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SENSITIVITY OF BENTHIC FORAMINIFERA TO CARBON FLUX IN THE WESTERN
TROPICAL PACIFIC OCEAN

Katharina Billups1,*, Patricia P. B. Eichler2 and Helenice Vital2

ABSTRACT

We investigated benthic foraminiferal species as tracers
for carbon export flux in the Indo-Pacific warm pool (In-
ternational Ocean Discovery Program Expedition 363). In
core tops, the distribution of lower bathyal and upper abyssal
species can be separated into two distinct groups. Foraminifera
belonging to the high carbon flux (>3.5 g C m−2 year−1),
‘warm’ (>3.5°C) group are Bolivina robusta, Bulimina ac-
uleata, Globobulimina pacifica, Hoeglundina elegans, Lati-
carinina pauperata, and Cibicidoides pachyderma. The lower
carbon flux, ‘cold’ group includes Oridorsalis umbontus,
Uvigerina bifurcata, and Planulina wuellerstorfi. An index
based on the percent ‘warm’ assemblage with respect to the
total ‘warm’ plus ‘cold’ species in core-top samples correlates
significantly with carbon flux (r = 0.91, P = 0.0007) and
modern bottom water temperatures (r = 0.94, P = 0.0002).
When applied to down-core species abundances based on core
catchers spanning the late Miocene through Pleistocene, we
observed that sites from the northwestern Australian margin
show marked changes in the ‘warm’ index, suggesting a large
paleoenvironmental signal in this dynamic region. At Papua
New Guinea, down-core abundances of the ‘warm’ group are
highest (>80%), consistent with high organic matter input
via the Sepik River. At the deeper of the two sites, down-
slope movement in this tectonically unstable region may have
contributed to organic matter input. At Manus Basin, the
‘warm’ species abundances are also relatively high and covary
with the percent abundance of Uvigerina proboscidea, pro-
viding further evidence for the use of this index as a tracer
for carbon flux. Overall, this study contributes evidence for
the relationship between benthic foraminiferal assemblages
and carbon export flux in the Indo-Pacific warm pool, sug-
gesting that the ‘warm’ index can be used as a tracer for
paleoproductivity.

INTRODUCTION

Benthic foraminifera are ubiquitous in pelagic and
hemipelagic environments. They have been used as paleoen-
vironmental indicators for decades beginning with system-
atic correlations to water depth (e.g., Tjalsma & Lohmann,
1983; Van Morkhoven et al., 1986). Benthic foraminiferal
species correlation with water depth arises from water-
depth-specific habitats linked to the quantity and quality
of food (organic matter or carbon flux) and dissolved oxy-
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gen. These parameters are associated with primary produc-
tivity at the surface and respiration in the water column,
at the seabed, and in pore waters (e.g., Schmiedl et al.,
1997; Gupta & Thomas, 1999; Katz et al., 2003; Jorissen
et al., 2007). For example, Uvigerina is an infaunal benthic
foraminiferal genus that flourishes in environments char-
acterized by high organic matter supply (e.g., Lutze, 1980;
Miller & Lohmann, 1982; Lutze & Coulbourn, 1984; Gupta
& Srinivasan, 1992; Gupta & Thomas, 2003; Murgese & De
Deckker, 2005). Epistominella exigua is a species shown to
live in close association with photodetritus, on which it can
also feed (Gooday, 1988). In contrast, epifaunal Planulina
wuellerstorfi is one of the species more prevalent in areas
of lower organic carbon flux rates (Altenbach et al., 1999).
Because the amount of organic matter reaching the seabed
depends on respiration in the water column, the amount
reaching the seabed further decreases with water depth (e.g.,
Suess, 1980; Berger & Wefer, 1990) thereby establishing a
first order link between benthic foraminiferal species and
bathymetry.

Numerous studies have investigated the potential for us-
ing benthic foraminiferal assemblages as a proxy for pri-
mary productivity (e.g., Jorissen et al., 2007 and references
therein). However, these studies are hampered by the com-
plex relationship between primary productivity at the sea
surface and export production, which is the fraction of the
organic matter that escapes the photic zone and potentially
reaches the sea floor. In part, deriving quantitative relation-
ships is also made difficult by the need to calculate carbon
fluxes from overlying primary productivity, which can have
relatively large errors when estimated from published maps
(e.g., Antoine et al., 1996). Furthermore, any apparent rela-
tionship is likely to be of regional significance only, which
limits application of core-top calibrations outside a particu-
lar calibration region.

