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Managing deep-sea mining is challenging due to limited data on species and

habitat distribution, hindering decision-making. In less-explored polymetallic

nodule sites in the Indian Ocean, management approaches are deemed

unfeasible due to a substantial lack of data. In this study, we aim to bridge the

knowledge gap through a detailed analysis of the macrobenthos (fauna > 300

μm) obtained with two sampling gears (multi- and box corer) in potential impact,

preservation, and reference zones in the Central Indian Ocean Basin. In total, 337

individuals were categorized into 106 morphospecies and 18 higher taxa. The

lowest abundance was reported in the box corer. Nematodes and copepods

dominated the macrobenthos community, whereas polychaetes and

tanaidaceans were the more prevalent macrofaunal taxa. Carbohydrates and

total organic carbon showed a notable positive correlation with polychaetes,

isopods, and bivalves, indicating their influence on larger-sized taxa. Various

functional traits, i.e., less motile, discretely motile, biodiffusors, and upward/

downward conveyers, were dominant in the study area. The comparative analysis

of multi- and box corer sampling reveals distinct patterns in macrobenthic

diversity, emphasizing the importance of employing both gears for accurate

functional analysis. The paper underscores the significance of including large

meiofaunal taxa in macrofauna analyses for assessing deep-sea ecosystem

functioning and services. Additionally, the findings contribute significantly to

environmental baseline and impact assessment, a crucial aspect of sustainable

management in a highly promising polymetallic nodule mining area, aligning with

the goals of exploring.
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1 Introduction

The blue economy is focused on sustainably harnessing the vast

natural resources found in the depths of the ocean, including

abundant reserves of oil, gas, and minerals in specific deep-sea

regions. Of particular interest are its seafloor mineral deposits,

which remain untapped (Hein et al., 2020) and encompass three

primary types of economically significant deposits: polymetallic

nodules (PMN), cobalt-rich ferromanganese crusts, and seafloor

massive sulfides (SMS). Such deposits hold the potential to diversify

the mineral supply to global industries (Petersen et al., 2016). In an

era where the global trajectory is firmly set toward sustainability and

technology-driven progress, the availability of critical minerals such

as nickel and cobalt contained in PMN assumes greater importance

as a lifeline for emerging technologies, including renewable energy

systems, electric vehicle batteries, and advanced electronics (Hein

et al., 2013). Thus, seafloor mineral deposits can contribute

significantly to the sustainable development of the maritime

domain and the broader global economy.

Globally, a total of four seafloor areas with abundant

polymetallic nodule fields are known, i.e., the Clarion–Clipperton

Zone (CCZ), Peru Basin, Penrhyn Basin (including the Cook

Islands EEZ), and Central Indian Ocean Basin (CIOB) (Hein

et al., 2013). These fields fall under the jurisdiction of the

International Seabed Authority (ISA), as they extend beyond the

national control of any single country. However, the granting of

mining permissions has been stalled due to undefined complexities

in environmental, social, and governance aspects related to deep-sea

mining (Kung et al., 2021). Among the 31 exploration licenses with

22 nations, India has been allocated a license area for exploring

polymetallic nodules and polymetallic sulfide areas in CIOB.

Deep-sea mining has the potential to cause significant

environmental impacts, including biodiversity loss, slow recovery,

and enormous spatial scales of mines for certain mineral resources

(Van Dover et al., 2017). The impacts of deep-sea mining on

microbial ecosystem services are also a concern and are rarely

considered explicitly (Orcutt et al., 2020). Bottom trawling and

mining activities can cause significant physical disturbance to the

seafloor, leading to the loss of benthic habitats and the associated

ecosystem services (Snelgrove, 1999; McLaverty et al., 2023). These

services are critical for the ecological functioning of the deep ocean

and provide a range of ecosystem services, including nutrient

cycling, carbon sequestration, and habitat provision (Armstrong

et al., 2010; Thurber et al., 2014). Therefore, it is crucial to assess the

significance of potential large-scale environmental impacts, define

“serious harm”, and consider ecosystem service benefits, resilience,

postmining restoration costs, and cumulative impacts associated

with deep-sea mining activities (Levin et al., 2016; Chen et al., 2022).

Moreover, the nodule fields of the abyssal plain are one of the

deep sea’s biologically diverse and unique habitats. This habitat is

mainly covered with solid substrate (mostly nodules) and otherwise

soft sediment, which supports various benthic life forms (Smith and

Demopoulos, 2003). These nodules boost biodiversity at regional

scales, underscoring the importance of preserving regions subjected

to nodule mining for biodiversity conservation (Smith et al., 2008).

Furthermore, some experimental studies have revealed
Frontiers in Marine Science 02
predominantly negative disturbance effects (Bluhm, 2001; Ingole

et al., 2001; Radziejewska, 2002; Miljutin et al., 2011; Jones et al.,

2017). Predicting the impact of nodule mining remains challenging

due to the limited ecological baseline knowledge of the area (Bridges

et al., 2023). Therefore, to assess the potential consequences of

future deep-sea mineral resource mining, a comprehensive baseline

understanding of the fauna associated with nodule-rich regions is

imperative. Earlier studies of the benthic fauna along the nodule

areas of CIOB showed a high diversity with the dominance of

foraminifera, sponges, anthozoans, mollusks, polychaetes,

crustaceans, nematodes, and bryozoans in these habitats

(Parulekar et al., 1982; Pavithran et al., 2009b; Simon-Lledó et al.,

2019; Singh et al., 2019; Chuar et al., 2020; Washburn et al., 2021),

but a relatively lower mean density of macrofauna was recorded

compared to other PMN areas in the global ocean (Parulekar et al.,

1992; Ingole and Koslow, 2005; Pavithran and Ingole, 2005; Ingole

et al., 2005b; Pavithran et al., 2009b). These studies contributed to

high species richness and species rarity; however, many deep-sea

species are still undescribed by taxonomists (Smith et al., 2006).

Recently, a few newly described species and first reports have

emerged from CIOB, including species of Copepoda, Bivalvia,

Bacteria, and Cirripedia (Chan et al., 2020; Jang et al., 2020; Lee

et al., 2020; Lim et al., 2020).

