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Abstract. Planktic foraminifera are widely used in palaeoceanographic and paleoclimatic studies. The accuracy of such re-

constructions depends on our understanding of the organisms’ ecology. Here we report on field observations of planktic

foraminiferal abundances (>150 µm) from 5 depth intervals between 0-500 m water depth at 37 sites in the eastern tropical In-

dian Ocean. The total planktic foraminiferal assemblage here comprises 29 morphospecies; with 11 morphospecies accounting

for 90% of the total assemblage. Both species composition and dominance in the net samples are broadly consistent with the5

published data from the corresponding surface sediments.

The abundance and vertical distribution of planktic foraminifera are low offshore west Sumatra, and increase towards

offshore south Java and the Lesser Sunda Islands (LSI). Average living depth of Trilobatus trilobus, Globigerinoides ru-

ber, and Globigerina bulloides increases eastward, while that of Neogloboquadrina dutertrei, Pulleniatina obliquiloculata,

and Globorotalia menardii remains constant. We interpret the overall zonal and vertical distribution patterns in planktic10

foraminiferal abundances as a response to the contrasting upper water column conditions during the southeast monsoon,

i.e., oligotrophic and stratified offshore Sumatra (non-upwelling) vs. eutrophic and well-mixed offshore Java-LSI (upwelling).

Overall, the inferred habitat depths of selected planktic foraminifera species shows a good agreement with those from sediment

trap samples and from surface sediments off Sumatra, but not with those from surface sediments off Java-LSI. The discrep-

ancy might stem from the different temporal coverage of these sample types. Our findings highlight the need to consider how15

foraminiferal assemblages and ecology vary on shorter timescales, i.e. from “snapshots” of the water column captured by

plankton net to seasonal and interannual variability as recorded in sediment traps and how these changes are transferred and

preserved in deep-sea sediments.

1 Introduction

Planktic foraminifera’s diversity, community composition, population dynamics as well as their shell chemistry are sensitive20

to hydrographic parameters (e.g., temperature, salinity, food availability) of the upper ocean (Bemis et al., 1998; Fairbanks
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et al., 1980; Katz et al., 2010). Consequently, their assemblage composition and the geochemical signature of their shells are

routinely used to reconstruct past ocean conditions (e.g. Ding et al., 2006, 2013; Mohtadi et al., 2017; Steinke et al., 2014).

Since the early observations from Murray (1897), many studies have evaluated the relationship between seawater tempera-

ture and planktic foraminiferal distribution, and found increasing dominance of cold species with increasing latitudes (Bauer,25

1976; Bé and Hamlin, 1967; Eguchi et al., 1999). This relationship with seawater temperature allowed the development of the

first comprehensive mapping of past sea surface temperature (SST) (CLIMAP Project Members, 1976). Subsequent assem-

blage studies have attempted to improve the accuracy of past sea surface temperature reconstruction via the transfer function

approach (e.g., Imbrie and Kipp, 1971; Ortiz and Mix, 1997). Although seawater temperature has a large influence on the global

distribution of planktic foraminifera (Kucera, 2007, 2009), other parameters such as salinity, oxygen content, food availability,30

turbidity, and upwelling intensity can also exert a strong control on the abundance, community structure, and vertical distri-

bution of planktic foraminifera at regional scales (Anderson et al., 1979; Davis et al., 2021; Field, 2004; Lessa et al., 2020;

Rebotim et al., 2017; Schiebel and Hemleben, 2017; Tolderlund et al., 1971).

In the last decades, geochemical proxies using the calcite tests of foraminifera (e.g., isotope δ18O and trace elements such

as Mg/Ca ratios) have become a powerful tool for the reconstruction of past ocean conditions (Katz et al., 2010; Lea, 2014;35

Schiebel et al., 2018). The robustness of paleoclimate reconstructions derived from foraminiferal calcite proxies is as good as

our understanding of the multiple fields that planktic foraminiferal biology encompasses (Schiebel et al., 2018). For example,

reconstructing past changes in the water column structure using multiple planktic foraminiferal species (e.g., surface vs. deep

dweller) requires understanding of the ecology of the selected species, such as seasonality, habitat depth, and food requirements

(Kemle-von Mücke and Oberhänsli, 1999; Kucera, 2007; Marchant et al., 2004; Schiebel et al., 2017). One common way40

of inferring planktic foraminifera habitat depth is by comparing the reconstructed parameters (typically Mg/Ca-SST) from

surface sediments with instrumental data or climatological products (e.g., World Ocean Atlas) (Groeneveld and Chiessi, 2011;

Hollstein et al., 2017; Mohtadi et al., 2011; Steinke et al., 2014; Tapia et al., 2015). In this approach, habitat depth is defined

as the water depth at which the reconstructed Mg/Ca-temperature or seawater δ18O value show the closest match with the

instrumental data or climatological product. However, this approach may be associated with uncertainties arising from a myriad45

of processes during the settling, deposition, and burial that may lead to varying degrees of proxy signal alteration (Regenberg

et al., 2014). Furthermore, additional uncertainty stems from the selected proxy calibrations and the instrumental database

used for comparison with the proxy. “Snapshots” from the water column where planktic foraminifera dwell are thus providing

additional information to improve proxy understanding.

The marginal seas of the Indonesian Archipelago are of great climatic importance. Here, the Indonesian Throughflow (ITF)50

connects the upper water masses of the Pacific and Indian oceans, exerting a strong effect on the salinity and heat exchange

between these basins (Gordon and Fine, 1996; Gordon, 2005; Tillinger, 2011). This feature has fueled the scientific interest to

better understand the role that heat exchange plays in climatic modulation on several time scales (Smith et al., 2020; Sprintall

and Révelard, 2014). Consequently, a growing number of oceanographic reconstructions based on foraminiferal calcite have

been published over the last decade to shed light on the changes in the regional oceanographic processes and climate (Dang et55

al., 2020; Ding et al., 2013; Fan et al., 2018; Karas et al., 2011; Mohtadi et al., 2014, 2017; Pang et al., 2021; Steinke et al.,
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2014; Wang et al., 2018). However, our understanding of the ecology of planktic foraminifera in this region, especially their

vertical distribution, relies largely on indirect inferences based on surface sediments and sediment trap samples (Ding et al.,

2006; Mohtadi et al., 2007, 2009, 2011). Thus far there is only one field observation that is focused on the standing stock of

planktic foraminifera in surface ocean sampled using plankton net (Ujiié, 1968), but this study did not investigate the vertical60

distribution of planktic foraminifera in the water column. To fill this gap, here we present depth stratified (0–500 m) plankton

net data from the Indonesian marginal seas off Sumatra, Java and the Lesser Sunda Islands (LSI) (Fig. 1). The main goal of this

study is to shed light on the spatial distribution of planktic foraminifera during the southeast (SE) monsoon, on the relationship

between foraminiferal abundance and environmental parameters, and how these findings compare with sediment trap and core

top assemblage data to further improve our understanding of foraminifera-based proxy reconstructions in this region.65

1.1 Study area

Modern oceanography off Indonesia is strongly modulated by seasonal monsoons. During the SE monsoon from April to

October, the southeasterly winds from Australia induce Ekman pumping that generates upwelling along the coast of southern

Sumatra, Java and the LSI. The peak of upwelling-favorable winds occurs at the southernmost coast of Sumatra (∼105º E)

during July-August, but the upwelling center moves northwestward reaching as far as 100º E and 2º S in October (Susanto70

et al., 2001). Seasonal upwelling results in increased chlorophyll-a concentrations and reduced thickness of the depth of the

mixed layer (<20 m) south of ∼4º S (Fig. 1; Table A1 and A2). Furthermore, seasonal upwelling leads to a ∼2 ºC decrease in

SST in comparison to the non-upwelling season and a contrast in SST of ∼3 ºC between the northern and southern parts of

the study area. During the northwest (NW) monsoon from late October to early April, the wind direction is reversed, resulting

in downwelling, lower chlorophyll-a concentrations, thicker mixed layer, higher SST south of ∼4º S and a more uniform SST75

distribution offshore southern Sumatra, Java and the LSI (Muskananfola et al., 2021; Qu et al., 2005; Susanto et al., 2001,

2006). At the interannual time-scale, the SST variability offshore southern Sumatra, Java and the LSI can be larger than 4 ºC,

showing the influence of climatic modes such as El Niño-Southern Oscillation (ENSO) or the Indian Ocean Dipole (IOD) (Qu

et al., 2005). During years of the El Niño (La Niña) phase of the ENSO and the positive (negative) phase of the IOD, intensified

(weakened) southeasterly winds result in stronger (weaker) coastal upwelling, leading to abnormally low (high) SSTs offshore80

southern Sumatra and Java (Du and Zhang, 2015; Mohtadi et al., 2011; Qu et al., 2005).