The depth at which specific water masses dominate
depends on the salinity and temperature (i.e., density),
and therefore benthic foraminiferal assemblages should
also relate, although circumstantially, to these parameters.
Schnitker (1974) linked the distribution of three benthic
foraminiferal species (Epistominella exigua, Oridorsalis um-
bonatus, and Heoglundina elegans) to three specific water
temperatures in the deep Atlantic Ocean (1.9°C, 1.5°C, and
2–4°C, respectively). Since then, the former two species have
also been associated primarily with relatively cold bottom
water (e.g., <3°C) in the eastern Indian Ocean (Murgese
& De Deckker, 2005). Lutze et al. (1977) and (1979) rec-
ognized that certain benthic foraminiferal species were as-
sociated with ‘warm’ interglacial or ‘cool’ glacial condi-
tions based on correlation with foraminiferal oxygen isotope
records. These authors then separated benthic foraminiferal
species into a ‘warm’ group versus a ‘cold’ group. In their
scheme, the ‘warm’ group includes Laticarinina pauper-
ata, Cibicidoides kullenbergi [recently renamed C. mundulus],
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236 BILLUPS AND OTHERS

Figure 1. Bathymetric map showing locations of the nine study sites (solid circles) drilled during International Ocean Discovery Program Ex-
pedition 363 referred to in this study. The map was generated using ArcGIS Software. The sites reflect three depth transects from the northwestern
Australian Margin (U1482 and U1483 at 1466 m and 1733m water depth, respectively), the continental margin of Papua New Guinea (U1484 and
U1485 at 1031 m and 1145 m water depth, respectively), and the Manus Basin (U1487 and U1486 at 874 m and at 1332 m water depth, respectively)
(Table 1).

C. robertsonianus, Cibicidoides sp., Hoeglundina elegans, and
Bulimina aculeate, and the ‘cold’ group consists of Pyrgo
murrhina, Cibicidoides wuellerstorfi [recently renamed Plan-
ulina wuellerstorfi], Uvigerina peregrina, and Globobulimina
hoeglundi. However, it is mostly these older studies that
have proposed a relationship between assemblages and spe-
cific water masses, whereas more recent studies empha-
size the primary role of organic matter fluxes in deter-
mining the character of the assemblages (Jorissen et al.,
2007).

Here we aim to establish a relationship between benthic
foraminifera and carbon flux in the tropical western Pacific
Ocean and northeastern Indian Ocean (International Ocean
Discovery Program Expedition 363; Fig. 1). Because carbon
flux decreases with water depth, benthic foraminiferal as-
semblages should also relate to bottom water temperatures,
which also decrease with depth in the ocean. Thus, we ex-
pand on the idea that benthic foraminifera can be grouped
into ‘warm’ versus ‘cold’ assemblages (e.g., Lutze et al.,
1977, 1979). As we will show, at Expedition 363 sites which
span ∼2500 m of water depth, carbon flux correlates with
bottom water temperature. This association provides the ba-
sis for the strong correlation between ‘warm’ versus ‘cold’
groups with carbon flux providing the potential to recon-
struct carbon flux and hence paleoproductivity in down-core
samples.

Investigative Approach

We begin by identifying and grouping the intermediate
‘warm’ water depth assemblages versus the deeper water
‘cold’ assemblages in the core-top samples of the nine sites
recovered during Expedition 363. Following the approach
of Lutze et al. (1979), we calculate a percent ‘warm’ species
index (the ratio of the number of ‘warm’ species tests with
respect to the number of ‘warm’ plus ‘cold’ species tests ex-
pressed as a percentage) and correlate core-top data from
the study sites with annual carbon fluxes and bottom water
temperatures. Carbon flux is derived from the relationship
between vertical carbon flux, primary productivity, and wa-
ter depth (Suess, 1980), with primary productivity values es-
timated from the maps of Antoine et al. (1996). Bottom wa-
ter temperatures are from Levitus & Boyer (1994). The dis-
solved oxygen levels at our study sites are relatively high and
vary only within a relatively small range (2.5 to 3.5 ml/L).
Therefore, we omit a quantitative comparison between dis-
solved oxygen and core-top assemblages. In order to investi-
gate the potential significance of the ‘warm’ index within a
larger data set, we also apply these same groupings to pub-
lished benthic foraminiferal abundance data from a series
of core-tops in the eastern Indian Ocean (Murgese & De
Deckker, 2005). We then investigate down-core variations in
the index at the Expedition 363 sites based on core catcher
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SENSITIVITY OF BENTHIC FORAMINIFERA 237

Table 1. Site location summary with hydrographic parameters.

samples that together span the past 10 Myr, albeit at a low
temporal resolution (e.g., 10–200 kyr depending on the spe-
cific site).