Various sampling techniques and methodologies can be used to

sample the benthic fauna, raising questions about the comparability

of the data, especially when the objectives involve discerning spatial

or temporal differences. In accordance with the recommendations

for environmental assessment set forth by the Legal Technical

Commissions (LTC) issued by ISA (ISBA/16/LTC/7, 2010; ISBA/

25/LTC/6/Rev.1, 2020), most studies on macrofauna have been

conducted using box corers (Supplementary Table S1), with the

prevalent use of pseudoreplicates, especially in CIOB (Parulekar

et al., 1982; Ingole et al., 2005b; Pavithran et al., 2009b). Thus,

macrofaunal biodiversity and community structure in the abyssal

fields of the CIOB remain poorly characterized, representing just

one aspect of a larger picture. Determining the optimal choice for

sampling gear or sample processing method is not always

straightforward and is often constrained by available equipment

and cost considerations. This gives rise to challenges related to

efficiency, comparability, and data integrity. Despite recent

advancements in sampling equipment and analytical approaches,

benthic ecologists frequently adhere to methods employed in earlier

studies. However, recent investigations have brought to light that

the multicorer offers certain advantages over the box corer, with the

latter exhibiting a 2.9-fold underestimation in macrofauna density

(Montagna et al., 2017). Additionally, the multicorer proves

effective in capturing undisturbed sediment layers, addressing

concerns related to sampling accuracy.

In the present study, we undertook an inquiry to address crucial

questions regarding the macrobenthic community within the

framework of a potential polymetallic nodule mining area:

(1) Are there noticeable differences in community structure,

density, species/family richness, evenness, and functional

composition between potential reference and mining sites?

(2) What environmental factors play a role in shaping

communities? Additionally, we delve into the intriguing question
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of (3) whether the choice of sampling gear can influence the derived

univariate indices and ultimately contribute to shaping the observed

community pattern and functional structure. For these purposes, we

conducted a comparison between the utilization of the box corer

and multicorer in proposed mining areas within the CIOB, focusing

particularly on the low-productivity zone where each individual

holds significant importance. While we aim to answer the questions

raised above, the primary aim of this study is to establish baseline

information on macrobenthic communities and their interactions

with the environment along the PMN region of the CIOB.
2 Materials and methods

2.1 Study area

The CIOB has a northward opening in the Bay of Bengal. The

approximate dimensions of CIOB are 6,000 km long and 1,600 km

wide, and its depth reaches 6,090 m (MoES, 2020). Indian Ocean

Nodule Field (IONF) is situated in the CIOB, extending

approximately from 9°S to 16°30′S and 72°E to 80°E, stretched

across 739,260 km², and refers to a commercially exploitable

portion of the nodule field (Mukhopadhyay et al., 2008).

In the IONF, a number of seamounts of various characteristics

and dimensions were identified, along with abyssal hills. Afanasiy

Nikitin seamount in the central part of the basin is well known for

cobalt crust deposits (Glasby, 2010), which reach a maximum

height of 1,549 m (Krishna, 2003). These seamounts and abyssal

hills make the habitat more complex for the faunal component and

enhance the diversity of the region. The Ganges–Bramhaputra fan

appears to be a long distance from the CIOB, but the fan extends up

to about 10°S and influences the nutrient chemistry in the IONF

(Krishna, 2003; Mukhopadhyay et al., 2008).

The average primary productivity in CIOB is 3.72 mg C m−³

day−¹ at the surface and a mean of 51.23 mg C m−² day−¹ in the water

column (0–150 m), respectively (Matondkar et al., 2005), which is

considerably lower than in other oceans. Subsequently, the low

organic content in surface sediments (0.07%–0.41%) is attributed to

low sediment accumulation rates in the CIOB (Pattan et al., 2005).

CIOB exhibited a high microbial diversity (Shah et al., 2024), and

abundance was found to be three times greater than the earlier

reported range of 108 to 109 CFU g−1 dry sediment in other oceanic

waters around the globe (Raghukumar et al., 2001). Thus, the IONF

and adjacent area in CIOB are very complex, and it is important to

understand their full biological resources with respect to

geomorphology and geophysical parameters.

In the year 2013, a block of ~ 13.875 km × 13.875 km (7.5° ×

7.5°) was designated as the Impact Reference Zone (IRZ) and

Preservation Reference Zone (PRZ) for conducting the trials of

mining in CIOB (MoES, 2020). Within this area, the sediment

samples were collected in July 2019 on board R/V Sindhu Sadhana

(cruise No. SSD062) at three sites in the licensed area for PMN

exploration, approximately 100–120 km apart (Figure 1A;

Supplementary Table S2, panel A). The PRZ represents a
Frontiers in Marine Science
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reference site and should not be influenced by any mining activities

or impacts in the future. The IRZ is designated as an Impact

Reference Zone, where the benthic impact experiments and

possible mining will take place. Site BC20 will also be used as a

reference site located in the north of both sites.
2.2 Sampling strategy

Two sampling gears were used to collect seafloor sediment, viz.

multi-corer (Bowers & Connelly Corer, USA; 10 cm inner diameter;

Figures 1B, C) and USNEL spade box corer (0.25 m²; Figure 1D).

The multicorer with eight core liners and box corer were deployed

thrice and twice at each site, respectively. Due to time constraints

and logistical limitations, the number of samples collected had to be

restricted. The lowering speed of the spade core was about 0.6 m s−1

until the 100-m altimeter reading, then after the spade corer was

lowered at 0.1 m s−1 to minimize the impact (i.e., bow wave). Each

deployment of gear retrieved relatively undisturbed sediment from

the sea floor. The depth of vertical sediment penetration varied

between ~ 15 cm and 35 cm, depending on the sediment surface and

nodules present. The upper 0–10 cm of sediment layer only was

used. The overlaying water in multi- and box corer was also added

to the topmost layer of the sediment. Each box corer (0–10 cm) was

completely used for macrobenthic faunal extraction according to

ISBA guidelines (ISBA/25/LTC/6/Rev.1, 2020). Among the three

operations of multicorer deployment, two core liners from the first

two operations and a single core liner from the third operation were

used for macrobenthic faunal extraction, bringing it all together five

core liners from each site (Supplementary Table S2, panel A).

Thereafter, two core liners taken from the same operation were

analyzed separately, but the data were merged (averaging), making

them single core liner data as per the ISBA guidelines (ISBA/25/

LTC/6/Rev.1, 2020). Therefore, the used replicates will be three and

two per site for multi- (0.039 m² area coverage) and box corers (0.5

m² area coverage), respectively. Another two core liners were taken

for estimation of environmental parameters. The remaining core

liners were used for separate biological, chemical, and geological

studies (not included in this study). Thereafter, the core liner

samples for macrobenthic fauna and environmental analysis were

vertically sectioned at depths of 0–1 cm, 1–2 cm, 2–3 cm, 3–4 cm,

4–5 cm, 5–6 cm, 6–8 cm, and 8–10 cm below the sediment surface.

