporates
5'30 measurements and aligns them to global benthic stacks (Lee
et al., 2023). To supplement the IODP-U1520D 6'80 record by Noda
et al. (2024) and Woodhouse et al. (2024), 15 additional samples of
the benthic foraminifera species Uvigerina peregrina were selected for
stable isotope analyses and were run in the Stable Isotope Laboratory
at the Centre for Geoanalytical Mass Spectrometry at the University
of Queensland on the Isoprime Dual Inlet Mass Spectrometer. The
combined 87 580 measurements were entered into BIGMACS and
aligned with the LR0O4 Benthic Stack (Table A.3; Lisiecki and Raymo,
2005; Lee et al., 2023).

Using the new age model for IODP-U1520D, 36 pollen samples
were selected to target the MIS6-5e (130 ka) and MIS2-1 (14 ka)
glacial-interglacial transitions, allowing comparison of pollen assem-
blage changes over the last glacial cycle with the existing P69/MD97-
2121 and ODP-1123B pollen records (Table 1). As IODP-U1520D is
dominated by turbidites (Woodhouse et al., 2024), all pollen samples
were sampled from the upper silt-clay-rich parts of the turbidites for
optimal pollen recovery (McDonald et al., 2024). Lycopodium clavatum
tablets (Stockmarr, 1971) were added as a pollen-counting standard
to allow for the calculation of pollen concentrations. Conventional
pollen extraction methods (Faegri et al., 1989) were followed, in-
cluding reacting with 10% hydrochloric acid to remove carbonates,
removing humic acid with a 1:1 ratio of potassium hydroxide and
sodium pyrophosphate, sieving through an 11 pm mesh, separating the
organics from the bulk material with sodium polytungstate (specific
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gravity=2 g/cm?3; Campbell et al., 2016; van den Bos et al., 2020),
acetolysis (9:2 mixture of acetic anhydrite and concentrated sulphuric
acid), alcohol dehydration (tertiary butyl alcohol), and mounting in
silicon oil. Pollen grains were identified using key texts (Pocknall,
1981a,b,c; Large and Braggins, 1991; Moar et al., 1993) and counted
using PolyCounter (Nakagawa, 2007). Where possible, >250 dryland
pollen grains were counted for each sample. Here we present the pollen
record for IODP-U1520D for the first time.

2.3. ODP-1123B

ODP core 1123B, collected from 3290 mbsl, is the distal-most core
studied here, located >1000 km offshore Aotearoa-New Zealand on the
northern flank of the Chatham Rise (Figs. 1 and 2; Table 1; Carter
et al., 1999). This study focuses on the upper 8.7 m of ODP-1123B,
which extends back to 190 ka near the end of MIS7 (Mildenhall et al.,
2004). Sediment at the site is interpreted to be from both terrigenous
and biogenic-pelagic sources that are reworked into contourite drifts
by the flow of the DWBC (Fig. 1; Hall et al., 2001, 2002; Weedon and

Hall, 2004). As a result, the sediment from the last 190 ka in ODP-
1123B is dominated by clay-rich nannofossil oozes (Fig. 2; Carter et al.,
1999; Mildenhall et al., 2004). The pollen record from ODP-1123B is
published in Mildenhall et al. (2004), with the raw pollen counts used
in this study retrieved from FRED (GNS Science, 2024). This ODP-
1123B record extends to the early Pliocene, however, we only use the
7 samples from the upper 8.9 m of the core in this study, covering the
last glacial cycle back to the start of MIS6 (Table 1; Carter et al., 1999;
Mildenhall et al., 2004).

2.4. Data analysis and statistics of all three pollen records

For all three records, we split pollen taxa into the following groups:
podocarps and hardwoods, beech, small trees and shrubs, herbs and
grasses, and unidentified pollen. Unidentified pollen were grains that
were damaged and too difficult to confidently identify. The pollen
groups were then used to calculate the overall pollen percentages,
which were plotted in Tilia (Grimm, 2020). We include unidentified
pollen because they are a part of the dryland pollen and if they were
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removed, other pollen groups would become exaggerated, which is
particularly important in P69 where one sample has 29% unidentified
pollen. Spores from ferns and fern allies were excluded from the overall
pollen percentage calculations as spores are typically not included in
palynological studies in Aotearoa-New Zealand as they dilute the signal
from other pollen taxa (Newnham et al., 2007a; Augustinus et al.,
2011). To explore differences in variance between glacial and inter-
glacial pollen assemblages, Principal Component Analysis (PCA) was
conducted in PAST (Hammer and Harper, 2001), using the podocarps
and hardwoods, beech, small trees and shrubs, and herbs and grasses
pollen group percentages from all samples across the three core sites.
For the PCA, we removed unidentified pollen because this group was
not represented across all three records and skewed the PCA bi-plots.
Sediment Accumulation Rates (SAR) for MIS 1, 2, 5, and 6 were
calculated by dividing the sediment accumulated by the duration of
each Marine Isotope Stage. We compared the SAR for each MIS to
the average pollen and spore concentrations from the P69/MD97-2121
and IODP-U1520D records, using the methods of Stockmarr (1971) to
calculate concentrations. While the same marker spores and equations
were utilised for calculating pollen and spore concentrations in both
records, it is important to note that the P69/MD97-2121 record used
dry sediment samples, in contrast to the IODP-U1520D record, which
used wet sediment samples. Consequently, the weights applied for
calculating concentrations in the IODP-U1520D record would have
been greater, meaning that the pollen and spore concentrations for the

IODP-U1520D record will be lower than those from the P69/MD97-
2121 record. Pollen and spore concentrations were unavailable for
ODP-1123B, as Mildenhall (2003) indicated that the pollen recovery
was too sparse to calculate concentrations.

