
1. Introduction
The Australian continent has been predominantly influenced by the Indian Ocean circulations (Cane & 
Molnar,  2001; Molnar & Cronin,  2015; Schott et  al.,  2009; Sniderman et  al.,  2016), distinctive from the 
regions that were mainly controlled by the Northern Hemisphere glacial–interglacial oscillations (Haug 
et  al.,  1999). As an important component of the Indian Ocean thermohaline conveyor, the Indonesian 
Throughflow (ITF) transports water and heat from the western Pacific Ocean into the eastern Indian Ocean 
and provides a major water source for the shallow and narrow Leeuwin Current (LC, <100 km wide, <300 m 
deep) along the west shelf of Australia (Gordon, 2005). ITF variability regulates the poleward heat transport 
in the Indian Ocean and thus the moisture availability on the semiarid northwestern Australian continent 
(Molnar & Cronin, 2015). Constriction and reconnection of the ITF significantly modulate the monsoonal 
strength and thus the climates in western Australia region (Cane & Molnar, 2001; Herold et al., 2011; Krebs 
et al., 2011; Molnar & Cronin, 2015; Wyrwoll et al., 2009).

Through the Pliocene-Pleistocene period, the ITF constriction was induced by the emergence of the Mar-
itime Continent due to both sea level lowering and tectonic reorganization of the Indonesian Gateway 
system (Cane & Molnar, 2001; Christensen et al., 2017; Krebs et al., 2011). Over the decades, the timing 

Abstract Based on biomarkers and bulk organic carbon isotope, we reconstructed a 5-million-
year history of terrestrial material input to the northwest shelf of Australia. Vegetational organic input 
continuously decreased through the Pliocene-Pleistocene period due to decreased vegetation coverage 
and discharge under general aridification process. Triggered by lowered sea level and drier climates, 
soil input increased after ∼2.5–2.2 million years ago (Ma). Bulk terrestrial organic input demonstrates 
stronger variability after ∼1.7 Ma, as influenced by large-amplitude hydrological swings on the Australian 
continent. Source of soils shifted between ∼1.5 and 1.2 Ma, along with presence of active dune fields. 
All lines of evidence together indicate a general wet climate in northwestern Australia during the early 
Pliocene, a continuously drying trend to the mid-Pleistocene, and a drier phase with less vegetation 
coverage and expanded desert during the late Pleistocene, which is modulated by ongoing Indonesian 
Throughflow constriction and global atmospheric circulations.

Plain Language Summary Terrestrial material indicators recorded in nearshore marine 
sedimentary cores are useful for studying the continental climates in northwestern Australia. Here, 
we present biomarker-based data from cores at International Ocean Discovery Program Site U1461 
to reconstruct the history of the terrestrial material input to the northwest shelf of Australia over the 
last 5 million years. We aim to reveal how the vegetation and soil organic transportations responded to 
climate changes in northwestern Australia through the Pliocene-Pleistocene period. Our results show a 
continuous decrease in the vegetational organic input since 5 million years ago (Ma), an increased soil 
input at ∼2.5–2.2 Ma, a stronger variability in bulk terrestrial organic input since ∼1.7 Ma, and a shift in 
soil source between ∼1.5 and 1.2 Ma. All these changes together indicate that the climates in northwestern 
Australia shifted from a generally wet condition during the early Pliocene to a drier and more variable 
phase during the late Pleistocene, which is controlled by ongoing Indonesian Throughflow constriction 
and global atmospheric circulations.
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and the climatic effect of the ITF constriction on the Australian continent have been investigated. Based 
on records from International Ocean Discovery Program (IODP) Sites U1459 and U1463, some major ITF 
constriction events during the Pliocene have been identified, including the one at ∼3.7 million years ago 
(Ma) triggered by a tectonic reorganization of the Maritime Continent and the one at ∼3.3 Ma induced by 
a quick sea level drop (Auer et al., 2019, 2020; Christensen et al., 2017; De Vleeschouwer et al., 2018, 2019; 
Smith et al., 2020). The restricted ITF and the synchronous cooling conditions have resulted in a major 
climatic transition to less moisture availability in northern and western Australia (Christensen et al., 2017; 
Molnar & Cronin, 2015; Sniderman, 2011; Sniderman et al., 2007, 2013, 2016; Stuut et al., 2019). The general 
aridification is accompanied by an expansion of C4 plants due to increased seasonality of precipitation from 
the onset of the Australian summer monsoon regime at ∼3.5 Ma, although the correlation between the ITF 
constriction and the onset of Australian monsoon still remains under debate (Andrae et al., 2018).