As a more direct means to assess variations in carbon
flux, we also calculate the relative abundance of Uvige-
rina proboscidea at the study sites. Uvigerina proboscidea
is a species indicative of continuously high organic mat-
ter supply, particularly in the Indo-Pacific Ocean (Gutpa &
Srinivasan, 1992; Gupta & Thomas, 2003; Murgese & De
Deckker, 2005). We correlate the percent abundance of this
species in the core-tops of the study sites with in situ annual
carbon fluxes and, where possible, compare down-core vari-
ations to those of the ‘warm’ species abundances.

Study Area

Expedition 363 drilled seven sites in the Western Pacific
Warm Pool and two sites in the southeastern tropical In-
dian Ocean across a wide spatial and bathymetric range in
a climatically important region (Rosenthal et al., 2017). The
sites group into four depth transects: along the northwestern
Australian continental margin, northern margin of Papua
New Guinea, Manus Basin, and Eauripik Rise (Fig. 1,
Table 1) spanning a range of water depths (874–3421 m)
and intercepting intermediate to deep water masses (Ta-
ble 1). Northwestern Australian Sites U1482 (1466 m wa-
ter depth) and U1483 (1733 m water depth) are located at
the southwestern extent of the warm pool. In this region,
a hydrographic transition separates relatively cool, nutrient-
rich water carried northward in the Eastern Indian Ocean
by the West Australian Current, from warm, oligotrophic
Leeuwin Current waters from the subtropical Pacific result-
ing in a steep north–south sea surface temperature gradient
(Rosenthal et al., 2017). Surface water productivity gradients
are also steep across this region (Antoine et al., 1996). The

sites lie on the continental slope and are therefore bathed
by Indonesian Intermediate Water and Indian Deep Water,
respectively (e.g., Murgese & De Deckker, 2005). Four sites
were drilled off Papua New Guinea, two along its north-
ern margin (Sites U1484 and U1485 at 1030 and 1145 m
water depth, respectively) and two in the adjacent Manus
Basin (U1486 and U1487, at 1332 and 874 m water depth,
respectively). The Papua New Guinea sites underlie the New
Guinea Coastal Current, but surface hydrography is affected
by the monsoon causing seasonally variable rainfall and dis-
charge from the Sepik River and other regional drainage sys-
tems. The two sites from the Manus Basin also underlie the
New Guinea Coastal Current but are further away from the
direct influence of freshwater discharge. Together these four
sites comprise a depth transect intersecting Southern Ocean
sourced Antarctic Intermediate Water (U1487 at 874 m wa-
ter depth) through Upper Circumpolar Deep Water (U1484,
U1485, and U1486, U1483 at 1030–1733 m water depth).
Sites U1488 (2604 m), U1489 (3421 m), and U1490 (2341 m)
from Eauripik Rise are bathed by Upper to Lower Circum-
polar Deep Water (Rosenthal et al., 2017, Table 1). Mod-
ern bottom water temperatures at these study sites vary from
∼1.5°C to 5°C (Table 1).

Cluster analysis of the water depth and associated hydro-
graphic parameters visualizes how the sites separate into two
distinct groups (Fig. 2). The first group consists of the sites
above 1400 m water depth with carbon fluxes above 3.5 g
C m−2 year−1 and bottom water temperatures above 3.5°C
(U1482, U1484, U1485, U1486, and U1487; Table 1). The
second group defines those sites that lie below 1700 m wa-
ter depth in relatively cold water (<2.9°C) with relatively low
carbon flux (<3.2 g C m−2 year−1) (Sites U1483, U1488,
U1489, and U1490; Table 1). These groups differ from the
intermediate versus upper deep water designations described
above (Rosenthal et al., 2017). Sites U1484, U1485, and
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238 BILLUPS AND OTHERS

Figure 2. Cluster analysis of Expedition 363 sites and their hydrographic parameters (see Table 1). Sites cluster into two groups: Sites >1400 m
water depth with carbon fluxes >3.5 g C m−2 year−1 and bottom water temperatures >3.5°C (U1482, U1484, U1485, U1486, and U1487) versus sites
<1700 m water depth with carbon fluxes <3.2 g C m−2year−1 and bottom water temperatures <2.9°C (Sites U1483, U1488, U1489, and U1490). In
this analysis, Bray-Curtis distance was used to measure the proximity between samples, and Ward’s method of attachment was used to arrange them
in a hierarchical dendrogram (R Mode) (Clarke, 1993; Clarke & Warwick, 1994).

U1486 are bathed by Upper Circumpolar Deep Water, but
our analyses groups them closer in hydrographic properties
to the intermediate water sites (Fig. 2). Therefore, we con-
sider them in the context of the shallower water sites rather
than the deeper water sites.