3. Results
3.1. P69/MD97-2121

The P69/MD97-2121 record shows variability in pollen assemblages
between interglacial and glacial periods (Fig. 4). Podocarps and hard-
woods constitute the dominant group in P69/MD97-2121, while other
pollen groups are less abundant (Fig. 4). The pollen record begins near
the end of MIS6 (~135 ka), where podocarps and hardwoods constitute
almost half the pollen (49%), and beech (17%), small trees and shrubs
(23%), and herbs and grasses (11%) are present in lesser percentages
(Fig. 4). A notable shift in the pollen assemblage occurs during the
transition to MIS5e (130 ka), with podocarps and hardwoods increasing
to a maximum of 97% at 124 ka (an increase of 48%), while all other
groups subsequently decline (Fig. 4). When the P69 record begins in
MIS2 (25.6 ka), podocarps and hardwoods are as low as 37%, and other
pollen groups are higher, with beech (18%) being the most dominant
among these (Fig. 4). A glacial peak in podocarps and hardwoods
occurs around 22 ka (63%), but the group subsequently declines to
the lowest percentage of the entire record (27%) by 17 ka (Fig. 4).
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Table 2

Average percentages of different pollen taxa groups in glacial and interglacial periods in the cores

P69/MD97-2121, IODP-U1520D and ODP-1123B.

Pollen taxa group P69/MD97-2121 I0DP-U1520D ODP-1123B
Interglacial pollen average percentage

Podocarps and hardwoods 83% 82% 81%
Beech 7% 10% 11%
Small trees and shrubs 6% 3% 4%
Herbs and grasses 2% 3% 5%
Glacial pollen average percentage

Podocarps and hardwoods 44% 66% 72%
Beech 21% 13% 12%
Small trees and shrubs 14% 9% 6%
Herbs and grasses 11% 10% 10%

Beech pollen reaches a maximum of 36% at 15 ka, while podocarps and
hardwoods are still low (29%), and small trees and shrubs are 14% and
herbs and grasses are 12% (Fig. 4). During the deglacial transition from
MIS2 to MIS1, podocarps and hardwoods increase again, remaining
between 75%-90% after 11 ka, and all other taxa groups decrease
(Fig. 4). Unidentified pollen is particularly high in MIS2 and MIS1,
with a maximum of 29% at 25.6 ka (Fig. 4). PCA results show that
interglacial samples from P69/MD97-2121 plot strongly around the
podocarps and hardwoods loading vector (Fig. 5). In contrast, the
glacial samples from P69/MD97-2121 show higher spread on the PCA
bi-plot, with all samples plotting in the negative PC1, which is in the
opposite direction of the podocarps and hardwoods loading vector in
the positive PC1 (Fig. 5).

The shifts between glacial and interglacial pollen assemblages oc-
cur despite no clear changes in the sediment, which remains con-
sistently a clayey-medium-silt, interspersed with occasional reworked
tephra horizons (Fig. 2). In addition, SAR vary through the record,
with higher rates during glacial periods (MIS6=0.34 m/ka, MIS2=0.58
m/ka) compared to interglacial periods (MIS5=0.24 m/ka, MIS1=0.16

m/ka; Fig. 6). An inverse trend is shown in the pollen and spore concen-
trations, which are generally higher in the interglacials (MIS5=17674
grains/g, MIS1=20331 grains/g) and lower in the glacials (MIS 6=8390
grains/g, MIS2=9851 grains/g; Fig. 6).

3.2. IODP-U1520D

The new age model for IODP-U1520D extends to 227 ka (MIS7)
at 189 mbsf (Fig. 3) and the pollen record covers the transition from
MIS6-5e (135-100 ka) and from the end of MIS3 (31 ka) to the top
of MIS1 (Fig. 4). Overall, podocarps and hardwoods are the dominant
group in IODP-U1520D, with other taxa groups being less abundant
(Fig. 4). At 135 ka podocarps and hardwoods are low at 37%, then
sharply increase to a maximum of 89% at 132 ka (Fig. 4). At the
beginning of MIS5e (130 ka) podocarps and hardwoods decrease to
46%, while beech rises to 25% (Fig. 4). Following this, podocarps
and hardwoods increase again to 92% at 122 ka, gradually decreasing
for the remainder of the MIS5 record (Fig. 4). At the end of MIS3
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(31 ka), podocarps and hardwoods are a high 90% (Fig. 4). In MIS2,
podocarps and hardwoods drop as low as 53% at 17 ka, with beech
(17%), small trees and shrubs (15%), and herbs and grasses (15%)
increasing (Fig. 4). At the transition from MIS2 to MIS1, podocarps
and hardwoods rise again, peaking at 98% at 6 ka, while the other
pollen groups decline (Fig. 4). In the PCA bi-plot, interglacial samples
from IODP-U1520D plot strongly around the podocarps and hardwoods
loading vector, whereas glacial samples are more variable, with most
glacial samples plotting near the small trees and shrubs and herbs and
grasses loading vectors (Fig. 5).