During the Pleistocene, the ITF remained tectonically restricted (Cane & Molnar, 2001; Krebs et al., 2011). 
Temperature records from Site U1463 based on glycerol dialkyl glycerol tetraethers (GDGTs) and long-chain 
diols show a strong cooling condition at ∼1.7–1.5 Ma, resulting from a stronger ITF constriction (Smith 
et al., 2020). Also, a GDGT-based temperature record at Site U1460 suggests cooling and weak ITF condi-
tions at ∼0.65 Ma and ∼1.55 Ma, which were caused by lowering sea level and regional tectonic changes 
(Petrick et  al.,  2019). Temperature and primary productivity records at Site U1461 suggested prevailing 
warm, low-salinity, nutrient-deficient surface water, and thus a stronger LC under the restricted ITF after 
∼1.2 Ma, tentatively suggesting a complex relation between the LC and the ITF (He et al., 2021). During 
the mid- to late Pleistocene with the weak ITF and the strong LC, a generally drier conditions in northwest-
ern and southeastern Australia were recognized (McLaren & Wallace, 2010; Sniderman, 2011; Sniderman 
et al., 2016; Stuut et al., 2019). Besides, larger glacial-interglacial monsoonal oscillations become another 
important signature in the Australian area (Gallagher et al., 2009; Spooner et al., 2011). However, due to 
sparse records covering the Pliocene-Pleistocene period, how the continental environments evolved along 
with the ITF constriction and the general aridification remains elusive and requires further investigations.

Terrestrial vegetation and soil organic carbon (OC) transportations recorded in nearshore marine sed-
imentary cores are very useful for reconstructing continental climate (Andrae et  al.,  2018; Christensen 
et al., 2017; Smith et al., 2020; Stuut et al., 2019). Basically, vegetational OC reflects moisture availability 
for the vegetation to grow and discharge for the vegetational OC to be transported to marine environment 
(Hedges & Oades, 1997). Terrigenous soils that end up on the northwest shelf of Australia might be from 
both airborne dusts emitted during dry seasons and discharge-transported soils under strong hydrological 
condition during rainy seasons (Stuut et al., 2019). Biomarkers are powerful tools in disentangling terrestri-
al OC input to marine ocean. First, bulk OC isotope (δ13Corg) is indicative of bulk contribution of terrestrial 
OC, considering that OC of terrestrial origins contains more negative δ13Corg values than those of aquatic 
sources (Hedges & Oades, 1997; Meyers, 1994). Second, long-chain n-alkanes are mainly sourced from vas-
cular plants (Cranwell et al., 1987; Ficken et al., 2000). When normalized with oceanic primary productivity 
(e.g., C28–30 sterol, Volkman et al., 1998), they can track vegetational OC input. Third, terrigenous soils are 
characteristic by relatively high abundances of branched GDGTs (brGDGTs, Schouten et al., 2013; Weijers 
et al., 2007). The branched and isoprenoid tetraether (BIT, Hopmans et al., 2004) index is a good indicator of 
soil OC input to the shelf area (Schouten et al., 2013). Distribution of brGDGTs, expressed in the cyclization 
ratio of branched tetraethers (CBT) and the methylation index of branched tetraethers (MBT), describes soil 
OC under difference climatic settings in terms of temperature and pH values (Weijers et al., 2007).

In this study, we present biomarker-based records of terrestrial material input to the northwest shelf of 
Australia over the last 5 million years (Myr), based on sedimentary cores at Site U1461 drilled during IODP 
Expedition 356 (Figure 1). We aim to disentangle the responses of vegetation and dust transportation to 
climatic variations in the northwestern Australian continent through the Pliocene-Pleistocene period.