The study by Murgese & De Deckker (2005) offers an
opportunity to apply the same approach to a larger data
set from nearby eastern Indian Ocean cores. These cores
come from the western continental margin of Australia and
Indonesia spanning water depths from 700 m to 4300 m.
About half of these sites lie in the intermediate waters
(North Indian, Indonesian and Antarctic) found between
700 m and 1500–2000 m water depth and the other half in In-
dian Deep Water below 2000 m water depth (Murgese & De
Deckker, 2005). One site, the coldest one, samples Antarctic
Bottom Water. Modern bottom water temperatures at these
sites range between 1.2°C and 6.9°C (Levitus & Boyer, 1994).

METHODS

Sediment Processing and Foraminiferal Counts

Core-top and core-catcher samples were processed ship-
board for benthic foraminiferal micropaleontology during
Expedition 363. From each sample, 20–30 cm3 of sediment
were washed with tap water over a 63-µm wire mesh sieve.
Indurated samples were soaked in a 3% hydrogen peroxide
(H2O2) solution (with a small amount of Borax added) prior
to washing. All samples were then dried in the sieves in a

low-temperature oven at 50°C and subsequently examined
under a binocular light microscope. To avoid contamination
of foraminifera between samples, the sieve was thoroughly
cleaned, placed into a sonicator for at least 15 minutes, and
then carefully checked under a microscope.

Initial down-core foraminiferal counts were conducted
shipboard during Expedition 363 (Rosenthal et al., 2018).
Counts were updated and revised post-cruise and new
counts were generated from core-top samples (see electronic
data archive). Counting followed common practices of dry
sieving using a 150-µm sieve and, if necessary, splitting a
sample until about 100 benthic foraminiferal tests could be
counted in a given fraction. We deem it sufficient to count
up to 100 specimens because our interpretations are based
on changes between two groupings of species (‘warm’ versus
‘cold’), which is relatively robust in comparison to interpre-
tations based on the relative abundance of individual species.
At all sites except for those from Eauripik Rise, we were able
to count at least 72 foraminiferal tests per sample interval
(n = 72–203, see electronic data archive). We omitted data
from down-core samples when the total ‘warm’ plus ‘cold’
groups consisted of fewer than ten tests. Foraminiferal abun-
dance at Eauripik Rise (Sites U1488, U1489, and U1490) is
very low in the entire allotted sample volume. In the core-
tops of these three sites, benthic foraminiferal abundance
totals between 32 and 56 tests. However, down-core species
abundance at these sites is extremely low totaling fewer than
10 total tests in many of the intervals. Because of the dis-
proportionally large effect of single tests when species abun-
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SENSITIVITY OF BENTHIC FORAMINIFERA 239

Table 2. Summary of species interpreted in this study.

Intermediate-water ‘warm’ species

Bolivina robusta (Brady, 1881)
Bulimina aculeata (d’Orbigny, 1826)
Cibicidoides pachyderma (Rzehak, 1886)
Cibicidoides bradyi (Trauth, 1918)
Cibicidoides spp.
Globobulumina pacifica (Cushman, 1927)
Hoeglundina elegans (d’Orbigny, 1826)
Laticarinina pauperata (Parker & Jorissen, 1865)

Deep-water ‘cool’ species

Oridorsalis umbonatus (Reuss, 1851)
Planulina wuellerstorfi (Schwager, 1866)
Uvigerina bifurcata (d’Orbigny, 1839)

Carbon flux

Uvigerina proboscidea (Schwager, 1866)

dance is so low, we do not show down-core results from Eau-
ripik Rise.

Age Model

The age models for the down-core samples are based
on calcareous nannofossil and planktic foraminiferal bios-
tratigraphy established during the cruise (Rosenthal et al.,
2017). We linearly interpolate between the age-depth con-
trol points to derive ages for all intervals. As the biostratig-
raphy datum points are largely based on sampling the core
catchers, the depth resolution is about 10 m, the same as the
data points in our study. Depending on sedimentation rates,
which vary by site and over time from a minimum of about
3 cm kyr−1 (older portion of U1482 as well as Site U1487)
to 70 cm kyr−1 (U1484), the resolution of the control points
is ∼10–200 kyr. Because of the low resolution of our down-
core samples (e.g., ∼10-m depth spacing with an associated
temporal resolution of 10–200 kyr depending on sedimenta-
tion rates) we only take a general look at long-term trends,
and the shipboard age model sufficiently places the data into
a larger temporal framework.