The polymetallic nodules brought with gears were carefully

removed with minimum disturbance and washed to remove any

associated fauna. The final abundance data merged these faunal

contents with the 0–1-cm layer of multicorer samples. The

macrobenthic samples of the single core liner from each

operation (n = 3) and the first box corer were fixed and stored in

10% borax-buffered formalin and 0.5% Rose Bengal. Other samples

of the single-core liner from the first two operations (n = 2) and the

second box corer were directly preserved in 80% denatured ethanol

and stored in a − 80°C deep freezer along with all samples of

environmental parameters until further laboratory analysis.
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2.3 Data analysis and processing

2.3.1 Environmental parameters
The physical properties of the water column (i.e., conductivity-

based salinity, temperature, depth) were measured with a CTD

profiler (SBE 25, Seabird, USA) equipped with a dissolved oxygen

(DO) sensor (RINKO, ALEC, 108 Japan). The seawater was

collected for measuring DO and salinity using Niskin bottles

connected to a CTD rosette for calibration and standardization of

CTD probes.

Two core liners of the multicorer were used for pore water

extraction and one liner each for geochemical and sedimentological

analysis. All cores were sub-sectioned at 2 cm intervals up to 10 cm and

subsequently at a 5-cm interval from 10 cm to 20 cm and stored in a

deep freezer at − 20°C for further analysis in the laboratory. The

porewater for the sediment was extracted onboard using a refrigerated

centrifuge at 5,000 rpm under 2°C temperature. The supernatant was

filtered through 0.42 mm syringe filters (Merck, Germany) and stored

in the refrigerator/deep freezer till further analysis.
Frontiers in Marine Science 04
The pH, PO4³
−-P, NO2

−-N, NO3
−-N, SiO2

−–Si, and salinity

were estimated for the pore water of each sediment layer, including

sediment–water interface (SWI). The pH and salinity were

measured using a multiparameter (Hanna, HI98194) calibrated

with pH and salinity-known solutions before use. DO in seawater

was fixed with the addition of Winkler A and Winkler B reagents,

following Grasshoff et al. (1999). Care was taken to ensure that there

were no air bubbles while collecting the seawater. The precipitate

was dissolved in H2SO4, which was later titrated against sodium

thiosulfate using Dosimat (Metrohm, Switzerland). The endpoint

was determined by adding starch as an indicator. A precision of ±

0.6% was obtained.

The nutrients such as PO4³
--P (mmol L−1), NO2

--N (mmol L−1),

NO3
−-N (mmol L−1), and SiO2

−–Si (mmol L−1) were analyzed using

25 mL of seawater and 5 mL of porewater (diluted five times) for

each nutrient by following the standard procedure of Grasshoff et al.

(1999). The calibration was carried out using several working

standards with respect to each nutrient’s concentration range. A

precision of ±3% was obtained.
FIGURE 1

Geographic map of sampling sites and sample retrieval in the PMN exploration area, Central Indian Ocean Basin. Multi- and box corer samples were
obtained from each site (see Supplementary Table S2). The map was generated using QGIS open-source software and bathymetric data used from
GEBCO 2020. (A) Map showing the location of sampling sites. (B, C) Onboard-taken multicorer retrieved with full undisturbed sediment layers along
with polymetallic nodules. (D) Box corer with uneven surfaced sediment sample after siphoning the overlaying water.
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The second stored (deep freezer at −20°C) sediment liners

retained for geochemical and sedimentological analysis were

subjected to estimations of total organic carbon (TOC; %), sand

(%), silt (%), clay (%), total carbohydrate (CHO; mg g−1), total

protein (PRO; mg g−1), total lipid (LIP; mg g−1), and labile organic

matter (LOM; mg g−1). The total organic carbon was analyzed on

bulk powdered samples by a flash dynamic combustion method

using the Thermo Scientific FLASH 2000 Series Nitrogen and

Carbon (CN) analyzer at CSIR-NIO, Goa, India. The total

inorganic content was determined using the UIC CM 5014

Coulometer. The CaCO3 weight percent was calculated by

multiplying the values of inorganic carbon with the ratio of

molecular weight of CaCO3 to C (i.e., 8.33). CaCO3% = total

inorganic carbon × (molecular weight of CaCO3/atomic weight of

carbon) (Johnson et al., 2014). The total organic carbon content was

calculated by subtracting the total inorganic carbon from the total

carbon. The sand contents were determined after wet sieving

through a 62 μm sieve, and silt (63–2 μm) and clays (< 2 μm)

were determined by standard pipette analysis (Buchanan, 1984).

LOM was calculated as a sum of PRO, CHO, and LIP per gram

of dried sediment. For this, approximately 5 g of sediment samples

from each subsection were air-dried and stored at room

temperature. These air-dried samples were then used to estimate

the concentration of PRO, CHO, and LIP. PRO was estimated using

Folin–Ciocalteu’s phenol reagent. Bovine serum albumin (BSA) was

used as a standard. CHO was estimated using the phenol sulfuric

acid method. Glucose was used as a standard. LIP was extracted

from dried sediment samples using direct elution with chloroform,

methanol, and water in 10:5:2 ratios, respectively. The extracts were

oxidized with acid dichromate, and spectrometric readings were

recorded. Steric acid was used as standard. All three biochemical

compounds were performed by the latest modified methods

(Danovaro, 2010).

2.3.2 Macrobenthic analysis
In the laboratory, each soft sediment layer was first sieved

through a mesh size of 300 mm using filtered seawater (Pavithran

et al., 2009a) for meaningful comparison to previous studies

(Wilson, 2017; Yu et al., 2018; Bonifácio et al., 2020). The

material retained on the sieves was stored in 10% borax-buffered

formalin or 80% denatured ethanol and stained with 0.5% Rose

Bengal. The stained specimens were entirely picked up for

identification purposes. In many deep-sea studies, macrofauna

typically refers to organisms retained on a 300 mm sieve and

often includes a substantial number of meiofaunal taxa (e.g.,

Nematoda, Harpacticoida, and Ostracoda) (Hessler and Jumars,

1974). These taxa, including various species and life stages, easily

pass through the sieve and are frequently overlooked in macrofauna

analyses (Hessler and Jumars, 1974; Wilson, 2017; Washburn et al.,

2021). While some studies classify certain meiofaunal taxa as

macrofauna, this inconsistency complicates comparative analyses

(Ingole et al., 2001; Choi et al., 2004; Yu et al., 2018; Lins and

Brandt, 2020; Kaiser et al., 2024). Exclusive meiofaunal taxa, i.e.,

Nematoda, Copepoda, Ostracoda, Acari, and Kinorhyncha,

retained on the 300 mm sieve, are referred to as meiofauna taxa in
Frontiers in Marine Science 05
macrofauna in the current study. The rest is considered macrofauna

“sensu stricto”. All fauna retained on a 300 mm sieve are thus called

macrobenthos here (Macrobenthos = Macrofauna + Meiofauna;

“sensu lato”).