2 Materials and methods

Multinet samples were collected between August and September 2005 during FS Sonne cruise SO-184 (Hebbeln and cruise

participants, 2006). The 47 sampling sites are grouped into seven land-sea transects off Sumatra (n = 4), Java (n = 2) and the

Lesser Sunda Islands (LSI) (n = 1) (Fig. 1; details in Table A1 and A2).85
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2.1 Collection of hydrographic data and foraminiferal samples

The characterization of the physicochemical properties of the water column (i.e., temperature, salinity, nutrients, oxygen,

and in situ chlorophyll-a) was obtained from CTD and water samples collected using a rosette water sampler equipped with

24 Niskin bottles (10-liter volume each) and a Seabird SBE911 probe (Hebbeln and cruise participants, 2006) across 45

water stations (see Table A1 and A2). These hydrographic data are available in the cruise report of SO184 (Hebbeln and90

cruise participants, 2006). Briefly, the dissolved oxygen was determined using an automated titrator (Titroline alpha), which

is controlled by a redox electrode and a color agent (starch solution), on a self-constructed titration board for ship cruises

according to the WOCE protocol (Hebbeln and cruise participants, 2006). Chlorophyll-a measurement were performed using a

SFM25 spectrofluorometer (KONTRON). The measurement were done with 1 cm cuvettes at a 435 nm excitation wavelength

and a 667 nm emission wavelength (Hebbeln and cruise participants, 2006).95

The plankton samples (n = 37; Table A1 and A2) were obtained using a MultiNet sampler (Hydro-Bios, Kiel, Germany).

The gear is comprised of five individual 64 µm nets with an opening of 0.25 m2. The nets were lowered to a water depth of

500 m and vertically towed with a maximum winch speed of 0.2 m s-1 along five depth intervals of 500 to 200 m, 200 to 100

m, 100 to 50 m, 50 to 25 and 25 to 0 m depth. At the end of each depth interval the MultiNet sampler was stopped to open the

next net automatically closing the previous net. Once on board the samples were poisoned with 1 mL saturated HgCl solution100

and stored at 4 ºC (Hebbeln and cruise participants, 2006). The volume of water passed through the net opening was calculated

as the product of the height of the towed intervals and the area of the net opening.

2.2 Foraminiferal identification and census count

The taxonomic identification of the planktic foraminifera was based on Parker (1962), Kennett and Srinivasan (1983) and

Hemleben et al. (1989). We used the same taxonomic approach as in previous studies based on surface sediments (Mohtadi105

et al., 2007) and sediment trap (Mohtadi et al., 2009; 2011). The only exceptions are for Globigerinoides elongatus and

Trilobatus trilobus, as the name of these species have been updated recently by Aurahs et al. (2009) and Spezzaferi et al.

(2015), respectively. Here the species Globigerinoides ruber (white) can occur in two morphotypes (Mohtadi et al., 2009,

2011), namely G. ruber sensu stricto (s.s.) and sensu lato (s.l.). As G. ruber (s.l.) is now identified as a separate species,

Globigerinoides elongatus (Aurahs et al., 2009), we have included this distinction. The distinction was done according to110

the approach of Wang (2000); specimens with spherical chambers sitting on the previous suture and high arched primary

aperture were classified as G. ruber (white), meanwhile, more compressed organisms with subspherical chambers and low

arched primary aperture were classified as G. elongatus. In the case of the genus Trilobatus, we integrated the sacculifer-

morphotype, i.e., individuals with a sac-like final chamber, into the counts of T. trilobus (individuals with a regular, globular

terminal chamber). The distinction of Neogloboquadrina dutertrei from Neogloboquadrina incompta was made according to115

the approach of Mohtadi et al. (2009), based on the presence of an umbilical tooth, and the occurrence of more than four

chambers per whorl (Parker, 1962). The samples were separated into four size classes (>500, 500–355, 355–250, and 250–150
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µm) and stored in foraminiferal microslides. Here we report the foraminiferal abundances >150 µm as individuals per volume

of seawater passing through the opening of the net (ind. m-3).

Vertical habitat preferences were estimated using the total abundance of each species in each vertical profile. As we did not120

discriminate between living and dead specimens, this approach may have led to an overestimation of the habitat depth, for

instance when specimens were found in deep nets. Therefore, we refrain from interpreting individual multinet deployments,

which may be prone to the aforementioned bias. Instead, we base our interpretations on the median value of transects, each

consisting of at least three multinet deployments. The proportion of dead specimens, if any, likely varies across stations, thus

averaging over stations yields estimates that are less prone to single-site bias. This approach might also mitigate potential biases125

caused by patchy occurrences of planktic foraminifera in the water column, in both lateral and vertical directions (Meilland

et al., 2019). To facilitate comparison with previous studies and to avoid bias due to different sampling strategies, we used

Average Living Depth (ALD) (Jorissen et al., 1995) to discuss the vertical habitat of planktic foraminifera. ALD is defined as:

ALD =

∑
ni ·Di

Ni

Where ni is the number of specimens in the interval i of a particular species; Di is the midpoint of the sampled interval i;130

and N is the total number of individuals for all the depth levels of that particular species. For the calculation of the ALD, we

followed the approach suggested by Rebotim et al. (2017) by considering only stations with at least five individuals of a given

species.

The 95% confidence interval of the species ALD for upwelling vs non-upwelling region (Table 1) was estimated using non-

parametric randomization tests i.e., bootstrap (Manly,1997), as the distributions of ALDs of either region do not meet normal135

distributions required for parametric tests due to small sample sizes. The upwelling region consists of transects 5–7, while

the non-upwelling region consists of transects 1–3. We permuted the ALDs of each species for upwelling and non-upwelling

region, respectively, simulating the differences in mean ALDs between these permuted sites with 999 replicates. We then sorted

the sequence of 999 differences in mean ALDs, which approximated all possible outcomes of the lack of differences in mean

ALDs between upwelling vs. non-upwelling sites. We determined the probability of the observed between-region difference140

in mean ALDs as 1-quantile of the observed estimate in the sorted sequence. The probability (P-value) <0.05 represents

significant differences in mean ALDs between regions. Statistical analysis was performed in R language (R core Team, 2020),

code available upon request.

3 Results

3.1 Hydrological conditions145

Across the sampled depths (0–500 m) of the plankton nets, the water temperature ranges from ∼8 to ∼30 ºC, the salinity

from 33.5 to 35.1 psu, the in situ chl-a from ∼0.2 to ∼0.7 mg m-3 and the oxygen concentration from 1.2–∼5 ml L-1(Fig. 2

a-c). Sea surface temperature shows a strong zonal contrast, with colder conditions off Java-LSI and warmer conditions off
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Sumatra (Fig. 2a). This zonal pattern remains across all the sampled depths from the surface to a water depth of 500 m (Fig.