RESULTS

Core-top Calibrations

Similar to the down-core data, we identified and tabulated
all benthic foraminiferal species in a given core-top interval.
We then plotted the relative abundance of each species (per-
cent of the total foraminifera counted) versus water depth
and compare it to carbon flux and bottom water tempera-
tures (Fig. 3). As evident in Figure 3, carbon flux and tem-
perature decrease with water depth in unison, and statisti-
cal analysis supports the conclusion that the two parame-
ters are highly correlated (r = 0.98, not shown). Thus, we
expect that benthic foraminiferal species at the Expedition
363 sites are well constrained to specific water depths. In-
deed, we find that those species originally defined by Lutze
et al. (1979) as belonging to a ‘warm’ species group in
the deep South Atlantic are species dominantly found at
1500 m water depth and above in Expedition 363 core-tops

(Bulimina aculeata, Cibicidoides spp., Hoeglundina elegans,
and Laticarinina pauperata, (Figs. 3B, 3F, 3N, and 3O, re-
spectively). Only one member of their ‘cold’ group occurs at
the Expedition 363 sites (Planulina wuellerstorfi, Fig. 3U).
Although it occurs across a range of water depths at Expe-
dition 363 sites, it has higher abundances at the deeper sites
(Fig. 3U). We observe that there are several other species
that have relatively high abundances (>10%) at either in-
termediate (Bolivina robusta, Cibicidoides pachyderma, Cibi-
cidoides bradyi, and Globobulimina pacifica; Figs. 3A, 3E,
and 3K, respectively) or deep water depths (Oridorsalis um-
bonatus and Uvigerina bifurcata, Figs. 3T and 3Z, respec-
tively). All told, there is a ‘warm’ group consisting of eight
species (Table 2), all of which occur in intermediate waters,
above 1500 m water depth with carbon fluxes above 3.5 g
C m−2year−1 and water temperatures above 3.5°C (Fig. 3).
The ‘cold’ group is relatively small consisting of only three
species (Table 2) dominantly abundant at the deeper sites
with lower carbon fluxes (<3.2 g C m−2 year−1) and colder
temperatures (<2.9°C). From these groups we calculate a
‘warm’ species index that reflects the percentage of the test
counts of the ‘warm’ species with respect to the ‘warm’ plus
‘cold’ species test counts.

We tested the robustness of this index using simple linear
regression between the index and hydrographic data. At the
Expedition 363 sites, the index correlates significantly with
the annual carbon flux and modern bottom water temper-
atures at the sites (Fig. 4). The correlation coefficients are
very high (both >0.9), consistent with the observation that
carbon flux and temperature are closely linked at these sites.
Applying this index to the data set of Murgese & De Deckker
(2005) also shows significant correlations with in situ carbon
fluxes and bottom water temperatures (Fig. 5). However, in
this much larger data set, the scatter is also larger, as reflected
in the lower correlation coefficients (both ∼0.5). It is appar-
ent in this data set that assemblages with dominantly ‘warm’
species (>50%), are associated with carbon fluxes >4.5 g C
m−2 year−1 and water temperatures generally above 4°C.

The relative abundance of U. proboscidea in our core-top
data set appears to be bimodal (Fig. 3AB). This species oc-
curs at the shallower sites, where the carbon flux is high (>4.5
g C m−2 year−1). However, a peak in abundance occurs at
Site U1488 in 2600 m water depth. Because of the generally
low abundance of foraminiferal tests at this site, we are un-
certain whether this observation reflects a real environmen-
tal response or an artifact of low total abundances. In the
larger data set from the Indian Ocean, U. proboscidea also
occur across a range of depth, but the highest abundances
tend to be associated with shallower water depth where the
carbon flux is high (>3.5 g C m−2 year−1; Murgese & De
Deckker, 2005). Omitting Site U1488, linear correlation be-
tween the abundance of this species and the carbon flux at
Expedition 363 study sites supports a statistically significant
relationship (r = 0.9; Fig. 6).

Down-Core Variations

Down-core variations are based on core catcher material,
and therefore the study intervals and temporal resolution is
not the same at all sites. Nevertheless, the records allow a
first-order comparison of the ‘warm’ species index within
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240 BILLUPS AND OTHERS

Figure 3. Relative abundance of benthic foraminiferal species from the nine Expedition 363 sites versus water depth (histograms). Also shown
are the annual carbon flux (dark grey lines with open diamonds) and bottom water temperatures (black lines with solid circles, Levitus & Boyer, 1994)
(blue) spanning these sites. The carbon flux is derived from primary productivity (Antoine et al., 1996) and the calibration of Suess (1980).
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Figure 3. Continued.
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Figure 4. Linear correlation between the carbon flux (A) and bot-
tom water temperature (Levitus & Boyer, 1994) (B) and the ‘warm’
species index (ratio of the number of ‘warm’ species tests with respect to
the number of ‘warm’ plus ‘cold’ species tests expressed as a percentage)
based on the core-top samples from the nine study sites (Table 1). The
correlation coefficients (r) and the P values are given in each panel.

each depth transect and a comparison of the ‘warm’ species
index with the % U. proboscidea, where this species is abun-
dant.