An attempt has been made to record and identify all the

macrobenthic fauna to the highest possible taxonomic resolution

(phylum/class/order). Polychaeta, Copepoda, Isopoda, Tanaidacea,

and Nematoda were further identified to family/genus/species level

were given morphospecies numeric labels (Supplementary Table S3).

Some specimens were damaged or broken and therefore could not be

properly identified at the family/genus level. Such specimens were

identified to the lowest possible taxonomic level, included in a group

of many species (denoted by “.spp”), otherwise included in a single

group (denoted by “.sp”), with the same morphological features. The

biomass was estimated in wet weight by weighing the taxa in each

replicate collectively using the high-precision microweighing balance.

The macrobenthic density and biomass were standardized and

represented in individuals per square meter (ind. m−²; ± SE) and

grams per squaremeter (gm−²; ± SE), respectively, after averaging the

core liner data to a single core for the same multicorer operation. All

the specimens were deposited in the institutional museum at the

CSIR-National Institute of Oceanography (CSIR-NIO) under Dr.

Sabyasachi Sautya.

2.3.3 Functional trait analysis
The traits of mobility and reworking capability were used to

determine the bioturbation potential (BP) (Queirós et al., 2013).

Although bioturbation potential is not a direct measure of the

bioturbation process, this allows us to understand the capability of

the community to perform bioturbation. BP used in time series

observations may help in understanding the coupled impact of

sediment and organisms and may complement managemental

policies (Painting et al., 2013; Van Hoey et al., 2013). Mobility

(Mi) and sediment reworking (Ri) scores were calculated after

Queirós et al., 2013 (Table 1; Supplementary Table S4), although

other studies were also taken into consideration if the information

was lacking (Fauchald and Jumars, 1979; Jumars et al., 2015).

Where scores were not available for any species, the scores of the

closest relative species were used, or the highest possible taxonomic

level. Finally, these traits were weighted by species abundance for

representation. Furthermore, the community-weighed mean

(CWM) matrix of the trait data was computed using site×species

(abundance data) and species×traits matrices (trait data). The

CWM was then employed to assess differences in functional

structure between sites and sampling gears.

2.3.4 Statistical analyses
The small sample size just spanning three sites, each over 100

km apart, can restrict the significance of statistical analysis

substantially. However, the use of robust statistical methods (e.g.,

Anderson, 2001; McCune and Grace, 2002) allows for valuable

insights even with limited samples. The spatial distribution of

sampling sites , although far apart , provides a broad

environmental gradient that is essential for understanding

regional biodiversity patterns. Therefore, a robust statistical
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analysis approach was considered in the present study. The

macrobenthic community structure (macrobenthos; “sensu lato”)

and functional community weighed mean (CWM) were tested for

significant differences between and within sites and sampling types

using PERMANOVA (Anderson et al., 2008). Prior to this, the

Bray–Curtis similarity matrix was calculated on square root-

transformed abundance data and the Euclidean distance matrix

on abundance-weighted sum of traits. Permutation of residuals

under a reduced model method was implemented with Type III

(partial). A Monte Carlo test was also performed in parallel to

confirm the test results due to the small dataset. The univariate

indices were calculated as a measure of diversity, i.e., species

richness (S), total abundance (N), Shannon–Wiener index

(Shannon and Weaver, 1949) for diversity (H′) using loge,

Margalef’s index (Margalef, 1968) for species richness (d), and

Pielou’s index (Pielou, 1969) for species evenness (J′).

The significant differences in the indices between the sites were

analyzed with generalized linear models (glm function) using the

“stats” package (R Core Team, 2021), negative binomial generalized

linear models (glm.nb function) using the “MASS” package

(Venables and Ripley, 2002), and Generalized least-squares

models (gls function) using the “nlme” package (Pinheiro et al.,

2021) in R. Prior to this, the data were checked for normal

distribution using the “ggplot2” package (Wickham et al., 2024),

where frequency was plotted against each parameter.

Multicollinearity and homogeneity of variance were checked with

the vif and levene.test functions using the “car” (Fox and Weisberg,

2019) and “Lawstat” packages (Hui et al., 2008), respectively. The

overdispersion statistic was used for each model using the “deviance
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divided by df.residual” formula to select the type of link function in

the model. The glm.nb and gls were performed for overdispersion

and heterogeneity of variance. For underdispersion, the log link

function was used in the model. The AIC was also used to select the

best-fitted model among others. An ANOVA test (type II sum of

squares) was performed to conduct the F-test on the glm model

outputs and the Wald Chi-squared test on the gls model outputs

(Henseler et al., 2019).

The Spearman’s rank correlation was used to test the

relationship between univariate indices and environmental

variables. The statistical significance of the correlation coefficient

was tested using a significance level of p < 0.05. Prior to this, the

Shapiro–Wilk test was used for the data normality test, and all

variables were found to have a nonnormal distribution. The

relationship between the environmental parameters and

macrobenthic community structure was ascertained by canonical

correspondence analysis (CCA). The data (multi- and box corer)

used for CCA were untransformed data for both the macrobenthic

community and environmental parameters. Only environmental

factors with significance were displayed with a high frequency of

morphospecies. The CCA was performed with the cca function

using the “Vegan” package in R (Oksanen et al., 2020).