A1). Similarly, salinity also shows a strong zonal contrast, as fresher conditions dominate the upper 50 m of the water column150

off Sumatra while more saline conditions dominate the upper ocean off Java (<50 m) (Fig. 2b). This pattern reverses at depths

>50 m, with more saline condition off Sumatra than Java and the LSI.

In situ chl-a for 0–25 m water depth is on average ∼0.65 mg m-3, with no zonal patterns across the study area (Table A1

and Fig. 2c). Lower-than-average chl-a values can be found at two oceanic stations from transect 3 off Sumatra, that is, sites

GeoB10003 (0.28 mg m-3) and GeoB10007 (0.34 mg m-3) (Table A1). Despite the absence of a zonal divide in surface chl-a,155

at depths >50 m the vertical distribution differs between Sumatra and further east (∼105º E; Fig. 2c). Off Sumatra (<105º E),

chl-a is mainly restricted to the upper 100 m of the water column, while high chl-a values > 0.3 mg m-3 (>105º E) can reach

as deep as 500 m at the easternmost study area, i.e., Transect 7 around Sumba Island (Fig. 2c). The distribution of oxygen

content across the water column matches the distribution of in situ chl-a, i.e., high dissolved oxygen concentrations (>2 ml L-1)

are restricted to the upper 100 m of the water column off Sumatra, while high dissolved oxygen concentrations off Java and160

particularly around Sumba (Transect 7) can reach as deep as 500 m (Fig. 2d).

The thermal mixed layer depth (MLDTEMP) for this region, defined as the depth where the temperature is >0.8 ºC colder

than the SST (Kara et al., 2000; Qu et al., 2005), roughly marks the top of the thermocline depth and ranges from ∼13 to

∼91 m (Table A1, A2 and Fig. 2a). The MLDTEMP varies zonally; off Sumatra the MLDTEMP (∼74 m) is on average twice the

thickness of that off Java-LSI (∼33 m) (see Table A1 and A2). The barrier layer separates the well mixed upper ocean from the165

thermocline. Here, the barrier layer is defined as the MLDTEMP minus the mixed layer depth calculated using density, namely

MLDDEN (Qu and Meyers, 2005). It ranges between 0 to ∼72 meters of thickness and follows a similar spatial distribution as

the MLDTEMP, with an average thickness of ∼45 m off Sumatra and ∼2 m off Java-LSI (Table A1 and A2). The upper water

column stratification, SI0-200 is defined as the temperature difference between the sea surface and 200 m (Somavilla et al., 2017).

The SI0-200 values are higher off Sumatra than off Java and the LSI, indicating more stratified upper water column off Sumatra170

(Table A1 and A2). These observations suggest two contrasting hydrological conditions in the study area, with strong (weak)

water column stratification, thick (thin) mixed layer and barrier layer, and low (high) subsurface water entrainment towards the

surface off Sumatra (off Java-LSI), in agreement with the observed geographical extension of the coastal upwelling (Fig. 1c)

during the SE monsoon (Susanto and Marra, 2005; Susanto et al., 2001).

Multivariate analysis (non-metric multidimensional scaling) performed on the in situ hydrographic data obtained during the175

cruise provides further evidence that the study area consists of three hydrologically distinct regions (Fig. 3), constituting of

transects 1–3, 4, and 5–7, respectively. The cluster off Java and the LSI that encompasses transects 5 to 7 is characterized

by lower SST (<29 ºC), saltier surface ocean, shallow mixed layer, and chl-a with a larger vertical dispersion, i.e., conditions

typical of seasonal upwelling during the southeast monsoon. Meanwhile, the cluster off Sumatra that encompasses transects 1

to 3 is characterized by higher SST (>29 ºC), fresher surface ocean, deep mixed layer, and chl-a with low vertical dispersion.180

A third cluster consists solely of Transect 4, which reflects transitional conditions as here we can observe a large dispersion

in the values of the parameters analyzed (see Table A1 and A2) and its location coincides with the northernmost extent of
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upwelling-favorable winds (see section 1.1). The multivariate analysis performed on hydrographic data separates the sites into

two main groups, i.e., transects 1-3 in non-upwelling sector and transects 5-7 in upwelling sector.

3.1.1 Planktic foraminiferal assemblage and absolute abundance185

The total composition of the planktic foraminiferal species comprises 29 morphospecies. Eleven morphospecies, namely Glo-

bigerina bulloides, Globigerinella calida, Globigerinita glutinata, Globigerinoides ruber (white), Trilobatus trilobus, Globoro-

talia menardii, Neogloboquadrina dutertrei, Globorotalia hirsuta, Globigerina falconensis, Pulleniatina obliquiloculata, and

Globigerinella siphonifera, accounted for 90% of the total assemblage (Fig. 4a). The abundance of planktic foraminifera

ranges from ∼3 to ∼80 ind. m-3, and shows a strong zonal divide (Fig. 4b, c). The lowest abundances, with median values190

ranging between ∼4 and ∼12 ind. m-3, occur off Sumatra (transects 1-3) (Fig. 4b, c) while, the highest abundances, with

median values ranging between 18 and 35 ind. m-3, occur off southern Sumatra and Java-LSI (transects 5-7) (Fig. 4b, c).

3.2 Vertical distribution of palaeoceanographic-relevant species

Similar to the spatial pattern of total abundance in each transect (Fig. 4b), the vertical dispersion of planktic foraminifera

abundance across the water column shows a strong zonal pattern (Fig. 5a). Off Sumatra, the vertical distribution of planktic195

foraminiferal abundance is characterized by a high concentration in the upper 50 m (i.e., >30% of the total abundance) and a

rapid decrease toward deeper levels with ≤15% of the total abundance occurring between 50 and 500 m water depth. Mean-

while, off Java and the LSI, planktic foraminifera can be found throughout the upper 500 m of the water column. Unlike for

stations off Sumatra, here the first 50 m of water column are relatively poor in planktic foraminifera and the highest concen-

tration (>20 % of the total abundance) occurs between 50 to 100 m water depth. This general pattern is true for all stations off200

Java-LSI except station GeoB10062-1 (Fig. 4c).

In the following section, we describe the vertical distribution of six species of planktic foraminifera that are typically used in

paleoceanographic studies (for example, Caley et al., 2012; Ding et al., 2013; Mohtadi et al., 2017; Steinke et al., 2014; Tapia et

al., 2019, namely T. trilobus, G. ruber (white), G. bulloides, N. dutertrei, P. obliquiloculata, and G. menardii. Trilobatus trilobus

exhibits a surface distribution with most of the organisms dwelling in the upper 50 m of the water column. Interestingly, some205

differences in their vertical distribution can be observed between sectors (i.e., Sumatra vs. Java-LSI) (Fig. 5b). In the Sumatra

sector, T. trilobus is highly concentrated within the upper 30 m of the water column, showing a small vertical dispersion, as its

occurrence below 75 m is rare (Fig. 5b). Meanwhile, offshore Java and the LSI, T. trilobus shows a larger vertical dispersion

with a relatively high concentration as deep as 100–200 m (Fig. 5b). The vertical distribution of G. ruber (white) shares some

similarities with T. trilobus, that is, high concentration of specimens within the first 50 m of the water column off Sumatra210

and a larger dispersion off Java and the LSI (Fig. 5c). However, the vertical distribution of G. ruber (white) off Java suggests

an even larger vertical dispersion than that of T. trilobus, as G. ruber (white) shows that the lysocline of 20% of presence

stretches from 100 to 400 m of water depth (Fig. 5c). Globigerina bulloides shows no clear pattern in its vertical preference off

Sumatra, occupying both upper and lower depths. In contrast, off Java and the LSI this species seems to prefer water depths

below the thermocline between 100 and 350 m (Fig. 5d). Pulleniatina obliquiloculata and N. dutertrei (Fig. 5e and f) show215
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a similar distribution with high occurrence of individuals between ∼50 and ∼100 m water depth. This feature seems to be

constant throughout the study area. Although G. menardii is found mostly below 30 m water depth, its vertical distribution

deepens along the study area, from dwelling at ∼50 m water depth off Sumatra to ∼150 m water depth off Java-LSI (Fig. 5g).