2. Materials and Methods
Site U1461 is located on the northwest shelf of Australia (20°12′51″S, 115°03′56″E, water depth of 126 m, 
Figure 1), ∼100 km northwest of the Barrow Island. Age-depth model for sedimentary cores at Site U1461 
was built by integrating datums from biostratigraphy, micropaleontology, lithological property, and 14C 
dates distributed from the top 950 m (Figure S1, see details in He et al., 2021).
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Samples for δ13Corg analysis (n = 148) were pretreated with 3 N HCl for 24 h to remove carbonates, rinsed 
with deionized water until the pH value becomes 7, and subsequently dried at 60°C. The carbonate-free 
samples were analyzed for δ13Corg using a Thermo-Fisher FLASH 2000 Elemental Analyzer coupled with a 
MAT-253 Isotopic Ratio Mass Spectrometer. The 1σ precision for the δ13Corg analysis is ±0.2‰.

For biomarker analysis, total lipids were ultrasonic extracted from ∼20 g freeze-dried sediments (n = 239) 
with solvent of dichloromethane/methanol (9:1, v/v). The total lipids were then hydrolyzed with 6% KOH 
in methanol solution. Neutral fraction was extracted by n-hexane from the hydrolyzed lipids. The neutral 
fraction was analyzed on an Agilent 7890B Gas Chromatography-Flame Ionization Detector (Figure S2) 
for quantitation of n-C31 alkane and C28–30 sterols using both internal (n-C24D50) and external standards 
(cholesterol). After that, the neutral fraction was redissolved in hexane/isopropanol (99:1, v/v), filtered 
with 0.45 μm glass-fiber filter, and analyzed on a Shimadzu 8030 High-Performance Liquid Chromatogra-
phy-Mass Spectrometry for quantification of GDGTs. Thirty-four chosen samples were further cleaned by 
silica-gel chromatography and analyzed for n-C16–33 alkanes (Figure S2).

The vegetational OC input was expressed by the C31Alk/C28–30Str ratio, calculated as:
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Figure 1. (a) Modern oceanography (created by the software of Ocean Data View), ocean circulations in the Indo-Pacific and Australian regions (adapted from 
Gallagher et al., 2009), and the positions of International Ocean Discovery Program (IODP) Sites U1461, U1463, and ODP 762. Warm and cold surface currents 
were shown in red and blue arrows. (b) Modern Australian climatic zones and dust pathway (adapted from Christensen et al., 2017).
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where [X] is concentration of X compound (Hopmans et al., 2004; Weijers 
et al., 2007).

3. Results
At Site U1461, concentrations of n-C31 alkane and C28–30 sterols vary from 
2.5 to 306.0 ng/g and from 20.1 to 2114.9 ng/g over the last 5 Myr, re-
spectively (Table  S1 and Figure  2f). In terms of the ratio-based proxy, 
C31Alk/C28–30Str values vary from 0.008 to 1.84 (Figure  2e) and show a 
general decreasing trend between 5 and 0.8  Ma (r2  =  0.65, n  =  159, 
p < 0.05). At some well-recognized cooling and ITF weakening periods 
through the Pliocene–Pleistocene period, including 1.7–1.5, 2.7–2.5, and 
3.8–3.5 Ma, C31Alk/C28–30Str values also slightly decreased (Figure 2, Auer 
et al., 2019, 2020; De Vleeschouwer et al., 2018, 2019; He et al., 2021; Pet-
rick et al., 2019; Smith et al., 2020). Compared with those between 5 and 
0.8 Ma, the C31Alk/C28–30Str values show no obvious decreasing or increas-
ing trend between 0.8 and 0 Ma. The BIT, CBT, and MBT values vary from 
0.08 to 0.47, from 0.09 to 0.73, and from 0.52 to 0.80 over the last 5 Myr, re-
spectively (Table S1 and Figure 2). The BIT record displays generally low-
er values at ∼5–2.7 Ma and higher values after ∼2.5 Ma (Figure 2d). The 
MBT and CBT values are general stable before 1.5 Ma but display a tran-
sition from higher CBT and lower MBT values to lower CBT and higher 
MBT values between ∼1.5 and 1.2 Ma (Figure 2c). The δ13Corg values vary 
from −23.4‰ to −16.8‰ over the last 5 Myr (Table S1 and Figure 2b). 
The δ13Corg values are relatively stable between 5 and 1.7 Ma, except for 
a ∼2‰ positive excursion at ∼3.7 Ma. The δ13Corg values are ∼1‰ more 
positive between ∼3.3 and 1.7 Ma than between ∼5 and 3.7 Ma. Over the 
last ∼1.7  Myr, the δ13Corg values show much larger variation (∼3–5‰) 
without obvious increasing or decreasing trend.