On the northwestern Australian margin (U1482 and
U1483), there is a ∼4 million-year overlap between the two
sites defining the depth transect (Fig. 7). While there is a
clear differentiation in the modern bottom water masses at
these two sites (Indonesian Intermediate Water versus In-
dian Ocean Deep Water; e.g., Murgese & De Deckker, 2005)
that appears to be well resolved by the ‘warm’ species index
(90% versus 40% with decreasing water depth), this gradi-
ent is not apparent consistently down-core. For the majority
of the overlapping interval (some exceptions exist when the
index at the deeper site drops to zero), the ‘warm’ species in-
dices from the two sites record similar abundances. And in
a few intervals, the % ‘warm’ index is higher at the deeper
than the shallower site (e.g., at ∼0.5 Ma, ∼1 Ma, ∼2.8 Ma,
and ∼3.7 Ma). The record of the shallower Site U1482 ex-
tends beyond the interval of overlap into the late Miocene

Figure 5. Linear correlation between the carbon flux (A) and bot-
tom water temperature (B) and the ‘warm’ species index (ratio of the
number of ‘warm’ species tests with respect to the number of ‘warm’
plus ‘cold’ species tests expressed as a percentage) based on core-top
samples from the eastern Indian Ocean (Murgese & De Deckker, 2005).
The correlation coefficients (r) and the P values are given in each panel.

(Fig. 7). Over the long-term, the index displays increases and
decreases from maxima of around 70–80% and minima of
around 30–40%. These fluctuations in the long-term trend
are relatively well defined given the low temporal resolution
of the data.

Off Papua New Guinea (U1484 and U1485), there is a
∼300-kyr overlap between the two sites (Fig. 8A). The two
intermediate water depth sites are only about 100 m apart
(and have similar carbon fluxes and bottom water temper-
atures), and the ‘warm’ species indices remain very similar
throughout (80–100%). Both sites contain abundant U. pro-
boscidea (Figs. 8B, 8C). At the shallower Site U1484, abun-
dances are generally below 10% of the entire assemblage,
while at the deeper site they often vary between 10–20%
(Figs. 8B and 8C, respectively).

At Manus Basin, Sites U1486 and U1487 overlap for the
entire 2.5-Myr study interval (Fig. 9). The sites are about
500 m apart and lie in different water masses (Antarctic In-
termediate Water versus Upper Circumpolar Deep Water,
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SENSITIVITY OF BENTHIC FORAMINIFERA 243

Figure 6. Linear correlation between the carbon flux and the rel-
ative abundance of Uvigerina proboscidea in core-top samples from the
nine study sites. The correlation coefficients (r) and the P values are
given in each panel.

respectively; Rosenthal et al., 2017) although both fall in
the shallower site cluster depicted in Figure 2. The core-top
‘warm’ species index is quite similar (80–100%). A more dis-
tinct gradient is apparent between the two sites in the oldest
part of the records, between 2.5 and 2.25 Ma, due to lower
‘warm’ species percentages at the deeper site. At both sites,
U. proboscidea abundance varies on average between 0 and
20% (Figs. 9B and 9C). We highlight that in this region the
variations in abundance of this species are very similar to the
variations in the respective % ‘warm’ species. This is partic-
ularly evident at the deeper site over the past 0.7 Myr, where
maxima and minima in the two records are parallel to each
other.

DISCUSSION

In our present study, we provide evidence for the possi-
bility to differentiate between a warmer, more intermediate
water assemblage (‘warm’ species group) and a colder, up-
per deep water assemblage (‘cold’ species group) at the nine
sites drilled in the Indo-Pacific Warm Pool during Expedi-
tion 363. We note that the ‘warm’ group species identified
here from the sites above 1500 m are consistent with the
upper through middle bathyal bathymetric zonation of Van
Morkhoven et al. (1986; 600–1000 m). Bolivina robusta is
not part of this particular classification but has been found
at 600–1400 m water depth in the Andaman Sea (Frerichs,
1970), which is in excellent agreement with the water depth
range where this species occurs at Expedition 363 sites and in
the Indian Ocean core-tops (Murgese & De Deckker, 2005).
We are therefore confident that the ‘warm’ group defined
here appropriately captures species constrained to interme-
diate and uppermost deep-water masses. With the exception
of Oridorsalis umbonatus, those species in the ‘cold’ group
occurring in deep water masses at sites below 1700 m be-
long to the lower bathyal and abyssal (1000–4000 m) zona-
tion. Oridorsalis umbonatus is placed into the neritic group
by Van Morkhoven et al. (1986). As evidenced in the rela-