Overall, abundance distribution of the selected species across the water column agrees with previous studies that categorize

these species as surface-mixed layer dwellers (T. trilobus, and G. ruber (white)) or as deep-thermocline dwellers (N. dutertrei,220

P. obliquiloculata, and G. menardii) (Birch et al., 2013; Faul, 2000; Hemleben et al., 1989; Lessa et al., 2020; Rebotim et al.,

2017; Steph et al., 2009).

The ALD calculated from the total abundance (living + dead specimens) of the selected species ranges between 47 and 113

m water depth (Fig. 6). The ALD for G. menardii, N. dutertrei, and P. obliquiloculata indicates that the habitat depth of these

species is located between ∼67 to ∼87 m. The ALD value for G. bulloides suggests that the habitat depth of this species in225

the study area is ∼113 m, much deeper than the mixed layer in the study area. Meanwhile, the ALD for mixed-layer species

is ∼49 m for T. trilobus and ∼69 m for G. ruber (white), respectively. Interestingly, the ALD of surface-dwelling G. ruber

(white) is similar to that of some thermocline-dwelling species.

4 Discussion

4.1 Planktic foraminiferal abundance and assemblages off Indonesia230

The total number of species (n = 29; size fraction >150 µm) observed in the plankton net samples collected during August

and September 2005 is higher than the number of species observed in the surface sediments off Indonesia (n = 18; size

fraction >150 µm) (Ding et al., 2006) but lower than that observed in a sediment trap off Java (n = 37; size fraction >150 µm)

(Mohtadi et al., 2009). Higher diversity in our data compared to those of Ding et al. (2006) may be due to the loss of fragile

and dissolution-prone species (e.g., Hastigerinella digitata, Turborotalita humilis, Globigerinita uvula) in the sedimentary235

record, since only 4 of the 13 sites collected from the upwelling area off Java by Ding et al. (2006) are above the lysocline

(∼2400–2800 m water depth) (Ding et al., 2006; Mohtadi et al., 2007). On the other hand, the longer temporal interval spanned

by sediment trap samples off Java (3 months) compared to our sampling period (6 weeks) makes it possible to collect species

with sporadic occurrence throughout the year. A recent global compilation study which includes the sediment trap data from

Indonesia reported a warm bias in the assemblage due to anthropogenic effects and the likelihood that the water column may240

have changed over the last few decades (Jonkers et al., 2019). We note that their approach is based on the biogeography of

planktic foraminifera, i.e., each species occupies a specific thermal niche, which may span a temperature range of >10ºC

for some tropical species. On the other hand, our main findings about the habitat depth and implications for paleoclimate

reconstruction are based on individual species. The selected species are not dwelling at the limit of their thermal niche, thus as

long as these species do not substantially shift their thermal niche over time, we do not expect any large bias due to the reported245

anthropogenic changes in foraminiferal assemblage.

The abundance of planktic foraminifera in the upwelling sector of Java-LSI is 4 to 8 times higher than that in the non-

upwelling-Sumatra sector (Fig. 4b). Higher foraminiferal abundance in the presence of upwelling is consistent with previous
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studies, and is likely due to higher food availability when upwelling occurs (Kimoto, 2015; Schiebel and Hemleben, 2005;

Schiebel et al., 2001). Species such as G. bulloides, G. glutinata and G. falconensis have been classified as species associated250

with upwelling conditions, and their abundances are positively correlated with the intensity of the upwelling (Brock et al., 1992;

Cayre et al., 1999; Conan and Brummer, 2000; Sautter and Sancetta, 1992). Species such as N. dutertrei, P. obliquiloculata,

and G. menardii normally live in nutrient-rich waters below the mixed layer in the thermocline (Sautter and Thunell, 1991).

Meanwhile, T. trilobus and G. ruber (white) occur in areas with a thick mixed layer. These mixed-layer dwellers have a similar

life span (of two to four weeks), feeding strategies, and reproduction synchronized with the synodic lunar cycle (Schiebel255

and Hemleben, 2017 and references therein). Compared to T. trilobus, which predominantly occurs under warm oligotrophic

conditions, G. ruber (white) displays a more opportunistic behavior, as this species can be abundant and occurs in a larger range

of trophic conditions, from oligotrophic to eutrophic due to its ability to feed on a greater variety of food sources (Schiebel and

Hemleben, 2017; Schiebel et al., 2018).

Off Sumatra without upwelling, G. ruber (white), G. elongatus and T. trilobus account for ∼44% of the total assemblage,260

while the species associated with high productivity or upwelling conditions have a minor presence (G. bulloides (∼8%) and G.

glutinata (∼9%)) or are rare to absent ( N. dutertrei, <2%) (Fig. 7a). On the other hand, off Java and the LSI where upwelling

occurs, the assemblage composition is strongly dominated by G. bulloides (21%), G. glutinata (14%) and the deep-dwelling

species associated with high productivity i.e., N. dutertrei, G. menardii, and P. obliquiloculata, together contribute 18% to the

total assemblage. Trilobatus trilobus and G. ruber (white), contribute only 7% and 8%, respectively, to the total assemblage265

off Java and the LSI (Fig. 7b).

Interestingly, despite methodological differences (sampling season and water depth, size fraction analyzed), our results are

broadly consistent with those of a plankton net study carried out here in late autumn-early winter of 1963 at the end of the

upwelling season (Ujiié, 1968). Ujiié found that the assemblage of planktic foraminifera off Java was consisted of a mixture

of species associated with nutrient-rich and nutrient-poor waters, dominated by N. dutertrei (28%), G. ruber (22%) and T.270

trilobus (10%). On the other hand, off Sumatra (100º E) oligotrophic species T. trilobus and G. ruber accounted for 56% of

the total assemblage of planktic foraminifera. Thus, the assemblage and dominant species characterizing these two sectors

seem to persist until the end of the upwelling season. The spatial contrast in the composition and abundance of planktic

foraminiferal species (Fig. 4 and 7) in upwelling vs. non-upwelling conditions suggests that the hydrographic changes related

to upwelling govern the distribution of planktic foraminifera. This finding is consistent with previous studies suggesting that275

off Indonesia, seasonal upwelling plays a critical role in modulating the ecology of planktic foraminifera (Ding et al., 2006;

Mohtadi et al., 2007, 2009, 2011; Ujiié, 1968). Consequently, foraminiferal abundances (Fig. 4b) and species composition in

plankton net samples collected during the SE monsoon season reflect the transition, in space, from oligotrophic, deep mixed

layer and more stratified upper water column conditions (Sumatra) to a more eutrophic, shallow mixed layer and well-mixed

upper water column (Java and the LSI). The transition zone between the two hydrographic regimes for the period August-280

September is located off the Sunda Strait (∼103º – ∼105º W) (Fig. 1c) (Susanto et al., 2001). Altogether, the aforementioned

observations suggest that changes in the temporal extent, intensity, and zonal coverage of the seasonal upwelling might have a

profound effect on the ecology of planktic foraminifera in the study area. Interestingly, the zonal divide in planktic foraminiferal
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assemblage between non-upwelling and upwelling regions observed in our net data is also reflected to some degree in surface

sediments (Fig. 7c and 7d). Similar to what we observed in the plankton net data of the SE monsoon, the assemblage in285

sediments off Sumatra is dominated by G. ruber (white) while that off Java is dominated by G. bulloides. However, the

proportion of less dominant species differs for plankton net and sediment samples. For instance, G. calida constitutes 12%

of Java net samples but only 4% in the sediments. This discrepancy may reflect the different temporal coverage of these two

sample types, i.e., surface sediments integrate over tens to hundreds of years whereas net samples provide only a “snap-shot”

of the sampling period during the SE monsoon. The test of G. calida is relatively fragile, thus post-depositional processes like290

carbonate dissolution may also bias the assemblage in sediments (Ding et al., 2006). The effect of dissolution is likely not

severe, as most of the stations are above the lysocline (Mohtadi et al., 2007), and some G. calida are found in sediments (Ding

et al., 2006) albeit at a lower proportion than in our plankton net data.