The univariate indices and PERMANOVA were performed

using PRIMER v6 (Clarke and Gorley, 2006; Anderson et al.,

2008). The CWM data were estimated with the cwm function

using the “BAT” package (Cardoso et al. , 2015). The

environmental parameters were depicted in a line graph using the

“ggplot2”, “dplyr”, and “tidyr” packages (Wickham et al., 2023;

Hadley et al., 2024; Wickham et al., 2024). This approach facilitates

a clear visualization of sediment depth variations through color

gradients. Each color signifies the actual values at specific intercepts

(e.g., PRZ, 0–2 cm), while values between these points lack

numerical representation on the axis and thus cannot be

compared directly. The Venn diagram using the “Venn” package

(Dusa, 2021) and the CCA plot were created using R programming

software (R Core Team, 2021). The map was accomplished in QGIS

3.10 (QGIS Development Team, 2020) with an open-source

bathymetric data gradient (Weatherall et al., 2019).
3 Results

3.1 Environmental settings

The analysis of the sediment-water interface at the three

analyzed sites yielded several noteworthy findings. Temperature

remained consistent at 1.45°C among all sites with no variability

(Supplementary Table S2, panel B), while DO levels were highest at

PRZ (7.50 ± 0.95 mL L−1), followed by IRZ (6.04 ± 0.56 mL L−1) and

BC20 (5.61 ± 0.40 mL L−1; Supplementary Table S2, panel B). The

mean salinity displayed minimal variation, with values ranging from

31.49 ± 0.31 psu (IRZ) to 31.76 ± 0.08 psu (PRZ). The highest pH

(8.17 ± 0.04) was recorded at PRZ, while the lowest was observed at

BC20 (8.01 ± 0.03), with subsurface pH exhibiting lower values in

sediment layers below 6–8 cm vertical depth (Figure 2). Subsurface

salinity, measured from pore water analysis, showed relatively low
TABLE 1 Traits, categories, and scores used for functional analysis of
macrobenthos in the Central Indian Ocean Basin (CIOB) following
Queirós et al. (2013).

Score Categories Characteristics

Mobility (Mi)

1 Sessile/
fixed tubes

Living in a fixed tube or sessile likewise

2 Less motile Limited movement

3 Discretely
motile

Slow, free movement through the sediment matrix

4 Motile Free movement, that is, via burrow system

Sediment reworking (Ri)

1 Epifauna Epifauna that bioturbated at the sediment-water
interface; living on nodules

2 Surficial
modifiers

Diffusive sediment on the surface or just below
the surface; moving particles horizontally on
the surface

3 UC/DC Upward and downward conveyors

4 Biodiffusors Fauna that performs diffusive transport of
sediment; move particles in a random manner
over short distances

5 Regenerators Regenerators that excavate holes, transferring
sediment at depth to the surface
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variation except for the IRZ’s bottom layer, where salinity ranged

between 30.5 psu and 31.1 psu. Nutrient profiles varied considerably

between sites and vertical depths. Phosphate values at the sediment–

water interface were similar in PRZ and BC20 (2.36 μmol L−1), but

much lower than IRZ (5.68 μmol L−1). Subsurface pore water

phosphate (PO4³
--P) profiles indicated the highest values at BC20’s

8–10 cm depth (4.18 μmol L−1) and less variation (1.59–2.36 μmol

L−1) throughout vertical depths in PRZ, whereas IRZ’s bottom

sediment showed the highest values at surface layers and lower

values at 8–10 cm depth (2.84 μmol L−1). Nitrite (NO2
−-N)

concentrations were similar throughout the vertical profile of IRZ

and BC20; however, higher concentrations were reported in the

subsurface layers of PRZ. Nitrate (NO3
−-N) concentrations were

higher at surface layers than subsurface layers. Contrastingly, silicate

(SiO2
−–Si) values gradually increased with the depth sediments at all

the sites (Figure 2).
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TOC levels in sediments were relatively consistent across sites,

with the lowest at PRZ (0.35%) compared to IRZ (0.40%) and BC20

(0.47%). TOC decreased with depth (Figure 3). CHO, protein, and

LOM exhibited similar distribution patterns, with higher values in

surface sediment layers, while lipid content was higher in subsurface

layers around 2–4 cm sediment depth (Figure 3). Surface sediments

were primarily composed of clay, ranging from 65.06% to 74.02% in

all three sites (Supplementary Table S2, panel B), with silt being the

second most dominant grain size (22.96% to 31.7%). Sand particles

played a minor role in sediment texture. The sediments were

predominantly characterized by pelagic dead radiolarian remains,

composed of clay, fine silt, and very coarse silt particles, which

exhibited similar properties in BC20 and IRZ compared to PRZ.

Subsurface sediments (0–10 cm vertical) displayed greater

variability in texture properties, indicating that BC20 and IRZ

shared a similar sediment particle origin compared to PRZ. Clay
FIGURE 2

Variation in the environment parameters pH, salinity (psu), PO4³
−-P (mmol L−1), NO2

−-N (mmol L−1), NO3
−-N (mmol L−1), and SiO2

−-Si (mmol L−1) at the
sediment–water interface (SWI) and in interstitial waters (pore water) up to 10 cm sediment depth across three sites (BC20, PRZ, and IRZ) in CIOB
(see Figure 1 for locations).
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content was notably higher in the upper fractions (0–2 cm, 2–4 cm,

and 4–6 cm), while the bottom fractions (6–8 cm and 8–10 cm)

exhibited less clay dominance in all three sites.
3.2 Macrobenthos assessment

3.2.1 Abundance, taxon composition, diversity,
and biomass (multi- vs. box corer)

Our findings encompass the macrobenthic community sampled

using both the multi- and box corers, presented together for the

purpose of comparison. A total of 337 macrobenthic individuals

(> 300 μm) were observed and analyzed from nine replicates of

multicore liners and six box corers in the current study. The fauna

was categorized into 106 morphospecies and 18 higher taxa,

spanning nine phyla (Supplementary Table S3).

As per the multicorer sampling method, the highest macrobenthic

density was recorded from IRZ (1,953.31 ± 375.63 ind. m−2) and PRZ

(1,953.31 ± 588.77 ind. m−2), while the lowest abundance was at BC20

(1,762.2 ± 173.79 ind. m−2). Overall, the community structure did not

differ much between the sites (Table 2). Across all taxa, Nematoda

emerged as the most prevalent group, constituting 52.06% of the total,
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followed by Harpacticoida (27.72%), Polychaeta (9.74%), Calanoida

(3.37%), Isopoda (1.50%), Ostracoda (1.12%), and Tanaidacea (1.12%).

Other taxa contributed 3.31% to the total fauna, and each taxon

contributed less than 1% (Supplementary Table S5). In macrofauna

(“sensu stricto”), Polychaeta (66.67%) was the most dominant taxon,

followed by Isopoda (10.26%) and Tanaidacea (7.69%). The other taxa

(Ophiuroidea, Bivalvia, and Porifera) contributed equally, 5.13% each.

The box corer deployment revealed that the highest macrobenthic

abundance was recorded from BC20 (110 ± 10 ind. m−2), followed by

PRZ (64 ± 40 ind. m−2), while the lowest abundance was at IRZ (60 ± 0

ind. m−2). The Nematoda was the dominant taxon, contributing

23.08% of total abundance in box corers (Supplementary Table S5).