4. Discussion
4.1. Vegetational OC Input on the Northwest Shelf of Australia

Concentrations of n-C31 alkane could be applied as an indicator of veg-
etational OC input, considering that this compound is mainly derived 
from terrestrial vascular plants (Andrae et al., 2018; Cranwell et al., 1987; 
Ficken et al., 2000). Meanwhile, concentrations of C28–30 sterols are in-
dicative of marine primary productivity (Volkman et al., 1998). For in-
stance, brassicasterol (C28 sterol, Volkman et al., 1998) and dinosterol (C30 
sterol, Volkman et al., 1998) represent the productivity of diatoms and 

dinoflagellates, respectively. Choice of sterol compounds for the proxy would have limited impacts on the 
reconstruction of the vegetational OC input on the northwest shelf of Australia, according to similar var-
iation patterns in different ratios of long-chain n-alkanes versus sterols (e.g., C31Alk/C28Str, C31Alk/C30Str, and 
C31Alk/C28–30Str, Figure S3). Also, the C31Alk/C28–30Str ratio shows independent variation with concentrations of 
C28–30 sterols (Figure 2), suggesting neglectable influence from the primary productivity on this ratio-based 
proxy. Third, the decreasing C31Alk/C28–30Str signature roughly resembles another low-resolution vegetational 
OC record based on the ratios of long-chain versus short-chain n-alkanes (Figure S4, Ficken et al., 2000). 
Therefore, the C31Alk/C28–30Str values are indicative of the vegetational OC input on the northwest shelf of 
Australia.

According to the C31Alk/C28–30Str values, the vegetational OC input demonstrates a general decreasing trend 
from the early Pliocene to the mid-Pleistocene (5–0.8 Ma). Theoretically, sea level, vegetation coverage, and 
riverine discharge could be the major controllers on vegetational OC input. The global sea level started to de-
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Figure 2. Terrestrial material input, temperatures, and primary 
productivity on the northwest shelf of Australia over the last 5 million 
years. (a) Three-point smoothed K

37U -based (red) and TEX86-based 
(blue) temperatures (He et al., 2021). (b) δ13Corg values with three-point 
smoothing curve. (c) Methylation index of branched tetraethers (MBT; 
blue) and cyclization ratio of branched tetraethers (CBT; orange) values 
with three-point smoothing curves. (d) Branched and isoprenoid tetraether 
(BIT) values with three-point smoothing curve. (e) C31Alk/C28–30Str values 
with three-point smoothing curve. (f) Concentrations of C28–30 sterols 
(orange) and n-C31 alkane (blue) with three-point smoothing curves. 
Gray shadings indicate weak Indonesian Throughflow (ITF) events, 
including 0.8–0.6, 1.7–1.5, 2.7–2.5, and 3.7–3.4 Ma (Auer et al., 2019, 2020; 
Christensen et al., 2017; De Vleeschouwer et al., 2019; He et al., 2021; 
Petrick et al., 2019; Smith et al., 2020).
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crease after ∼3 Ma, moving Site U1461 closer to the shoreline (Figure 3d, 
De Boer et al., 2010). The concurring lower C31Alk/C28–30Str values suggest 
that the sea level variation only exerts minor impact on the vegetational 
OC input to Site U1461. By contrast, the decreasing C31Alk/C28–30Str val-
ues seem to mimic the long-term ITF constriction trend (Figure 2, Chris-
tensen et al., 2017). Also at periods with weak ITF conditions including 
1.7–1.5, 2.7–2.5, and 3.7–3.4 Ma, the C31Alk/C28–30Str record also suggests 
decreased vegetational OC input (Figure 2, Auer et al., 2019, 2020; Chris-
tensen et al., 2017; De Vleeschouwer et al., 2019; He et al., 2021; Petrick 
et al., 2019; Smith et al., 2020). Therefore, the decrease of the vegetational 
OC input between 5 and 0.8 Ma might be largely due to less discharge 
and less vegetation coverage in drier phases under the restricted ITF con-
dition. Such hypothesis is further supported by lower river runoff and 
terrigenous input in northwestern Australia, as inferred from the con-
centrations of potassium from Site U1463 (Figure 3e, Auer et al., 2020; 
Christensen et al., 2017) and the log(Fe/Ca) record from ODP Site 762 
(Figure 3e, Auer et al., 2020; Stuut et al., 2019). The C31Alk/C28–30Str val-
ues remain in low values and do not show obvious decreasing pattern 
between 0.8 and 0 Ma. The apparent stable C31Alk/C28–30Str values suggest 
generally dry conditions during the mid- and late Pleistocene.