The age model (Fig. 3) shows that the sedimentation rate changed
significantly across the Marine Isotope Stages. In MIS6 the SAR is
0.65 m/ka, decreasing to 0.44 m/ka in the interglacial MIS5 (Fig. 6).
Through these intervals the sediment is mostly turbidites, with poten-
tial contourite sediments (Barnes et al., 2019). MIS2 has the highest
SAR of 5.39 m/ka, with some of the turbidites becoming thicker and

coarser grained (Figs. 2 and 6; Woodhouse et al., 2024). The SAR drops
in the MIS1 interglacial to 0.70 m/ka, with similar sedimentary facies
as MIS5 and MIS6 (Figs. 2 and 6; Woodhouse et al., 2024). Average
pollen and spore concentrations in IODP-U1520D are higher during
interglacials (MIS5=5203 grains/g, MIS1=6392 grains/g) compared to
glacials (MIS6=3319 grains/g, MIS2=1628 grains/g), corresponding
with the lower SAR in the interglacials (Fig. 6).

3.3. ODP-1123B

The ODP-1123B record shows broad differences between glacial
and interglacial pollen assemblages (Figs. 2 and 4). Near the MIS7-
6 transition (195 ka), podocarps and hardwoods are relatively low
at 69%, while beech and herbs and grasses make up 17% and 11%
of the record, respectively, with much lower percentages of small
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trees and shrubs (2%; Fig. 4). In the single sample from MIS5 (121
ka), podocarps and hardwoods are 99%, with all other groups either
absent or comprising less than 0.9% (Fig. 4). Following this MIS5 peak,
podocarps and hardwoods decline for the remainder of the record,
dropping as low as 66% in MIS2 (22 ka), which corresponds with an
increase in beech (10%), small trees and shrubs (8%), and herbs and
grasses (16%; Fig. 4). The pollen samples from ODP-1123B do not
show much variability in the PCA bi-plot, with most of the samples
grouping around the centre of the four loading vectors of podocarps
and hardwoods, beech, small trees and shrubs, and herbs and grasses
(Fig. 5).

The sediment in ODP-1123B is a clayey nannofossil ooze and shows
slight colour changes, from greenish-grey during glacial periods (ap-
proximately 50% CaCO?®) to whiter in interglacial periods (approxi-
mately 80% CaCO3; Mildenhall et al., 2004). These changes are at-
tributed to higher terrigenous flux to the site during glacial peri-
ods (Mildenhall et al., 2004). The SAR remains consistently low (ap-
proximately 0.04 m/ka) at ODP-1123B, with the most variability be-
tween Marine Isotope Stages being 0.0074 m/yr (Fig. 6). Pollen concen-
tration was not calculated for ODP-1123B, as Mildenhall (2003) noted
that the pollen was too sparse and it was not feasible to add a pollen
spike to calculate pollen concentration (Fig. 6).

4. Discussion

The pollen assemblages from the P69/MD97-2121, IODP-U1520D,
and ODP-1123B records show variability between glacial and inter-
glacial periods (Figs. 4 and 5). Generally, podocarps and hardwoods
are more abundant in interglacials, with average percentages of 83%,
82% and 81% in the P69/MD97-2121, IODP-U1520D, and ODP-1123B
records, respectively (Fig. 4; Table 2). This is also evident in the PCA
bi-plot of all samples, where the majority of pollen samples from
interglacials group around the podocarps and hardwoods vector (Fig. 5;
Table 2). Conversely, in glacial periods, podocarps and hardwoods
are lower, with average percentages of 44%, 66%, and 72% in the
P69/MD97-2121, IODP-U1520D, and ODP-1123B records, respectively
(Fig. 4). In glacial periods, the decline in podocarps and hardwoods
is substituted by an increase in the groups beech, small trees and
shrubs, and herbs and grasses (Fig. 4). This is supported by the PCA
bi-plot, as in contrast to samples from interglacial periods, which are
grouped strongly around podocarps and hardwoods, pollen samples
from glacial periods are more spread out, grouping broadly around
the vectors for beech, small trees and shrubs, and herbs and grasses
(Fig. 5). P69/MD97-2121 shows larger swings between glacial and
interglacial pollen assemblages, whereas the changes in IODP-U1520D
and ODP-1123B are more subdued (Fig. 4).