The following dominant taxa were Harpacticoida (20.51%),

Polychaeta (10.26%), Acari (9.40%), Isopoda (9.40%), Tanaidacea

(5.98%), and Ostracoda (5.13%); Bivalvia, Sipuncula, and Clitellata

contributed equally 3.42% each and other taxa (i.e., Calanoida,

Amphipoda, Decapoda, and Nemertea) contributed collectively

5.98% and less than 2% each (Supplementary Table S5). The highest

contribution to the macrofauna (“sensu stricto”) was made by

Polychaeta (25.53%), followed by Isopoda (23.39%) and Tanaidacea

(14.90%). The Clitellata, Bivalvia, and Sipuncula contributed equally

with 8.52%, and other taxa (Amphipoda, Decapoda, and Nemertea)
FIGURE 3

Total organic carbon (TOC; %), total carbohydrate (CHO; mg g−1), total protein (PRO; mg g−1), total lipid (LIP; mg g−1), labile organic matter (LOM;
mg g−1), sand (%), silt (%), and clay (%) in the top 10 cm sediment layers across three sites (BC20, PRZ, and IRZ) in CIOB.
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contributed 10.62%. Finally, the macrobenthic community structure

did not vary significantly between sites across sampling gears or

between sampling gears (Table 3).

In total, 117 individuals were collected in box corer and 220 in

multicorer; 39 and 46 morphotypes were unique to multi- and box

corer, respectively. However, 21 morphotypes were found

commonly in both sampling gears (Figure 4A). Furthermore,

BC20 showed the most unique taxa in both gears, followed by

IRZ and then PRZ (Figure 4B). The typical meiofaunal taxa were

largely captured by the multicorer system, contributing 85.39% of

macrobenthos abundance, and box corer captured relatively low

(59.82%). Out of 18 higher taxa, 13 and 14 occurred in multi- and

box corer sampling types across all the sites, respectively. Only nine

taxa (i.e., Polychaeta, Acari, Calanoida, Harpacticoida, Isopoda,
Frontiers in Marine Science 09
Tanaidacea, Ostracoda, Bivalvia, and Nematoda) occurred in both

sampling gears. The mean number of morphospecies (S) was

reported 26–39 in multicorer and 22–35 in box corer sampling

types. The S was found highest in BC20 (36 and 35) and lowest in

PRZ (26 and 22) considering multi- and box corer samples,

respectively. The Margalef’s richness (d), Pielou’s evenness (J’),

and Shannon–Wiener diversity (H’) showed the lowest values in

IRZ and highest in BC20 using multicorer compared to box corer

(in BC20). However, the d showed a similar trend of high and low to

S in multicorer samples (Supplementary Table S6). The J’ andH’ are

also highest at BC20 but H’ was similar in PRZ and IRZ, whereas, J’

was found to be lowest in IRZ. Besides these little differences, the

sites were not significantly different in any of the indices based on

multi– or box corer (Table 4).
TABLE 2 The two-way PERMANOVA main test showing difference in abundance- and trait-based macrobenthic community structure (using
macrobenthos “sensu lato” abundance) between two types of sampling gears and sites in the PMN area, Central Indian Ocean Basin (CIOB).

Source df SS MS Pseudo-I Unique perms ppermonova pMonte Carlo

Abundance-based

Sites 2 6,289.5 3,144.7 0.95818 997 0.544 0.498

Gear type 1 11,749 11,749 3.5799 999 0.001* 0.006*

Sites ×
gear type

2 6,832.4 3,416.2 1.0409 996 0.416 0.395

Res 9 29,538 3,282

Total 14 54,032

Trait-based

Sites 2 0.61449 0.30725 3.332 999 0.078 0.070

Gear type 1 0.15896 0.15896 1.7238 999 0.213 0.192

Sites ×
gear type

2 0.21437 0.10719 1.1624 998 0.377 0.350

Res 9 0.8299 0.092211

Total 14 1.7516
*p < 0.05 (significance).
TABLE 3 Two-way PERMANOVA pair-wise test showing difference in density-based macrobenthic community structure (using macrobenthos “sensu
lato” abundance) between sites across type sampling gears and between type sampling gears across sites in the PMN area, Central Indian Ocean
Basin (CIOB).

Sites/gears Groups t ppermonova Unique perms pMonte Carlo

Sites

IRZ MC, BX 1.3565 0.11 10 0.199

BC20 MC, BX 1.3331 0.094 10 0.207

PRZ MC, BX 1.4362 0.096 10 0.15

Sampling gears

MC PRZ, IRZ 0.80923 0.814 10 0.618

PRZ, BC20 1.1543 0.309 10 0.275

IRZ, BC20 0.88483 0.607 7 0.509

BX PRZ, IRZ 0.93121 0.64 3 0.493

PRZ, BC20 1.0482 0.665 3 0.431

IRZ, BC20 0.89239 1 3 0.557
MC, multicorer samples; BX, box corer samples.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1395892
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gaikwad et al. 10.3389/fmars.2024.1395892
The mean estimated biomass (macrobenthos) was recorded as

0.08 ± 0.01 g m−2 and 0.02 ± 0.01 g m−2 based on multi- and box

corer sampling types, including all sites, respectively. The

multicorer site showed the highest 0.09 ± 0.02 g m−2 in both IRZ

and BC20 sites, followed by PRZ (0.08 ± 0.03 g m−2) (Figure 5A).

The box corer samples revealed the highest biomass was found in

IRZ 0.05 ± 0.03 g m−2 and lowest in PRZ and BC20 (Figure 5B).

Polychaeta contributed the highest to total biomass, with 57.78%,

41.23%, and 56.13% in PRZ, IRZ, and BC20 in multicorer samples,

respectively (Figure 5C). In PRZ of box corer samples, Bivalvia

contributed the highest to the total biomass with 29.68%, followed

by Amphipoda and Polychaeta with 22.97% and 17.67%,

respectively. Tanaidacea (80.01% and 28.64%) contributed the

highest to the total biomass of IRZ and BC20, followed by

Polychaeta with 10.37% and 23.63% respectively.
3.2.2 Vertical distribution
The total abundance of macrobenthic fauna decreased with

increasing depth of the sediment layer (Figure 6A), showing that

most of the macrobenthic fauna is restricted to the top 0–5 cm of

the sediment cores, which contained > 92% (> 800 ind. m−2) of

macrobenthos in all the sites. The top 0–5 cm of the sediment cores

contributed 93.51%, 95.89%, and 92.86% of fauna to macrobenthos

at PRZ, IRZ, and BC20 sites, respectively. The composition of

42.86% (840.77 ind. m−2), 60.27% (1,121.03 ind. m−2), and 61.43%

(1,095.55 ind. m−2) of macrobenthic fauna was contributed by a 0–

1-cm sediment layer in PRZ, IRZ, and BC20 sites, respectively

(Figure 6B). In all three sites and the upper 0–5 cm, Nematoda was

the most dominant taxon, followed by Copepoda and Polychaeta.
3.2.3 Major taxa
The present study revealed the presence of 17 morphospecies of

polychaetes across 12 families, as detailed in Supplementary Table S3.