4.2. Soil OC Input on the Northwest Shelf of Australia

The BIT record demonstrates generally higher values after ∼2.5 Ma than 
those between ∼5 and 2.5 Ma (mean of 0.25 vs. 0.15, Figures 3 and S5), 
suggesting higher terrigenous soil transportation (Hopmans et al., 2004; 
Schouten et al., 2013; Weijers et al., 2007, 2014). According to another 
BIT record at Site U1463, there are a short increase at 2.55 Ma and a long-
term increase after 2.3 Ma (Figure 3, Smith et al., 2020). Also, the gam-
ma radiation-derived uranium concentrations at Site U1463, which were 
recognized as a dust proxy considering the presence of uranium bear-
ing rocks exposed on the northwest Australian continent, increased at 
∼2.4 Ma (Christensen et al., 2017). Considering the very low resolution 
in records at Site U1461 between 2.5 and 2.2 Ma (three points only), we 
reported the increased soil OC input at ∼2.5–2.2  Ma, keeping in mind 
that the different timings of increased soil input can also be attributed 
to slightly different source materials and responses to climatic variabil-
ity between Sites U1461 and U1463. The variation of soil OC input to 
the northwest shelf of Australia shows a complex relationship with that 
of vegetational OC input (Figure 2), suggesting different controlling fac-
tors on them. Terrigenous soil transportation to the northwest shelf of 
Australia is a mixture of signals from dust emitted during dry seasons, 
riverine discharge carrying soils during rainy seasons, and distance of 
the studied site to the shoreline (Stuut et al., 2019). Lower river runoff 
and moisture during the Pleistocene compared to the Pliocene has been 
widely observed in many records (Figure 3, Auer et al., 2020; Christensen 
et al., 2017; Stuut et al., 2019). Therefore, the increase in the soil OC input 
should be largely attributed to lower sea level and higher dust availability 
under dry conditions. As global sea level lowered after ∼2.5 Ma (Figure 3, 
De Boer et al., 2010), Site U1461 moved closer to the shoreline, receiving 
more soils from the Australian continent. Also, when land cover condi-
tions crossed a tipping point under dry climates, soil availability would 
become higher with increased area of desert and decreased vegetation 
coverage.
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Figure 3. Compilation of terrestrial material input and climates of 
northwestern Australia over the last 5 million years. (a) Vegetational 
organic carbon input inferred by C31Alk/C28–30Str values at Site U1461 (black, 
three-point smoothing). Mean annual precipitations in southern Australia 
based on Monte Carlo simulations on the continental vegetation change 
(red with 1σ error shadows, Sniderman et al., 2016). (b) δ13Corg values 
at Site U1461 (brown, three-point smoothing). (c) Soil input inferred by 
uranium concentrations from Site U1463 (orange, Christensen et al., 2017) 
and BIT values from Site U1461 (dark blue, three-point smoothing) and 
Site U1463 (light blue, Smith et al., 2020). (d) Source of soils inferred by 
MBT and CBT values (three-point smoothed) from Site U1461. (e) River 
runoff and terrigenous input based on percentage of potassium (%K) from 
Site U1463 (blue, Auer et al., 2020; Christensen et al., 2017) and log(Fe/Ca) 
record from Site 762 (green, Auer et al., 2020; Stuut et al., 2019). (f) Global 
sea level record (blue, De Boer et al., 2010) derived from global benthic 
δ18O records (Lisiecki & Raymo, 2005), and some local and global events 
including the onset of the Northern Hemispheric Glaciation (NHG), 
the mid-Pleistocene transition (MPT), and the MIS 50–60, 100, G2, and 
M2 events (green). Gray shadings indicate weak ITF events (same with 
Figure 2). A summary of terrestrial material input and climatic variations 
in northwestern Australia is shown at the bottom.
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There is a transition from higher CBT and lower MBT values to lower CBT and higher MBT values be-
tween ∼1.5 and 1.2 Ma (Figure 3). In terms of the calculated mean annual air temperature derived from 
Weijers et al. (2007), the soils occurring between 1.2 and 0 Ma contain warmer signals (27.3°C vs. 21.8°C, 
Figure S6), in contrasting with the recognition of globally cooler conditions during the mid- and late Pleis-
tocene compared to those during the Pliocene (Brierley et al., 2009; Fedorov et al., 2013; Lisiecki & Ray-
mo, 2005). Therefore, changes in the MBT and CBT values are rather attributed to a shift in the source of 
the terrestrial soils. Indeed, this shift in soil source between ∼1.5 and 1.2 Ma is accompanied by an increase 
contribution of grasses over trees and shrubs, as inferred by the alkane C33/C29 ratio (Figure S4, Meyers & 
Ishiwatari, 1993). Accordingly, the widespread formation and initiation of deserts and the degradation of 
trees and shrubs in the Australia continent at ∼1.2 Ma (Fujioka & Chappell, 2010) could induce the expo-
sure of soils from the desert that previously formed in warmer periods (maybe the Miocene, considering the 
soils are 5.5°C warmer than those in the Pliocene and the early Pleistocene).