tively large Indian Ocean core-top data set, however, O. um-
bonatus occurs over a wide range of depth (700–4300 m),
but has its highest abundance below 2500 m (electronic data
archive of Murgese & De Deckker, 2005). Katz et al. (2003)
also showed that, although of Oligocene age, Oridorsalis spp.
have highest abundances below 2000 m water depth. In addi-
tion, this species is often used in geochemical reconstruction
of deep water masses (e.g., Poli et al., 2000; Ferretti et al.,
2005; Billups et al., 2011; Poirier & Billups, 2014), and we
are confident that it is appropriate to place it in the ‘cold’
water group.

The ‘warm’ species index derived here correlates signifi-
cantly with modern day carbon flux and bottom water tem-
peratures (Fig. 4). The high degree of correlation at our
study sites (r >0.9) suggests that >80% of the variability in
the %warm group can be explained by organic carbon flux.
This rules out that other parameters such as oxygenation
play a major role at these sites. The similarly high signifi-
cance with respect to bottom water temperature may simply
reflect the consistency of vertical changes in carbon flux and
bottom water temperature at the study sites. The high signif-
icance of the correlations at our study sites supports the con-
clusion that the ‘warm’ index provides a tracer for temporal
changes in carbon flux. This differs when the index is applied
to the larger data set of Murgese & De Deckker (2005) (e.g.,
Fig. 5). Here, only ∼30% of the variability can be explained
by carbon flux (r = 0.56) or temperature (r = 0.53). This
suggests that, when applied over a larger region spanning a
wider range of environmental conditions, other parameters
become important factors influencing assemblage composi-
tion.

Regarding down-core results, at the northwestern Aus-
tralian margin, the two sites reveal relatively high down-core
variations in the %warm index, particularly at the deeper site
(e.g., U1483; Fig. 7). This would reflect relatively high vari-
ability in organic matter flux and related export productiv-
ity. However, shipboard inspection of the cores revealed the
presence of sediment disturbances at the deeper Site U1483
(Rosenthal et al., 2017). Several of the core catchers from
U1483 lie within these disturbed intervals (circled in Fig. 7).
The older four of these samples (∼2.8 and 3.5 Ma) do dis-
play relatively high percentages of the ‘warm’ species (higher
than at the shallower site), which would be consistent with
down-slope mass transport (Rosenthal et al., 2017). How-
ever, large fluctuations in the %warm group at the deeper
site occur also in the younger portion of the study interval
deemed free of disturbances (e.g., at ∼0.5 Ma and ∼1 Ma;
Fig. 4). Large variations in foraminiferal assemblages have
been observed at a core recovered at essentially the same lo-
cation as deeper Site U1483 (MD01-2378; Holbourn et al.,
2005). These authors discuss the importance of orbital-scale
variations in monsoonal circulation in this region affecting
productivity and benthic foraminiferal assemblages. Thus,
temporal fluctuations in carbon flux may well contribute to
the rather large down-core %warm species signal at U1483,
reflecting a paleoenvironmental signal on longer time scales.

The two sites at Papua New Guinea (U1484, U1485) are
only 100 m apart and have similarly high organic carbon
fluxes, and high percentages of warm group species in the
core-tops and down-core samples (e.g., Fig. 8A). Persistently
high %warm groups are likely linked to the high organic
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Figure 7. Temporal variations in the ‘warm’ species index (ratio of the number of ‘warm’ species tests with respect to the number of ‘warm’ plus
‘cold’ species tests expressed as a percentage) from the northwestern Australian Sites U1482 and U1483. Heavy line reflects smoothed data using a
negative exponential with a 10% sampling portion. The seven circled data points in the U1483 record indicate core catchers potentially affected by
sediment disturbances (Rosenthal et al., 2018).

matter input through the Sepik River system to offshore
where the sites are located (Rosenthal et al., 2017). The per-
sistence over time is consistent with reconstructions of the
continental margin through time that show that Site U1485
remained near the Sepik River plume (Aielo et al., 2019). In
further support of high organic matter flux, U. proboscidea
are abundant at both sites, although, there is no down-core
covariation between this species and the percent ‘warm’ wa-
ter index.