The collective contribution of polychaetes to macrobenthos was
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FIGURE 4

The Venn diagram depicts the overlap of macrobenthic species
(number of species/b diversity) between the sampling gear types
and the sites: (A) between sampling gears multi- (MC) and box corer
(BX) and (B) between sites across sampling types.
TABLE 4 Generalized linear model results showing differences in univariate indices between sites and sampling gear types.

Indices Model type Sum square/
Chi-square

Residuals F-value Pr(>F)/
Pr(>Chisq)

Multicorer

Total morphospecies (S) glm 2.123 6.045 1.054 0.405

Abundance (N) glm.nb 0.431 8.172 0.158 0.857

Margalef’s richness (d) glm 0.488 1.225 1.195 0.366

Pielou’s evenness (J’) glm 0.048 0.114 1.280 0.345

Shannon–Wiener diversity (H’) glm 0.741 1.168 1.903 0.229

Box corer

Total morphospecies (S) gls 2.847 – – 0.241

Abundance (N) gls 4.288 – – 0.117

Margalef’s richness (d) gls 2.499 – – 0.287

Pielou’s evenness (J’) gls 0.466 – – 0.792

Shannon–Wiener diversity (H’) gls 2.278 – – 0.320
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noteworthy, constituting 9.72% and 10.22% in multi- and box corer

samples, respectively. In multicorer samples, Cirratulidae sp.,

Lacydoniidae sp.1, Opheliidae sp., Amphicorina bansei, and

Exogone sp.1 collectively contributed 6.00% to macrobenthos,

which comprised 11 morphospecies and a few unidentified. The

analysis of box corer samples revealed the presence of nine

morphospecies of polychaetes, with two dominant species, Aricidea

sp. and Sabellidae sp. of the total polychaete fauna (Supplementary

Table S3). In multicorer samples, the morphospecies richness (S) of

polychaetes ranged from four to five in multicorer (Supplementary

Table S6). Notably, the BC20 site exhibited the highest richness and

density, recording values of five and 233.33 ± 76.59 ind. m−2,

respectively, while the lowest values were observed at IRZ for S and

PRZ for density. BC20 displayed the highest diversity indices, i.e., d, J’,

andH’. In contrast, box corer samples exhibited lower morphospecies

richness (2) and density (4 ind. m−2) in PRZ. The highest values of S

were reported in IRZ and density in BC20 in box corer samples.

Noteworthy variations in diversity indices were observed, with PRZ

exhibiting the highest d, PRZ and IRZ showing the highest J’, and IRZ

displaying the highest H’.

Within the Malacostraca fauna, the Tanaidacea emerged as the

most dominant group in the current study. A total of six

morphospecies of Tanaidacea were identified, with two encountered

in multicorer samples and five in box corer samples. Collectively, these

Tanaidaceans contributed 1.12% (multicorer) and 5.97% (box corer)

to macrobenthos (Supplementary Table S5). Analysis of multicorer

samples revealed that among Tanaidaceans, Leptognathiidae sp.3

dominated, followed by Leptognathiidae sp.1 (Supplementary Table
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S3). In contrast, Tanaidomorpha sp.1 and Leptognathiidae sp.2 were

the predominant morphospecies in box corer samples, each

contributing 28.48%. In multicorer, tanaids were only reported at

the IRZ site (Supplementary Table S6). Contrastingly, IRZ has the

highest mean density, S and H’, of tanaids using box corer. It is worth

mentioning that diversity indices inmulticorer samples were neglected

due to the presence of only two morphospecies. Furthermore, Isopoda

was also recorded in very low amounts, similar to tanaids, making it

difficult to compare between sampling gears.

Copepods were recorded as the second most dominant group

among meiofauna (> 300 μm), contributing significantly to

macrobenthos composition. In the PMN region, a total of 20

distinct morphospecies were identified, with 16 and 12

morphospecies observed in multi- and box corer samples,

respectively, collectively constituting 31.44% and 22.19% of

macrobenthos (Supplementary Table S5). Harpacticoid copepods

within the Copepoda class were particularly diverse and abundant,

with 16 morphospecies spanning nine families reported in the study

region. Among these, the family Aegisthidae stood out as the most

diverse and dominant, followed by Argestidae (Supplementary

Table S3), with unidentified harpacticoids exhibiting overall

dominance. In multicorer samples, Parameiropsidae sp. made the

highest contribution to the harpacticoid fauna, followed by a

combination of Aegisthidae sp.3 and Canthocamptidae sp.1,

Argestidae sp.2, Argestidae sp.3, and Ectinosomatidae sp.2. In box

corer samples, on the other hand, Nannopodidae sp. dominating in

copepod community. The diversity indices reflected distinct

patterns between the two corer types. Multicorer samples
A B

C

FIGURE 5

The mean estimated biomass multicorer (A); box corer (B) and percentage composition of higher-level taxa (C) across sampling gears and the sites
of PMN area.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1395892
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gaikwad et al. 10.3389/fmars.2024.1395892
exhibited the highest species richness (S) ranging from 9 (PRZ) to

11 (IRZ and BC20), whereas box corer samples showed a slightly

lower richness ranging from 3 (PRZ and IRZ) to 10 (BC20)

(Supplementary Table S6). Density patterns followed a similar

trend. Interestingly, the d was lowest in multicorer samples except

BC20 using box corer, while H’ showed contrasting results.

Evenness (J’) remained equal in both sampling types. Site BC20

demonstrated the highest copepod density, while IRZ and PRZ

exhibited comparable values.