4.1. Pollen source and transport mechanisms to deep-marine sites

The overall similarity in pollen records between the three cores,
despite slight variations in glacial periods, is surprising given the
different locations, depths, and potential mechanisms of sediment and
pollen transport to these sites (Figs. 1, 2 and 4). Sediment and pollen
likely follow a more direct transport pathway to P69/MD97-2121 than
to the other two sites, as it is the shallowest and most proximal to
land (Figs. 1 and 2; Table 1). Previous studies by Nelson et al. (2000)
and Carter and Manighetti (2006) interpreted the clayey-medium-silt
sediment in P69/MD97-2121 to be hemipelagic with no visual ev-
idence of turbidites. However, Camp’s (2020) benthic foraminiferal
provenance and detailed computed tomography sedimentological facies
analyses of Holocene-aged cores from the same and nearby semi-
confined basins on the Hawke Bay Slope, instead interpreted deposition
by silt-dominated sediment gravity flow processes (Fig. 1; McArthur
et al., 2022). Nelson et al. (2000) and Carter and Manighetti (2006)
interpreted “reworked tephra” in P69/MD97-2121, showing recogni-
tion of sediment reworking. This suggests that the pollen transport
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pathway to P69/MD97-2121 is more complicated than previously in-
terpreted and that there is probably a mix of transport processes
impacting the site, including ocean currents, sediment gravity flows,
and reworking by bottom currents. Multiple stages of reworking may
explain the high proportion of unidentified pollen in MIS2 and MIS1
in P69/MD97-2121, although it is also likely influenced by differences
in counting and categorisation methods used by the palynologist who
analysed these samples compared to those for IODP-U1520D and ODP-
1123B (Table 1). Adding to the complexity of pollen transport to this
site, McGlone (2001) noted the similarity between the interglacial
pollen assemblages in P69 and marine core S803 from the Bay of
Plenty (Wright et al., 1995), and interpreted this as evidence that
pollen is likely transported from more northern sources to P69 via
the southward-flowing ECC (Fig. 1). P69/MD97-2121 has the highest
pollen and spore concentration of the three cores, which is likely also
a product of the sites’ proximity to land and relatively direct transport
pathway for pollen (Figs. 1 and 6). In glacial periods P69/MD97-2121
has higher average percentages of beech (21%), small trees and shrubs
(14%), and herbs and grasses (11%) than in IODP-U1520D and ODP-
1123B (Fig. 4; Table 2). This is likely due to P69/MD97-2121 being
closer to the hinterland pollen source and located at a shallower depth
compared to IODP-U1520D and ODP-1123B, making it more likely
to receive pollen types that are less efficiently transported over long
distances (e.g., non-saccate pollen) than the more distal sites.
Sediment and pollen were primarily transported to IODP-U1520D
by turbidity currents, as evidenced by the multiple turbidites through-
out the record (Fig. 2; Woodhouse et al., 2024; Shorrock et al., 2025).
The sediment and pollen in IODP-U1520D are interpreted to be sourced
from the shelf and canyons offshore the east coast of Aotearoa-New
Zealand, with the mouth of the nearby transverse Mahia Canyon
located approximately ~50 km southwest of the core site (Fig. 1;
Lunenburg, 2017; Woodhouse et al., 2024; Shorrock et al., 2025). While
most sediment delivered to IODP-U1520D likely originates from the
Mahia Canyon, some turbidites may be sourced from canyons further
south along the Hikurangi Margin, as turbidity currents can travel long
distances (Talling et al., 2022; Maier et al., 2024), especially in well-
developed channels like the Hikurangi Channel (Fig. 1; Lewis, 1994;
Lewis et al., 1998). For example, Maier et al. (2024) found a 2 cm
thick turbidite in the Hikurangi Fan Drift (Lewis et al., 1998) ~1300
km down flow from the Kaikoura Canyon which was a result of a
turbidity current triggered by the 2016 Kaikoura Earthquake (Clark
et al.,, 2017; Hamling et al., 2017; Litchfield et al., 2018; Mountjoy
et al., 2018; Howarth et al., 2021; McDonald et al., 2024). Shorrock
et al. (2025) show that during the last 42 ka the contribution of
sediment to site IODP-U1520D was mostly from transverse sediment
delivery from the Mahia Canyon, with less sediment contribution from
the axial Hikurangi Channel (Fig. 1; Noda et al., 2024; Woodhouse
et al., 2024). Therefore, it is likely that most of the sediment and pollen
that is delivered to IODP-U1520D by turbidity currents is sourced
from shallower sediments on the shelf near the head of the Mahia
Canyon (Lunenburg, 2017; Woodhouse et al., 2024; Shorrock et al.,
2025). Although Shorrock et al. (2025) found the contribution from the
Hikurangi Channel to be minor, turbidites from a southern source could
still affect the final pollen record and interpretations of past vegetation,
highlighting the importance of understanding both transverse and axial
sediment transport contributions. In the shallow marine core W396 (63
mbsl) from the Hawke Bay shelf, Wilmshurst et al. (1999) found a
high level of the extinct beech pollen Brassospora, interpreted to have
originated from Tertiary sedimentary rocks in the Waipaoa River catch-
ment (Fig. 1), as was also noted in P69 in McGlone (2001). Therefore,
the presence of Brassospora in IODP-U1520D (see supplementary data)
provides additional evidence for the dominance of a North Island pollen
source to the site. Therefore, the overall similarity in pollen assem-
blages between IODP-U1520D and P69/MD97-2121 could be attributed
to their shared North Island pollen source, despite having different
sediment accumulation rates and sedimentary characteristics (Figs. 2
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and 6). McDonald et al. (2024) suggested that turbidite-dominated
records can produce vegetation reconstructions similar to those of
other marine pollen records, with similar pollen assemblages between
the turbidite-dominated IODP-U1520D record and the P69/MD97-2121
record supporting this (Fig. 4).