4.3. Bulk Terrestrial OC Input on the Northwest Shelf of Australia

The δ13Corg values are relatively stable between 5 and 1.7 Ma, except for a ∼2‰ positive excursion at ∼3.7 Ma, 
probably due to less terrestrial input under dry climates from the ITF restriction. Besides that, the δ13Corg 
values are only ∼1‰ more positive between ∼3.3 and 1.7 Ma than between ∼5 and 3.7 Ma (Figure 2). The 
continuously decreased vegetational OC input between 5 and 0.8 Ma would induce an increasing effect on 
the δ13Corg values at Site U1461 (Figure 2e). The percentage of C4 plants over C3 plants increased by ∼20% 
between 5 and 1.7 Ma (Andrae et al., 2018), also resulting in an increase in the vegetation δ13Corg values 
(∼3‰). To the contrary, the increased soil OC input at ∼2.5–2.2 Ma would to some extent lower the overall 
terrestrial δ13Corg values (Figure  2). Complex interactions among these factors might result in relatively 
stable δ13Corg values.

Over the last ∼1.7 Myr, the δ13Corg values show no obvious increasing or decreasing trend but larger varia-
tion (∼3–5‰), suggesting a period of occasional massive and limited terrestrial transportations (Figure 2b). 
No correlations of C31Alk/C28–30Str versus δ13Corg (r2  =  0.0078, n  =  102, p  =  0.42) and BIT versus δ13Corg 
(r2 = 0.0025, n = 98, p = 0.66) were observed over the last ∼1.7 Myr. It is possible that very complicated 
sources and transport processes together resulted in the complex relations among the three proxies through 
the Pliocene-Pleistocene period (Figure 3). Nevertheless, the δ13Corg values still add another dimension of 
the terrestrial OC story, by suggesting fragile environments with large-amplitude hydrological swings. Over 
the late Pleistocene, large glacial-interglacial oscillations and strong sea level variations become important 
climatic signatures in northwestern Australia (Auer et al., 2021; Gallagher et al., 2009; Spooner et al., 2011; 
Stuut et al., 2019). This is perhaps the reason for large-amplitude hydrological swings on the Australian 
continent at orbital scales, signaling the larger variation in the δ13Corg values after the mid-Pleistocene tran-
sition (MPT, ∼1.2 Ma).