4.2 Planktic foraminifera habitat depth off Indonesia

Processes such as daily vertical migration and reproduction may also play a role in the vertical distribution of planktic295

foraminifera. The effect of daily vertical migration cannot be properly assessed by our sampling design, but there is strong

evidence that argues against daily vertical migration in planktic foraminifera (Meilland et al., 2019). However, it cannot be

excluded that lateral patchiness of foraminiferal occurence affects the vertical distribution, as proposed recently by Meilland et

al. (2019). To buffer against this potential caveat as well as potential bias due to dead specimens collected at depths (details in

section 2.2), we interpret data averaged over several stations within each individual transects.300

In the case of a modified vertical distribution due to synchronized reproduction – if some species reproduced consistently in

phase with the full moon (Schiebel and Hemleben, 2017) – changes in the size class distribution should be noticeable before

and after the occurrence of full moon during the sampling period. Among all the species selected, G. ruber (white), N. dutertrei

and G. menardii show changes in their size classes distribution consistent with this pattern (Fig. A1.2). The other species show

equal distribution of the larger and smaller size fractions before and after full moon. Although we cannot completely rule out305

ontogenic vertical migration, the lack of coherence between the calculated ALDs and the moon phase argues against ontogenic

vertical migration as primary driver of the habitat depth distribution in the study area.

The discussion in the following sub-sections focuses on species that are commonly used in geochemical analyses for paleo-

ceanographic reconstruction, namely G. ruber (white), T. trilobus, N. dutertrei, P. obliquiloculata G. menardii and G. bulloides.

Importantly, the habitat depth of these species was also the focus of several previous studies in the region based on sediment310

trap and surface sediments (Mohtadi et al., 2007; 2009; 2011).

4.3 Dominant species in nutrient-poor waters: G. ruber and T. trilobus

Many studies have shown that G. ruber (white) and T. trilobus have mixed layer habitat preferences in oligotrophic conditions

(Bé, 1977; Duplessy et al., 1981; Fairbanks et al., 1980; Kuroyanagi and Kawahata, 2004), thus they are considered reliable

recorders of changes in the surface ocean at different timescales. However, the habitat depth of these species may change315

10



from area to area depending on the local hydrography, e.g., the depth of the mixed layer (Schiebel and Hemleben, 2017 and

references therein).

The calculated habitat depth for G. ruber (white) (median = 69 m) (Fig. 6) is deeper than the habitat depth estimated from

surface sediments for the study area (20 – 50 m) (Mohtadi et al., 2007, 2011). In contrast, the calculated habitat depth for T.

trilobus (median = 49 m) (Fig. 7) is similar to the calcification depth estimated using surface sediments off Indonesia (∼50320

m) (Mohtadi et al., 2011). The relatively great habitat depth shown by G. ruber (white) may be related to the lack of living

planktic foraminifera specimens and the use of total counts in the calculation of the ALD (see section 2.2).

Previous studies have suggested that a deepening of the habitat depth due to the use of total counts can be considered

marginal (Greco et al., 2019). For example, in the area influenced by the upwelling, including both live and dead (total)

specimens in the calculation of ALD leads to an increase of only ∼4 to 15 m for G. ruber (Lessa et al., 2020; Rebotim et325

al., 2017). Similar overestimation, 2–13 m, in the habitat depth of T. trilobus is observed when dead specimens are included

in the ALD, suggesting that the bias on ALD calculation caused by the inclusion of dead specimens should be comparable

across mixed-layer dwellers. Therefore, the inclusion of dead specimens may not necessarily result in a severe bias in the

habitat depth estimates. Furthermore, the agreement in the habitat depth of T. trilobus inferred from sediments and our ALD

calculation also suggests that dead specimens likely do not make up a large portion of the net samples; the same is probably330

true for G. ruber (white) from the same samples. Together, these observations suggest that the relatively deep ALD calculated

for G. ruber (white) is likely a robust finding and not severely biased by the inclusion of dead specimens in the calculation.

4.4 Dominant species in nutrient-rich waters: N. dutertrei, P. obliquiloculata, G. menardii and G. bulloides

Species such as N. dutertrei, P. obliquiloculata, G. menardii and G. bulloides are normally associated with high food availability

and dwell in the upper water column across the mixed layer and upper part of the thermocline (Schiebel and Hemleben, 2017335

and references therein). The habitat depth based on ALD calculation of the deep-dwelling species, N. dutertrei (median = 82 m)

and P. obliquiloculata (median = 87 m) (Fig. 7) shows a good agreement with the habitat depth inferred from both sediment trap

time series and surface sediments, i.e., 75–100 m for N. dutertrei and, 60–90 m for P. obliquiloculata, respectively (Mohtadi et

al., 2009, 2011). These habitat depth estimates are close to the lower end of the range for these species in regions influenced

by the Benguela and Canary upwelling system in the Atlantic Ocean, that is, ALDs of 52 ±32 m for N. dutertrei and 45 ±31340

m for P. obliquiloculata, respectively (Lessa et al., 2020; Rebotim et al., 2017). Similarly, the habitat depth of G. menardii

off Indonesia is also at the lower end of its habitat depth observed off Africa in waters influenced by the Benguela Upwelling

System (ALD of 39 ±22 m) (Lessa et al., 2020). Notably, of all the species only G. menardii shows a shallower habitat depth

(median = 67 m) (Fig. 8) than that inferred from sediment trap data (90 to 110 m) (Mohtadi et al., 2009). A habitat depth of

67–87 m water depth, for G. menardii, N. dutertrei, and P. obliquiloculata, places them just below the lower boundary of the345

mixed layer, which is on average 52 m (Table A1 and A2).

Globigerina bulloides has a median habitat depth of 113 m (Fig. 7); this value is almost twice the mean habitat depth

estimated from surface sediments off Indonesia (∼50 m) (Mohtadi et al., 2011), and close to the low end of the observed

habitat depth, i.e., 57 ±10 to 102 ±67 m, for this species in the Atlantic (areas under influenced of Benguela and Canary
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upwelling) (Lessa et al., 2020; Rebotim et al., 2017). Globigerina bulloides is an opportunistic species whose abundance and350

habitat depth has been linked to food availability in the water column (Peeters and Brummer, 2002). Therefore, it is possible

that its habitat depth follows the depths where food availability is the highest in the water column. The comparison of its

median ALD value off Sumatra (non-upwelling) and off Java-LSI (upwelling) shows a deepening from ∼64 m to ∼152 m,

respectively. This finding suggests that regional differences in the habitat depth of some planktic foraminifera might occur as a

result of seasonal upwelling.355

4.5 Zonal differences in the habitat depth: non-upwelling vs. upwelling

Previous studies off Indonesia matching geochemical data (δ18Ocalcite) from core tops and water profiles have suggested differ-

ences in the habitat depth of some planktic foraminifera species between the sectors of Sumatra, Java and the LSI (Mohtadi

et al., 2007). Mohtadi et al. (2007) reported that off Sumatra, the G. ruber–δ18O values reflected a habitat depth <50 m water

depth, while off Java and the LSI the G. ruber–δ18O values were “out of range” (<0 m water depth). The authors speculated360

that the “out of range” geochemical signature off Java most likely reflects a greater contribution during the non-upwelling

period when the water is warmer, fresher and more stratified. A similar situation was observed for N. dutertrei, as its geo-

chemical signature suggests a deeper habitat depth in the non-upwelling Sumatra sector (50–75 m) relative to the upwelling