The primary difference between IODP-U1520D and P69/MD97-
2121 occurs during MIS6, where IODP-U1520D shows a distinct spike
in podocarps and hardwoods, interpreted as marking the start of the
interglacial MIS5e (Fig. 4). However, this spike is followed by a return
to glacial-like levels of podocarps and hardwoods and an increase in
beech pollen (Fig. 4). As this trend is not seen in the P69/MD97-2121
record, another mechanism or process is likely influencing the IODP-
U1520D record in this interval. Interestingly, in the IODP-U1520D
interval where beech pollen increases, the pattern is mirrored by an in-
crease in 6'30 from benthic foraminifera (see supplementary Fig. B.8).
We hypothesise that the shift in both pollen and §'0 could be due to
either 1. A repeating sedimentary sequence resulting from deformation
from the RMTD or 2. Reworking of glacial sediment and pollen. The
glacial-like pollen and 6'80 signal is from a total of four turbidite
samples from 137.6-133 mbsf and in this interval there are a total of
24 turbidite beds. This interval is within the interpreted RTMD (189-
110 m) so it is possible that the glacial-like pollen and §'30 signal is due
to a repeating stacked sedimentary sequence from deformation by the
RMTD (Collot et al., 2001; Gamboa et al., 2019). During mass transport
events, sediment may undergo deformation processes such as folding
and thrust faulting, potentially leading to the repetition of sedimentary
sequences, making this hypothesis plausible (Fig. B.8; Bull et al., 2019;
Cardona et al., 2020; Alsop et al., 2024). However, the four turbidites
sampled may have been reworked from older glacial sediments, and to
test whether this or a repeating sequence from the RMTD is responsible,
more pollen samples are needed to see if the glacial-like pollen and 580
signal appear in other turbidite beds. Additionally, detailed sedimen-
tary analysis of this interval to identify and assess sedimentary features
related to Mass Transport Deposit deformation would be beneficial.

The transport pathway for pollen to reach site ODP-1123B is com-
plex as this site is 900 km further from Aotearoa-New Zealand than
P69/MD97-2121, and sits in ~1000 m deeper water (Figs. 1 and 2).
The distance from Aotearoa-New Zealand is reflected in ODP-1123B
having the lowest pollen recovery of the three cores (see Section 2),
with some samples devoid of pollen (Fig. 6; Mildenhall, 2003). The very
low SAR at ODP-1123B, along with the mostly biogenic—pelagic sedi-
mentation, shows that very little terrigenous material, including pollen,
is reaching this distal site (Figs. 1, 2 and 6). Podocarps and hardwoods
are abundant in ODP-1123B, only dropping as low as 66% in MIS2,
compared to minimums of 27% in P69/MD97-2121 and 37% in IODP-
U1520D (Fig. 4). Mildenhall (2003) attributed the high percentages
of podocarp pollen in ODP-1123B to the saccate morphology of most
podocarps (i.e. Prumnopitys and Podocarpus), giving them the ability
to float long distances compared to other pollen types. This was also
found by Crouch et al. (2010), who noted that saccate conifer pollen
occurred in the highest percentages (compared to other surface samples
from offshore eastern Aotearoa-New Zealand) along the northern flank
of the Chatham Rise, underlying the easterly flowing Subtropical Front
(Fig. 1). Crouch et al. (2010) also noted that in all 38 surface samples
(latitudes from 33-54°S), beech (<4% Fuscospora sp.) and angiosperm
pollen (<10%) were low. They attributed this to these taxa not being
transported as efficiently in water and instead falling out sooner than
saccate pollen types, which may explain the low percentages of beech,
small trees and shrubs, and herb and grass pollen in ODP-1123B,
compared to P69/MD97-2121 and IODP-U1520D (Table 2). Terrestrial
sediment cores from the Chatham Islands (~500 km southwest of
ODP-1123B) contained up to 26% wind-blown pollen from Aotearoa-
New Zealand, with some of this exotic pollen entirely consisting of
Fuscospora sp., demonstrating the long-distance wind transport ca-
pability of beech pollen (up to 725 km; Fig. 1; Mildenhall, 2003).
Therefore, pollen reaching site ODP-1123B is likely from a mix of
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both wind and ocean current transport. As well as being more distal
than P69/MD97-2121 and IODP-U1520D, ODP-1123B also lies directly
under the northward-flowing DWBC, meaning that it could be receiving
pollen transported from further south (Fig. 1; Chiswell et al., 2015). If
pollen was sourced from further south in Aotearoa-New Zealand, the
record would likely show higher beech pollen percentages and lower
podocarp pollen percentages, similar to deep-marine core DSDP-594,
which contained up to 80% beech pollen and generally <20% Prumno-
pitys+Podocarpus pollen (Figs. 1 and 4; Heusser and Van de Geer, 1994).
However the dominance of podocarps and hardwoods in ODP-1123B
(average of 77%) makes it more comparable to P69/MD97-2121 and
IODP-U1520D with average podocarps and hardwood percentages of
70% and 73%, respectively, meaning that ODP-1123B likely has a
North Island pollen source (Fig. 4; Mildenhall, 2003).