4.4. Implications of the Terrestrial Records on the Continental Climates

In summary, the C31Alk/C28–30Str values at Site U1461 are indicative of riverine transportation and vegetation 
coverage impacted by general changes in moisture. The BIT values reflect soil and dust OC input, induced 
mainly by sea level variation and partly by dry climates. The δ13Corg values provide an indication of bulk 
terrestrial OC versus primary productivity, which could be influenced by very complicated sources and 
transport processes. These records clearly show a continuously decreased vegetational OC input since 5 Ma, 
an increased soil input at ∼2.5–2.2 Ma, stronger variability in the bulk terrestrial OC input after ∼1.7 Ma, 
and a shift in soil source between ∼1.5 and 1.2 Ma. Different proxies show their particular responses and 
sensitivities to climatic variabilities. Generally, vegetation records are more sensitive to wet and moderate 
dry climates, whereas soil records are more indicative of much drier conditions. For instance, between ∼1.5 
and 1.2 Ma when the soil source shifted along with presence of active dune fields, the climates were too dry 
to show any drastic vegetation changes, and the vegetational OC inputs do not show obvious decreasing 
patterns (Figure 3).

All the terrestrial records together indicate that northwestern Australia continuously became drier through 
the Pliocene-Pleistocene period, from generally wet during the early Pliocene, to very variable and dry 
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conditions during the late Pleistocene (Figure 3). The phenomena seen in northwestern Australia are also 
observed throughout Australia. For instance, in central Australia, vegetations more indicative of wetter 
conditions were found during the early Pliocene (Figure 3a; Sniderman et al., 2016), while the presence 
of active dune fields initiated at ∼1  Ma (Fujioka & Chappell,  2010). In southeastern Australia, records 
from upland paleolakes in the semiarid interior indicated the persistence of strong rainfall until 1.5–1.4 Ma 
(McLaren & Wallace, 2010; McLaren et al., 2011; Sniderman et al., 2013).

During the Pliocene, the restricted ITF and the synchronous cooling conditions have resulted in a major 
climatic transition to lower moisture availability in northwestern Australia (Christensen et al., 2017; Mol-
nar & Cronin, 2015; Sniderman, 2011; Sniderman et al., 2007, 2013, 2016; Stuut et al., 2019). Although the 
Earth also experienced a global cooling trend through the Pliocene, the ITF variability is slightly different 
from the global climatic signatures. For instance, the major ITF constriction occurred at ∼3.7 Ma, prior to 
the temperature decrease in the offshore area (∼3.5 Ma, Karas et al., 2011) and the stronger glacial events 
(Figure 3f, De Vleeschouwer et al., 2019; Smith et al., 2020). Also, sea surface temperatures on the northwest 
shelf of Australia are relatively higher during the onset of the Northern Hemispheric Glaciation (NHG) at 
2.73 Ma (He et al., 2021; Smith et al., 2020). Therefore, the regional behavior instead of the global one is the 
major contributor to the ITF constriction and temperature variation in northwestern Australia. During the 
Pleistocene, the increased aridity in northwest Australian continent may be caused by both the ITF restric-
tion and the global atmospheric circulations (Christensen et al., 2017; He et al., 2021; Smith et al., 2020). 
Further ITF constriction and shallowing of the Indonesian Gateway at ∼1.7–1.5 Ma might trigger the more 
variable climates (Smith et al., 2020). As the meridional temperature contrast increased and the Hadley cell 
intensified since the MPT, a stronger atmospheric subsidence would increase the aridification in northwest-
ern Australia (Fedorov et al., 2013).

5. Conclusions
The terrestrial records from Site U1461 show a continuously decreasing vegetational OC input since 5 Ma 
and intermittently increased soil input at ∼2.5–2.2 Ma. Accordingly, we confirm wet conditions during the 
early Pliocene period and a continuously drying trend through the Pliocene-Pleistocene period, leading to 
less vegetation coverage, less river discharge, and higher soil availability. The continued tectonic northward 
migration of Australia and related restriction of the ITF pathways through the Indonesian Archipelago 
likely drove a reduction in moisture on the Australian continent. The records also demonstrate stronger 
variability in the bulk terrestrial OC input after ∼1.7 Ma, as well as a shift in soil source between ∼1.5 and 
1.2 Ma. We further suggest drier and more variable conditions with less vegetation coverage and expanded 
desert/dune in northwestern Australia began at the mid- and late Pleistocene, largely induced by further 
ITF constriction and global atmospheric circulations.

Data Availability Statement
All data presented in this manuscript are available in Zenodo (https://doi.org/10.5281/zenodo.4500066).
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