Java sector (20–50 m) (Mohtadi et al., 2007). The notion that the seasonal upwelling off Indonesia may trigger changes in the

habitat depth of planktic foraminifera species is further supported by sediment trap data, wherein Mg/Ca and δ18O data from365

planktic foraminifera (i.e., G. ruber, N. dutertrei, G. menardii, and P. obliquiloculata) vary with seasonal upwelling (Mohtadi

et al., 2009). Therefore, the coherent, strong zonal shifts in the vertical dispersion of the selected planktic foraminifera in our

plankton net samples (Fig. 5 a-g) and hydrographic parameters (i.e., SST, MLD, salinity, and chl-a) (Fig. 2a-c) in response to

upwelling call for further scrutiny of potential zonal differences in the habitat depth values (Fig. 6).

The zonal disaggregation of the habitat depth (Fig. 8) into non-upwelling (transect 1 to 3) and upwelling (transect 5 to 7)370

sectors (see section 3.1) shows that G. ruber (white), T. trilobus, and G. bulloides have a greater habitat depth in the upwelling

sector than the non-upwelling sector. There is a two-fold increase in their mean habitat depth (Fig. 8a-c) from non-upwelling

to upwelling sector, i.e., from ∼33 m to ∼85 m for T. trilobus, ∼58 m to ∼97 m for G. ruber (white) and, ∼64 m to ∼152 m

for G. bulloides. This finding, i.e., differing habitat depths in upwelling vs. non-upwelling regions for T. trilobus and G. ruber

(white), is further corroborated by the estimates of bootstrap 95% confidence interval and randomization test with replacement375

(Table 1; details of calculation in Method). Compared to other species, the statistical significance of the ALD difference in G.

bulloides is less strong (P = 0.057), likely due to the large spread in the vertical dispersion of this species. Although deeper

than usually assumed for paleoceanographic reconstructions, the ALD values for G. ruber (white), T. trilobus, and G. bulloides

in the upwelling sector are indeed within the ranges previously reported elsewhere for areas influenced by upwelling (Lessa

et al., 2020; Rebotim et al., 2017) (see section 4.2). A clear zonal divide can be observed, i.e., shallow ALD values occurring380

off Sumatra (non-upwelling) vs. deep ALD values occurring off Java-LSI (upwelling). Transect 7 in the LSI is in addition to

monsoonal upwelling also under the influence of the ITF as it allows the passage of cooler and fresher water (Tillinger, 2011).

The habitat depth of mixed layer dwellers here is not the deepest in the upwelling region, despite the low presence of mixed-
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layer dwellers (G. ruber (white) and T. trilobus) in the upper 50 m during the sampling period (Fig. 5), especially at stations

GeoB10065 and GeoB10070 (Fig. 4c). The ALD estimates of G. ruber (white) and T. trilobus at these two stations are the385

deepest along Transect 7 (the two lowest data points in the panel for G. ruber and T. trilobus in Figure 8). Station GeoB10070

is the easternmost site of the study, thus might be under a stronger influence of the ITF than the other stations along the transect.

This is, however, not the case for station GeoB10065, which is flanked by several stations at which mixed layer dwellers are

present in the upper 50 m. Therefore, it is possible that the vertical distribution at these two stations is not representative of the

transect nor of the influence of the ITF. Multivariate analysis also indicates that the hydrography at transect 7 is similar to that390

at transect 5 and 6, suggesting a negligible influence of ITF here. Although the calculated habitat depths off Sumatra (Fig. 8)

of the surface dwellers show a relatively good fit with the estimated habitat depths based on geochemical data (δ18Ocalcite and,

Mg/Ca temperatures) (Mohtadi et al., 2009, 2011), this is not the case for transects off Java and the LSI, where the overall lack

of agreement between the sedimentary data and plankton net results is evident (Figure 8a, b and c).

The low abundance of G. menardii, N. dutertrei and P. obliquiloculata off Sumatra precludes ALD calculation, hence also395

the zonal comparison of their habitat depths (Fig. 8d-f) between Sumatra and Java-LSI. Despite their low abundance in net

samples collected in August-September, these three species are found in relatively high abundances in surface sediments off

Sumatra, constituting up to 13% of the assemblage (Fig.7c; Mohtadi et al., 2007). Thus, their occurrence offshore Sumatra

might be temporally restricted to only the final part of the SE monsoon (October) when the upwelling center locked off the

Sunda Strait starts drifting westward (Susanto et al., 2001), triggering higher productivity offshore Sumatra. Alternatively, they400

might represent the positive IOD or El Niño years, when upwelling is generally stronger in the Eastern Indian Ocean and

reaches further northerly latitudes. Off Java where their abundance is sufficiently high for ALD calculation, the data suggest

that these three species share a similar niche at thermocline depths centered at ∼90 m water depth, in agreement with the

habitat depth inferred from surface sediments (Fig. 8d-f).

4.6 Possible Implications for palaeoceanographic reconstructions405

Field observations (plankton net and sediment trap data) provide insights into the modern ecology of planktic foraminifera, as

the habitat depth of some species is known to vary in time and at regional scale (Schiebel and Hemleben, 2017). Our plankton

net data show that the habitat depth of mixed-layer dwelling G. ruber (white) and T. trilobus deepens in upwelling conditions,

while thermocline-dwelling N. dutertrei and P. obliquiloculata thrive only in the upwelling region off Java and the LSI.

As with many zooplankton, the abundance of planktic foraminifera is linked to food availability, thus some species may410

change their habitat depth to maximize food acquisition. The habitat depth of symbiont-bearing species like T. trilobus and

G. ruber is typically assumed to be restricted to the surface ocean or at least within the photic zone as they rely on their

photosynthetic symbionts for nutrition. In addition, these species also catch prey and feed on a wide variety of food sources

(Hemleben et al., 1989 and references therein), plausibly because the photosynthates produced by the symbionts are insufficient

to sustain the growth of the host (Bé et al., 1981; Caron et al., 1982). Indeed, a recent study showed that the nutritional415

contribution of the symbionts to the host is significantly smaller than that obtained by ingesting copepods, implying that the
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photosymbiosis in planktic foraminifera may not be the primary source of energy when preys are abundant (Takagi et al.,

2018).

During the SE monsoon, the photic zone ranges between ∼50 m to ∼75 m, and the food availability off Java and the LSI

is high due to the enhanced predator-prey encounter fueled by the high phytoplanktonic biomass across the water column and420

upwelling-induced vertical mixing (Pécseli et al., 2014). Under this circumstance, it is plausible that omnivorous mixed-layer

dwellers like T. trilobus and G. ruber (white) might adopt a feeding strategy that includes both photosymbiosis and preying,

or even primarily the latter. Preying on other zooplanktons like copepods which have ontogenic and daily migration through

water column means that planktic foraminifera are not limited to the photic zone for food. Moreover, copepods have been

found to shift to a deeper habitat as a strategy to maximize their retention within a coastal upwelling area (Peterson, 1998;425

Peterson et al., 1979; Verheye et al., 1991). In combination, the aforementioned factors may thus lead to a greater habitat depth

for mixed-layer dwellers in the upwelling region off Java compared to the non-upwelling region off Sumatra.