4.2. Sediment accumulation rates and pollen concentration

The SAR in IODP-U1520D is the highest of the three cores, par-
ticularly during the MIS2 glacial, and the pollen and spore concen-
tration is lower than in P69/MD97-2121 (Fig. 6). Thus, at site IODP-
U1520D, the exceptionally high SAR and turbidite recurrence intervals
(see Woodhouse et al., 2024) likely diluted the pollen and spores
(Fig. 6). In both P69/MD97-2121 and IODP-U1520D, the pollen con-
centration is higher when the SAR is lower in interglacial periods
(i.e. MIS5&1 in Fig. 6). High pollen concentration in interglacials
could reflect the higher pollen output from podocarp taxa, which
had greater coverage in the North Island during interglacial periods
(Fig. 7; Alloway et al., 2007). Additionally, the greater sediment flux
to the ocean during glacials, driven by lower sea levels (Lambeck et al.,
2014; Dutton et al., 2015; Spratt and Lisiecki, 2016) and increased
hinterland erosion (McGlone, 2001; Upton et al.,, 2013; Woodhouse
et al., 2024), would have led to greater pollen dilution compared to
interglacial periods (Figs. 6 and 7). Therefore these two factors would
be interplaying to increase pollen concentration in interglacial periods
and decrease pollen concentration in glacial periods. The relationship
between pollen concentration and SAR cannot be examined over the
glacial-interglacials in ODP-1123B because the pollen was too sparse
to calculate concentration (see Section 2). However this point alone
tells us that the pollen concentration is extremely low and alongside
the low SAR, indicates that very little terrestrial material is reaching
this distal site (Figs. 1 and 6).

4.3. Comparisons to other terrestrial and marine records

In Aotearoa-New Zealand, most continuous terrestrial pollen records
do not extend to the LGM, and although they do not extend as far
back as deep-marine records, they still allow for a broad comparison
of warmer interglacial and cooler glacial intervals between terrestrial
and deep-marine records. Wilmshurst et al. (1999) shows detailed com-
parisons between terrestrial (Repongaere Swamp) and shallow marine
(W369) records in Poverty Bay, Aotearoa-New Zealand, with records
extending back to the late Holocene (Fig. 1). In the terrestrial record
podocarps and hardwoods were ~80% which is comparable to the
average percentages in the deep-marine cores P69/MD97-2121 (83%),
IODP-U1520D (82%) and ODP-1123B (81%; Table 2; Wilmshurst et al.,
1999). The marine core W396 had lower podocarp-hardwood pollen
(mean=64%), as well as lower small tree, shrub, herb and grass pollen
(i.e. mean Coprosma= 9.4% terrestrial, 0.3% marine), which they at-
tributed to these taxa being locally abundant around the terrestrial
site (Wilmshurst et al., 1999). Overall, the deep-marine records pollen
assemblages more closely follow the assemblages in the terrestrial
Repongaere Swamp core during interglacials than the shallow-marine
W396 core, which could be due to the shallow-marine environment
being a higher energy environment, causing pollen to winnow out
(Table 2; Wilmshurst et al., 1999). Newnham and Lowe, 2000 found
similar percentages of podocarp taxa in the Kaipo Bog sediment core
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(Fig. 1) in the Holocene Optimum (~11.14 ka) with taxa such as
D. cupressinum and P. taxifolia reaching as high as 35% and 45%
respectively, again showing the similarities between interglacial ter-
restrial records from the eastern North Island and the deep-marine
cores (Alloway et al., 2007). Mildenhall and Orpin (2010) analysed
multiple pollen records from the Waipaoa Sedimentary System and
found that in the LGM podocarps-hardwoods-beech combined averaged
35%, and small trees and shrubs and herbs and grasses averaged 15%
and 40%, respectively. During glacials the percentage of small trees
and shrubs in P69/MD97-2121, IODP-U1520D, and ODP-1123B was
similar to Mildenhall and Orpin (2010), but the combined podocarps-
hardwoods-beech was much higher (>66% in the deep-marine records),
while herbs and grasses were approximately four times lower (Table 2).
Overall, these comparisons between the deep-marine cores and to other
terrestrial and marine records from northern Aotearoa-New Zealand
show that pollen assemblages are generally similar during interglacial
periods but diverge during glacial periods.

4.4. Drivers of glacial and interglacial pollen assemblage variations in the
deep-marine records

In interglacial periods, much of the northern South Island and North
Island of Aotearoa-New Zealand was covered in podocarp-hardwood
forests, with beech forests and shrub/grasslands at higher elevations
(i.e. Taupo Volcanic Zone; Fig. 7; Alloway et al., 2007). This uniformity
of the vegetation of the northern South Island and the North Island
could explain why the pollen assemblages in the deep-marine cores in
interglacial periods are similar within and between cores (Wilmshurst
et al.,, 1999; Newnham and Lowe, 2000; McGlone, 2001; Mildenhall
et al., 2004; Mildenhall and Orpin, 2010).

During the LGM, lower sea levels (~134 m lower; Lambeck et al.,
2014; Dutton et al., 2015; Spratt and Lisiecki, 2016) created a land
bridge which connected the North and South Islands (Trewick and
Bland, 2012; Bland et al., 2024), resulting in a greater subaerial land-
mass in Aotearoa-New Zealand at lower altitudes, particularly around
the low-lying Wanganui and Taranaki basins (Fig. 7). In contrast to
the relatively homogeneous interglacial vegetation in Aotearoa-New
Zealand, the vegetation in the connected South-North Island was much
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more heterogeneous in the LGM (Fig. 7; Alloway et al., 2007; Trewick
and Bland, 2012; Newnham et al., 2013). As the climate cooled during
the last glacial period, podocarp-hardwood and beech forests remained
continuous in the northern North Island and contracted into smaller
communities in the south where shrub, herb, and grasslands expanded
and became dominant (Fig. 7; McGlone, 1985; Alloway et al., 2007;
McGlone et al.,, 2010; Newnham et al., 2013; Wood et al., 2017).
Around the land bridge and the northern South Island, the vegetation
was similar to the central North Island, with shrublands, grasslands,
and some beech forest at lower elevations, and herbfields and tussocks
at higher elevations (Fig. 7; Alloway et al., 2007; Trewick and Bland,
2012; Newnham et al., 2013). The consequent glacial vegetation in
these regions of Aotearoa-New Zealand was a mosaic of different
vegetation types, meaning that if each deep-marine core has a slightly
different source area, the pollen assemblages could vary significantly
between records (Fig. 7).