However, the relative abundance of U. proboscidea down-
core is higher at the deeper than the shallower site implying
a higher carbon flux to the deeper site. The latter observa-
tion is counter intuitive given the well-established concept of
decreasing carbon flux with water depth, which is apparent
in the core-top data (e.g., Fig. 6, Table 1). On one hand, this
may reflect a more complex relationship between this species
and organic matter fluxes as indicated by its presence in a
range of environments (Bunzel et al., 2014). On the other

Figure 8. Temporal variations in the ‘warm’ species index (ratio of the number of ‘warm’ species tests with respect to the number of ‘warm’ plus
‘cold’ species tests expressed as a percentage) from Papua New Guinea Sites U1484 and U1485. Panel A compares the ‘warm’ species index of the two
sites to each other, panel B and panel C compare the ‘warm’ index (open circles) to the relative abundance of Uvigerina proboscidea (solid triangles) at
each site.
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Figure 9. Temporal variations in the ‘warm’ species index (ratio of the number of ‘warm’ species tests with respect to the number of ‘warm’ plus
‘cold’ species tests expressed as a percentage) from Manus Basin. Panel A compares the ‘warm’ species index of the two sites to each other, panel B
and panel C compare the ‘warm’ species index (open circles) to the relative abundance of Uvigerina proboscidea (solid triangles) at each site. Heavy
lines in panel A reflects smoothed data using a negative exponential with a 10% sampling portion.

hand, it is possible that enhanced carbon flux to the deeper
site with respect to the shallower site is due to mass grav-
ity flows. Both Papua New Guinea sites lie in a tectonically
complex region close to the shelf break (Rosenthal et al.,
2017). Core catcher samples contain abundant specimens
of reefal (Amphisorus hemprichii, Coscinospira arietina, Op-
erculina complanata, and Peneroplis planatus) and shallow-
dwelling (<200 m water depth, Rotalinoides compressiuscu-
lus, Bulimina marginata, and Elphidium advenum) benthic
foraminiferal species (Rosenthal et al., 2017; see also our
electronic data archive). It is conceivable that U. proboscidea
abundances at the deeper site reflect enhanced organic mat-
ter deposition due to down-slope transport of sediment (or
transport of tests to the deeper site).

Results from Manus Basin (U1486, U1487) indicate simi-
lar ‘warm’ group values throughout the majority of the study
interval where they overlap, which agrees well with the mod-
ern lack of a gradient between the sites (e.g., Fig. 9). This
likely reflects that, as in the modern times, the sites received
similar amounts of organic carbon. Importantly, at both
sites, variations in the abundance of U. proboscidea are sim-
ilar to abundance variations in the respective ‘warm’ group
data (Figs. 9B and 9C). Because U. proboscidea is not part
of the ‘warm’ group index, the agreement suggests that both
indicators record similar environmental conditions, such as
variations in carbon flux. In this light, at this site, we have
independent evidence that the ‘warm’ group assemblages re-
flect changes in overlying productivity.

SUMMARY AND CONCLUSION

In this study, we set out to investigate benthic
foraminiferal species assemblages as tracers for in situ or-
ganic matter flux in the northwestern tropical Pacific Ocean.
Our core-top results indicate that the distribution of lower
bathyal and upper abyssal species can be separated into two
distinct groups, one that reflects relatively warm (>3.5°C) in-
termediate depth water with higher carbon flux (>3.5 g C
m−2 year−1) versus one that reflects the colder, deeper waters
with lower carbon flux (Table 2). These groups largely agree
with the ‘warm’ versus ‘cold’ species groups of Lutze et al.
(1979), and we have followed their approach in calculating a
‘warm’ species index. This index correlates significantly with
carbon flux and modern bottom water temperatures as ex-
pected from the correlation of these parameters with water
depth. Our sites from the northwestern Australian margin
reveal relatively large changes in the percent ‘warm’ index,
which is consistent with the patterns displayed by high res-
olution benthic foraminiferal assemblage changes over the
past 0.5 Ma that relate to variations in carbon flux and pro-
ductivity (Holbourn et al., 2005). At Papua New Guinea,
down-core variations in the %warm group remain relatively
high consistent with high organic matter input via the Sepik
River. Relatively high abundances of U. proboscidea at the
deeper sites may reflect input of organic matter, such as
that associated with down-slope movement in a tectonically
unstable region. At Manus Basin, we observe covariations
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between the ‘warm’ species group and the percent U. pro-
boscidea, which provides further evidence for the use of this
index as a tracer for carbon flux.

In conclusion, our study contributes evidence for the rela-
tionship between benthic foraminiferal assemblages and or-
ganic carbon flux in the Indo-Pacific warm pool. The ‘warm’
species index appears to be a robust tracer for this parame-
ter, as it is based on a group of species rather than relative
abundance changes of a single species. In this light, perhaps
a better designation would be ‘high carbon flux’ group ver-
sus ‘low carbon flux’ group. However, because the species are
constrained to specific water depth ranges as defined by Van
Morkhoven et al. (1986), we deem the ‘warm’ versus ’cold’
group names appropriate and more succinct.
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