The thermal gradient between mixed-layer and deep dwelling species (∆T) is commonly used as a proxy for the thickness of

the mixed layer and the position of the thermocline in the water column on glacial-interglacial time scales (Farmer et al., 2011;

Mohtadi et al., 2017; Steinke et al., 2014; Tapia et al., 2015). The ∆T calculated from the abundance-weighted temperatures430

of our plankton net data show that during the SE monsoon larger ∆T values occur off Sumatra than off Java-LSI where

upwelling occurs (Fig. 9 and 10). Due to its relatively great habitat depth off Java-LSI, the abundance-weighted temperature

derived from surface-dwelling G. ruber (white) and T. trilobus is comparable to that of thermocline-dwelling species, and

substantially lower than that of their counterpart off Sumatra. The habitat depth change of the mixed-layer species is thus

the primary reason for the ∆T difference between the two sectors. Interestingly, smaller ∆T during upwelling conditions435

are also evident in the flux-weighted data from a sediment trap off Java (Fig. 9 and 10), which show that the ∆T reduces

from 4.3 ºC during non-monsoon period to 1.2 ºC during seasonal upwelling period (SE monsoon) (Mohtadi et al., 2011).

Although both plankton net and sediment trap data are based on suspended or sinking foraminifera in the water column,

they reflect a different signal in time and space – our net data reflect spatial difference during the sampling period spanning

six weeks during the monsoonal upwelling season, while the trap data reflect temporal changes at one location that is under440

the influence of monsoonal upwelling. Despite their inherent differences, both datasets, however, show that off Indonesia (∆T)

decreases as a function of upwelling dynamics. A more well-mixed upper water column in upwelling conditions, hence smaller

surface-subsurface temperature difference, is also reasonable taking into account the weaker water column stratification during

upwelling (Fig. 10). The latter is due to a thinner barrier layer and a shallower MLDTEMP (Fig. 2a and Table A1 and A2). This

finding indicates that ∆T may be a useful proxy for reconstructing past upwelling conditions off Indonesia, if the foraminifera445

produced during upwelling season dominate foraminiferal test abundance in the sediments.

Mohtadi et al (2009) showed that ∼50% of the total annual foraminiferal flux off Java occurs during the SE monsoon season,

and the fluxes during this season are largely centered around September, suggesting that our “snapshot” may be reasonably rep-

resentative of the foraminiferal response to the prevailing ocean conditions during the SE monsoon off Indonesia. Geochemical

data (δ18Ocalcite and Mg/Ca inferred temperatures) in marine sediments off Java show a broad agreement with the habitat depth450

estimates from our plankton net data for subsurface dwellers (Fig. 8), but not for mixed-layer dwelling species. Plankton net
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data suggest a greater habitat depth for the mixed-layer species and hence also lower inferred temperature. As a result, the

∆T off Java-LSI calculated from the plankton net data is smaller than that of surface sediment data. The situation differs off

Sumatra, where the habitat depth estimates for both mixed layer and subsurface species derived from marine sediments and

plankton net samples are in agreement, hence also the derived ∆T. Consequently, the zonal reconstruction of the ∆T based on455

surface sediments indicates a larger ∆T off Java-LSI than off Sumatra (Mohtadi et al., 2011), in contrast to that of our net data

(Fig. 9 and 10). In other words, surface sediment data suggest larger ∆Ts in regions influenced by strong seasonal upwelling.

This discrepancy between surface sediment and plankton net data off Java may stem from the different temporal intervals

integrated by each sample type. The plankton net data reflect the conditions in the water column sampled during the SE

monsoon, thus can be directly linked to the hydrographic processes that occurred during sampling. To some extent this is460

also true for sediment trap samples – limited temporal interval integrated by the samples at one location means that process

attribution can be better constrained. On the other hand, marine sediments integrate foraminiferal flux over tens to hundreds

of years depending on the local sedimentation rate, and may be susceptible to post-depositional processes such as dissolution,

bioturbation, and reworking which may alter proxy signal. Together, these issues make it challenging to quantify the relative

importance of each processes and thus to ground-truth proxies. Nonetheless, paleoceanographic reconstructions are based465

on sedimentary material, which may have undergone the same post-depositional processes as the surface sediments. If the

relative importance of these processes would stay unchanged over time, then surface sediments are arguably the best modern

analogue for paleoceanographic reconstruction. In this case, stronger upwelling off Indonesia is characterized by a larger (∆T)

as indicated by the zonal pattern of surface sediments (Fig. 9 and 10). However, were the fluxes of planktic foraminifera and

the post-depositional processes to change over time, it is within the realm of possibility that under some circumstances, e.g.,470

strong positive IOD or El Niño years, the proxy signal produced in the water column during one-off events like upwelling

can be preserved in the sediments, especially if the resultant flux increases exponentially. Our findings highlight the need to

consider multiple sample types to further constrain the analog used for downcore paleoceanographic reconstructions. To further

shed light on the transfer of proxy signal from the water column to the sediment, longer sediment trap time series and repeated

plankton net sampling in the same region would be useful to capture the seasonality of the vertical distribution of planktic475

foraminifera. Importantly, generating geochemical data on plankton net samples may help to verify the habitat depths and

allow a direct comparison with the depth inference from the surface sediments. It would also be helpful to constrain the age of

surface sediments to ensure that they are comparable to modern data.

5 Conclusions

We examined the zonal and vertical distribution of planktic foraminifera off Indonesia during the boreal summer of 2005 at 37480

stations. The stations were grouped into 7 land-sea transects off Sumatra and off Java-LSI. The factors driving the observed

distribution of foraminifer species were assessed using vertically resolved environmental data.

Twenty-nine species were identified that can be divided in two basic communities, i.e., one dominated by warm-oligotrophic-

stratified water column species vs. cooler-eutrophic-well mixed water column species. Similarly, foraminiferal abundance
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shows contrasting distributions off Sumatra and off Java-LSI. The concurrent zonal shift in abundance and species composition485

of planktic foraminiferal and environmental parameters (SST, Chl-a, MLD and BL) in response to upwelling imply a close link

between upwelling and the ecology of planktic foraminifera in this area. Similar to the abundances and species composition

of planktic foraminifera, their vertical distribution across the water column shows a strong zonal differentiation i.e., shallow

depths-low dispersion off Sumatra vs. deeper depths-larger dispersion off Java-LSI.

The calculated ALDs of the selected species are in broad agreement with typically assumed habitat depths in paleoceano-490

graphic reconstructions, with the exception of G. ruber (white) and G. bulloides. The possibility of an overestimation due to

possible inclusion of dead specimens in the calculation cannot be entirely ruled out at this point, but several lines of evidence

suggest that a severe overestimation is not likely. The species G. ruber (white) and T. trilobus show a strong deepening in their

habitat depth off Java in comparison to the sector off Sumatra. This zonal divide is not evident in the habitat depth distribution

of the subsurface dwellers N. dutertrei, G. menardii, and P. obliquiloculata, in part due to their low abundance off Sumatra.495

Compared to inferred habitat depth estimates based on surface sediments, those inferred from plankton net data show a better

agreement for the subsurface species, while the relatively good agreement for the shallow dwellers is restricted to off Sumatra.