In addition to the vegetation in Aotearoa-New Zealand changing
during glacial periods, the position of water masses and ocean currents
also varied (Fig. 7; Nelson et al., 2000; Hall et al., 2001, 2002; Alloway
et al., 2007; Crundwell et al., 2008; Bostock et al., 2015; Lorrey and
Bostock, 2017). During the LGM, the Subtropical Front is believed to
have remained in a similar position to today, due to the bathymetric
constraint of the Chatham Rise (Fig. 7; Weaver et al., 1998; Nelson
et al., 2000; Schaefer et al., 2005; Bostock et al., 2015; Chiswell et al.,
2015). The southward flow of STW through currents like the ECC is
known to have been weaker and it has been proposed that during the
LGM there was a jet of Subantarctic Water that travelled north through
the Mernoo Saddle (present day=55 km wide, 550 m deep), at the west-
ern edge of the Chatham Rise (Fig. 7; Weaver et al., 1998; Nelson et al.,
2000; Bostock et al., 2015; Lorrey and Bostock, 2017). At intermediate
depths, the southward flowing AAIW is thought to have remained
relatively stable, while in the deep ocean, the northward-flowing DWBC
is thought to have been stronger during the LGM (Fig. 7; Hall et al.,
2001, 2002). The combination of changes in the distribution of vege-
tation in Aotearoa-New Zealand and the changes in the ocean currents
could explain the different glacial pollen assemblages in the three cores
(Fig. 7; Table 2). For example, the lower podocarp and hardwood pollen
in P69/MD97-2121 during glacials could be a result of the reduced flow
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of STW, bringing less podocarp pollen from the north (Fig. 7), and
an increased flow of Subantarctic Water through the Mernoo Saddle,
causing P69/MD97-2121 to exhibit a more southern pollen signal than
the other two cores.

Regardless of the underlying cause of the differences in glacial
pollen assemblages, an important question is how much these vari-
ations in deep-marine cores could influence the final interpretation
of past vegetation. The interglacial vegetation signal across the deep-
marine cores would show the same vegetation signal of a warmer
climate, with dominant podocarp and hardwood forests and lesser
beech, small trees and shrubs, and herbs and grasses (Fig. 7; McGlone,
2001; Mildenhall, 2003; Mildenhall et al., 2004; Alloway et al., 2007).
In glacial periods the overall interpretation of past climate in the three
cores would be the same: cooler with reduced podocarp-hardwood
forests, and increased beech forest, shrublands, and grasslands (Figs. 4
and 7; Table 2; McGlone, 2001; Mildenhall, 2003; Mildenhall et al.,
2004; Alloway et al., 2007; Newnham et al., 2013). However, due to
the differences in the glacial pollen assemblages, one could interpret
P69/MD97-2121 as indicative of a cooler climate than IODP-U1520D
and ODP-1123B, given the lower percentage of podocarps and hard-
woods and the increased proportions of other taxa like beech, small
trees and shrubs, and herbs and grasses (Table 2). For accurate veg-
etation reconstructions from deep-marine pollen records, it is crucial
to understand and account for transport mechanisms to different sites
and how these processes may vary and bias the pollen records over
glacial-interglacial cycles.