Off Java and the LSI, surface-dwelling species in our net data have a much greater habitat depth than that derived from surface

sediments. The discrepancy between plankton net and surface sediment data likely stems from the fact that each sample type

integrates over different temporal duration, i.e., net samples reflect the conditions during the sampling period in SE monsoon500

while the marine sediments integrate over tens to hundreds of years of foraminiferal flux. Whilst each sample type has its

pros and cons, our findings highlight the need to consider multiple sample types to further constrain the analog adopted for

paleoceanographic reconstruction.
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Figure 1. (a) Distribution of the in-situ sea surface temperature in the study area during PABESIA cruise on board of R/V Sonne in August 

2005 (Hebbeln and cruise participants, 2006). The study area was divided into seven land-sea transects (numbered rectangles). The stations 

are divided into plankton net (white circles) and water (red diamond). The location of the sediment trap (Mohtadi et al., 2009) and sur-

face sediments (Mohtadi et al., 2007) are indicated by triangle and squares, respectively. Upper ocean chlorophyll-a (Chl-a) (retrieved from 

https://oceancolor.gsfc.nasa.gov) during (b) January (Non-monsoon) and (c) August (SE-monsoon) 2005 i.e., the sampling period. Temper-

ature map was created with Ocean Data View 5.2.1 (Schlitzer, 2021).
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(d) Dissolved Oxygen
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Figure 2. Cross sections of (a) water temperature, (b) salinity, (c) Chl-a and (d) oxygen content of the upper 600 m of the water column

during the sampling period. Location of the stations comprising the cross section are depicted in the inset of panel (a). Thermal mixed layer

depth (MLDTEMP), density mixed layer depth (MLDDEN) and barrier layer (BL) are marked in panel (a). Numbers and horizontal lines on

top show each transect (1 to 7). Sampled depths depicted by gray squares (Hebbeln and cruise participants, 2006). Visualisation is based on

Ocean Data View 5.2.1 (Schlitzer, R., 2021).
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Figure 3. Non-metric multidimensional scaling of the in-situ hydrographic parameters shows three main clusters. Cluster 1 includes transects

5 to 7 off Java and the LSI influenced by upwelling (upwelling; blue). Cluster 3 includes transects 1 to 3 located off Sumatra which are not

influenced by upwelling (non-upwelling; red). Cluster 2 consists of only transect 4 that represents a transitional condition between Sumatra

and Java-LSI (green). Location of the stations are shown in the inset at the top right corner of the figure.
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Figure 4. Summary of planktic foraminifera census counts off Indonesia. a) Species with contribution >2% to the total assemblage, b)

abundance distribution of planktic foraminifera in transects 1 to 7 and, c) abundance of planktic foraminifera by water depth interval at each

station. Numbers in (b) represent transects 1 to 7 (italic) and median values of transects (bold); colors in (b) depict sectors off Sumatra (red),

transitional (green) and off Java-LSI (blue). The five sampled water depths are: 0–25 m (tangerine), 25–50 m (orange), 50–100 m (white),

100–200 m (lilac), and 200–500 m (purple). Stations are grouped by transect (number). Schematic of the box plots showing the median value

(horizontal line), the whisker marks the minimum (min) and maximum (max) values. Note the different scales for y-axis in b (log scale) and

c (linear scale).
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Figure 5. Cross sections showing the vertical distribution across the water column of a) the total community of planktic foraminifera and the

species; b) T. trilobus, c) G. ruber (white), d) G. bulloides, e) N. dutertrei, f) P. obliquiloculata, and g) G. menardii. Numbers and horizontal

lines on top of (a) show each transect (1 to 7). Visualisation is based on Ocean Data View 5.2.1 (Schlitzer, R., 2021).
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Figure 7. Planktic foraminiferal assemblage in (a and b) plankton nets (this study) and (c and d) surface sediments (data from Mohtadi et al.,

2007) off Sumatra (Transect 1–3) and off Java-LSI (Transect 5–7) samples. Mohtadi et al. (2007) did not differentiate between morphotypes;

*G. ruber data comprise both morphotypes (G. ruber (white) + G. elongatus). Note that G. ruber (white) and G. elongatus data from plankton

nets are plotted side by side to facilitate visual comparison with *G. ruber in sediment data.
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Figure 8. Average Living Depths (ALD) distribution for a) T. trilobus, b) G. ruber (white), c) G. bulloides, d) N. dutertrei, e) P. obliquiloc-

ulata, and f) G. menardii per transect off Sumatra (red), transitional (green), and Java-LSI (blue). The calculation only considers stations

with more than 5 counts per species. The yellow and light blue boxes depict the 1st and 3rd quartiles of the ALD values off Sumatra

(non-upwelling) and off Java-LSI (upwelling); black bars and numbers depict the median value per sector. Boxes depict the inferred vertical

distribution from surface sediments (gray) along Indonesia and from the sediment trap (pattern) off Java (Mohtadi et al., 2009; 2011). Colored

dots and vertical lines depict calculated mean ALDs and vertical dispersion based on living foraminifera data from areas influenced by the

Benguela (green) and Canary (purple) upwelling systems (Lessa et al., 2020; Rebotim et al., 2017). ALD for other species are presented in

Appendices Fig. A.3
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Figure 9. Comparison of the thermal gradient (∆T) off Indonesia inferred from surface sediments (Mg/Ca data from Mohtadi et al., 2011),

plankton net (abundance-weighted temperatures, this study) and from sediment trap (Mg/Ca data from Mohtadi et al., 2009). During the

SE monsoon the ∆T calculated from the plankton net data shows that larger ∆T values occur off Sumatra (non-upwelling) than off Java

(upwelling) in agreement with the seasonal ∆T off Java calculated from sediment trap (circles) with larger (∆T) occurring during the non-

upwelling season than the upwelling season. The color represents the inferred averaged temperatures for the mixed layer (combining G.

ruber and T. trilobus; red) and thermocline (combining N. dutertrei and P. obliquiloculata; blue), numbers represent median values. Outliers

and extreme outliers, >1.5 and >3 times the Inner Quartile Range, are depicted by filled and open circles, respectively.
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Figure 10. Schematic comparing the ∆T derived from mixed layer and thermocline-dwellers off Sumatra and Java-LSI, from a) surface

sediment (inferred habitat depth from Mohtadi et al., 2011) matching the mean annual conditions and b) ALD from plankton net matching

the water structure during the sampling period (SE-monsoon; August-September, 2005). Gray lines depict the average annual mean water

structure offshore Sumatra and Java-LSI (band of 160 km wide; >200 stations from WOA2018; 0.25º) (Locarnini et al., 2018); dashed lines

depict the average water column structure in each sector during the SE-monsoon based on in situ data collected during the PABESIA cruise

(August-September, 2005); black line shows the average depth of the MLDTEMP (Table A1 and A2).
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Appendix A
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Figure A1. Longitudinal distribution of temperature and salinity anomalies across the upper 500 m of water column. Anomalies are calculated

by subtracting the mean of all sites for a given depth interval (e.g., 0–25 m, 25–50 m, etc) from the data of a station for the same depth interval.

Positive (negative) values are centered off Sumatra (off Java) showing strong zonal trend. The largest temperature change occurs at 50–100

m, roughly corresponding to the depth of the thermocline.
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Figure A2. Size class distribution of the six selected species. Globigerinoides ruber, N. dutertrei, and G. menardii show a reduction in the

proportion of the size class >250 µm after full moon (blue). The large difference in their median values suggest synchronized reproduction;

P. obliquiloculata shows no differences in the size class distribution before (red) and after (blue) full moon; Globigerina bulloides and T.

trilobus show an increase in the proportion of larger organisms after the full moon the 1st and 3rd quartiles; median values are shown by bar

and circles represent mean values.
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Figure A3. In addition to species with paleoceanographic relevance, we calculated the (a) ALD for the species G. glutinata(84 m), G.

falconensis (139 m), G. siphonifera (85 m), G. calida (88 m), and G. hirsuta (160 m). The zonal comparison of these species (b-f) is only

possible for three species; G. calida shows the smallest change in ALD (∼5 m) while G. glutinata and G. siphonifera show a change of

30 and 50 m in their habitat depth between sectors. The yellow and light blue boxes depict the 1st and 3rd quartiles of the ALD values off

Sumatra (non-upwelling) and, off Java-LSI (upwelling). Black bars and numbers depict the median value per sector.
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