4.5. Benefits and considerations for using deep-marine pollen records

As shown in this study, deep-marine pollen records can be used to
create high-quality records of past vegetation and can extend further
back than most terrestrial records (Dupont, 1999; Sanchez-Goni et al.,
2018). Instead of capturing a local vegetation signal, as lake and swamp
records do, marine pollen records capture a regional vegetation signal
which may also be more representative of a regional palaeoclimate
signal. The three cores P69/MD97-2121, I0ODP-U1520D, and ODP-
1123B show that although the transport pathways of pollen to reach
the deep ocean can be long and complex, the pollen records from
these sedimentary records are surprisingly consistent. Furthermore, the
IODP-U1520D record shows that sampling sedimentary records that
are dominated by turbidites can still give us a reliable picture of past
vegetation. This has similarly been found in studies of the UK North
Sea fans (Vieira and Jolley, 2020; Jolley et al., 2022) where sampling of
deep-marine turbidites allowed them to reconstruct vegetation changes
across the Palaeocene-Eocene Thermal Maximum. Similarly, Beaudouin
et al. (2004) reconstructed palaeovegetation since MIS3 by sampling
turbidites from a deep-marine core from the Gulf of Lions, and found
that pollen was abundant in turbidite facies and almost absent from
hemipelagic facies in the core. In contrast, McGann (2018) found
that the pollen assemblages in turbidites were biased with higher
percentages of hydrologically efficient grains compared to the back-
ground sediments in their core from the Ascension-Monterey Canyon
system. Although our study shows that deep-marine turbidite records
can create accurate records of past vegetation like Beaudouin et al.
(2004), Vieira and Jolley (2020) and Jolley et al. (2022), the repeat-
ing pollen sequence in IODP-U1520D shows that when we are using
records from active margins, we need to interpret the past vegetation
with caution and utilise other proxies (i.e. §'80, grain-size analysis)
to disentangle signals of vegetation change from other processes in-
cluding Mass Transport Deposits (Fig. B.8). Despite this, the similarity
of the turbidite-dominated IODP-U1520D record to P69/MD97-2121
is surprising. The short turbidite recurrence interval (one bed every
~33-237 years in Shorrock et al. 2025) in IODP-U1520D shows that
turbidity currents were frequent enough and that sediment and pollen
were being transported to the deep ocean regularly. Understanding the
bed recurrence interval is important as it provides a rough estimate of
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how quickly sediment and pollen are transported to the deep ocean
(see Beaudouin et al., 2004). In IODP-U1520D, the short turbidite
recurrence interval provides a high resolution and near continuous
palaeovegetation record, which can be extended further back in time to
answer questions about key climate intervals like the Mid-Pleistocene
Transition (Herbert, 2023; Crundwell and Woodhouse, 2024a), for
which very few vegetation records exist in Aotearoa-New Zealand. We
suggest that similar palaeovegetation records could be obtained from
sediment cores with frequent turbidites from active margins around
the globe, including the Nankai Trench (Underwood and Pickering,
2018), Chile Trench (Blumberg et al., 2008), Makran Trench (Bourget
et al.,, 2010), Cascadia Basin Underwood et al. (2005), and Sunda
Trench (Pickering et al., 2020), to name a select few.

To reconstruct past vegetation by using pollen in sediment cores,
maximising pollen recovery is essential, making it important to con-
sider sediment accumulation rates and potential dilution of pollen
by sediment. If we consider ODP-1123B and IODP-U1520D as end
members on a sedimentation rate scale, P69/MD97-2121 is in the
“goldilocks zone” (Fig. 6). The sedimentation is just high enough that
considerable amounts of terrestrial sediment and pollen are deposited
at this deep-marine site (where not enough terrestrial material is reach-
ing ODP-1123B), but not diluting the pollen concentrations too much,
as we see in IODP-U1520D (Fig. 6). Therefore, when choosing a deep-
marine record for vegetation reconstructions, a SAR of 0.05-0.2 m/ka
of fine (clay-silt) terrigenous sediment would likely provide good pollen
recovery. Additionally, selecting a proximal deep-marine core site from
the slope or adjacent abyssal plain that receives sufficient terrigenous
material, whether from a river (or canyon systems linked to rivers),
increases the likelihood of recovering high concentrations of pollen.
Cores distal to land, like ODP-1123B, can yield pollen records, but
low pollen recovery (Mildenhall, 2003) due to limited terrestrial input
makes them more challenging to analyse than land-proximal cores
(i.e. <100 km; Fig. 6).

5. Conclusion

This study demonstrates that deep-marine pollen records from vary-
ing depths, distances from land, sedimentary settings, and inferred
pollen transport processes all show consistent patterns of regional
vegetation change. We find that the deep-marine records from the
east coast of Aotearoa-New Zealand show close similarities in inter-
glacial periods and diverge in glacial periods, which we attribute to
the less homogeneous vegetation in the North Island and changing
ocean current regimes in glacial periods (Fig. 7; Table 2). Deep-marine
pollen records are a powerful tool for understanding long-term veg-
etation change (Dupont, 1999; Sanchez-Goni et al., 2018), offering a
regional perspective on past ecosystems in deeper time periods. How-
ever, these records must be interpreted with caution, as understanding
the sedimentary processes and transport mechanisms is essential for
developing robust reconstructions of past vegetation and climate. We
find that sedimentary sequences with sediment accumulation rates
between 0.05-0.2 m/ka of fine (clay-silt) sediment, in land-proximal
(<100 km) sites yield the best pollen recovery, which can be applied
when selecting new core sites or using legacy cores for palaeovegetation
reconstructions. We also suggest that sampling pollen from turbidites
in deep-marine records can yield reliable palaeovegetation records,
giving us the ability to create long palaeoclimate records from active
margins, where in the past, palynological studies for palaeoclimate
reconstruction would not have been attempted. We suggest that this
methodology can be applied to turbidite-dominated records from active
margins globally (Underwood et al.,, 2005; Blumberg et al., 2008;
Bourget et al., 2010; Underwood and Pickering, 2018; Pickering et al.,
2020).
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Table A.3
Summary of age inputs into the updated IODP-U1520D age model.
Age type Number of dates/tie Depth range Authors
points (mbsf)
Radiocarbon 8 5-106 Woodhouse et al. (2024)
Foraminifera biostratigraphy 9 6.2-186.2 Crundwell and Woodhouse (2024a,b)
Tephrochronology 10 1.2-187.5 Pank et al. (2025), Clarke (2023)
5'80 Uvigerina peregrina 87 5.9-189.3 Noda et al. (2024), Woodhouse et al. (2024), this paper
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