Nematodes were the most dominant and diverse taxa,

comprising 31 morphospecies belonging to 14 families, including

several unidentified species. Notably, Chromadoridae,

Desmodoridae, Ironidae, Oncholaimidae, and Oxystominidae

stood out as dominant and diverse families among nematodes in

the region. These nematodes contributed 52.02% and 23.03% to

macrobenthos in multi- and box corer samples, respectively

(Supplementary Table S5). In the multicorer, Desmodoridae sp.2,

Oncholaimidae sp.1, and Oxystominidae sp.3 were particularly

dominant. While Sphaerolaimidae sp., Dorylaimida sp.,

Oncholaimidae sp.1, and Oncholaimidae sp.3 held dominance in
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box corer samples (Supplementary Table S3), a total of 20 and 15

morphospecies were encountered in multi- and box corer samples,

respectively. The morphospecies richness (S) was highest in

multicorer samples, ranging from 8 (PRZ) to 17 (BC20), while

box corer samples exhibited lower values (5–11). Density peaked in

IRZ (multicorer) and BC20 (box corer), while species richness was

highest in BC20 across both sampling types. In multicorer samples,

H’ reached its highest value of 1.1 ± 0.28, whereas d and J’ per site

were highest in BC20 and lowest in PRZ. In box corer samples, d

was highest in IRZ, while J’ was nearly equal in IRZ and BC20

(Supplementary Table S6), and H’ was highest at BC20.
3.3 Functional structure (mobility and
reworking traits)

Mobility and sediment reworking traits exhibited distinct

differences in sampling gear based on the total abundances of

morphospecies associated with specific traits. However, the

community-weighted mean (CWM) of traits did not significantly
A

B

FIGURE 6

Vertical distribution and contribution of each sediment layer to total macrobenthic abundance in multicorer sediment samples across three sites in
the PMN area, Central Indian Ocean Basin (CIOB). (A) Vertical distribution; (B) contribution in percentage to each sediment layer.
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differ in gear types (Table 2). The multicorer method predominantly

captured a high abundance of traits, whereas the box corer exhibited

considerably less abundance of these traits (Figure 7). This

discrepancy could be attributed to the consideration of abundance-

weighted traits. However, the variation is much less pronounced or

comparable when only the count is considered without weighting.

Moreover, relying solely on counts could introduce bias to the

results, as abundance serves as a crucial measure of intensity per

unit area. Therefore, we considered an abundance-weighted total for

each trait. In mobility traits, less motile and discretely motile

modalities were dominant among all. Sessile fauna very rarely

occurs only in multicorer (PRZ and IRZ) and box corer (BC20).

Surficial modifiers emerged as the dominant factor in the PMN

region, closely followed by biodiffusors and upward/downward

conveyors. Epifauna, on the other hand, was exclusively observed

in the PRZ of multicorer samples. In the IRZ multicorer samples,

surficial modifiers held sway. These findings illustrate the prevailing

presence of fauna with slow and limited mobility, particularly those

capable of surface diffusion that moves particles horizontally across

the surface in polymetallic nodule fields.
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3.3.1 Macrobenthic–univariate indices
vs. environment

Results of the CCA (first two axes) show the species–

environmental correlations were explained by only two

constrained first and second axes (Figure 8). Eigenvalues for

axes CCA1 and CCA2 are 0.55 and 0.27, respectively, and the

variation explained by these axes are 67.07% and 32.93%,

respectively, indicating marginally high relationships with the

environmental variables selected. Furthermore, the permutation

test for CCA axes under a reduced model (999 permutations)

showed that CCA1 was most efficient (near significance) in

explaining the variation among parameters (p = 0.08). The

analysis was performed separately in two groups: firstly,

nutrients and pH, and secondly, food-related parameters to

decrease the redundancy due to multicollinearity. The variables

pH and PO4³
−-P were highly correlated with CCA2 (Figure 8A),

and CCA1 was correlated with CHO and TOC. CCA showed that

the pH and PO4³
−-P were high towards the IRZ site as the IRZ and

PRZ were aligned with CCA2. However, CHO and TOC were

majorly related to the BC20 site.
A

B

FIGURE 7

Distribution of functional trait associated with bioturbation and abundance weighted by species density represented in Log(X+1): (A) Mobility trait
abundance and (B) sediment reworking capability abundance.
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The harpacticoid copepods (Harpacticoida spp., Nannopodidae

sp., and Aegisthidae sp.3), polychaete Aricidea sp. (family

Paraonidae), and the nematode Desmodoridae sp.3 were

positively related to pH and PO4³
−-P. Whereas, ostracods

(Ostracoda sp.2), harpacticoid copepods (Parameiropsidae sp.),

and nematodes (Ironidae sp.1 and Sphaerolaimidae sp.) were

negatively related. The copepods (Harpacticoida spp. and

Calanoida sp.3), Bivalvia sp.1, isopod (Haploniscidae sp.),

nematodes (Ironidae sp.1 and Sphaerolaimidae sp.), and
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polychaetes (Polychaeta sp. and Lacydoniidae sp.1) were

significantly positively related to CHO and TOC.

Univariate indices and environment relationship showed S was

significantly positively related to NO3
−-N, CHO, PRO, and LOM

(Supplementary Table S7). The negative relations were observed

between S and NO2
−-N and LIP. The d and H’ were directly

proportional to S, and J’ was also proportional to d and H’. These

indirect relations explained that d, J’, andH’were also positively related

to NO3
−-N, CHO, PRO, and LOM, as well as a similar relation to S.
A

B

C

FIGURE 8

Canonical correspondence analysis (CCA) compares the macrobenthic community structure (plus symbols; multi- and box corer data combined)
and environmental factors (blue arrows). Environmental factors displayed were selected based on significance calculated from individual CCA results
calculated during CCA. Salinity, sand, silt, and clay were removed from the analysis. (A) Pore water chemical parameters (pH, phosphate, nitrate,
nitrite, and silicate); (B) sediment characteristics, mainly food-related parameters (TOC, carbohydrates, protein, lipid, and LOM); (C) the majorly
influenced species were fitted on the same CCA plot.
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4 Discussion

4.1 Macrobenthic community and
diversity pattern

The examination and comparison of available literature data

from similar surveys were pivotal in our quest to understand

metazoan abundance and distribution within the abyss nodule

fields, particularly in different PMN regions. One notable

observation was the varying mesh sizes used in macrofaunal

studies conducted in the CIOB and the Clarion–Clipperton

Fracture Zone (CCFZ) regions. In the CIOB, where studies

focused on nodule fields employed large mesh-sized sieves of 500

mm, a unique scenario emerged. This choice of sieve size, while

capturing macrobenthic organisms, also contributed to relatively

low recorded animal abundance in comparison to studies

employing smaller mesh sizes (Ingole et al., 2005b; Pavithran

et al., 2007). The utilization of large mesh sizes is not uncommon

in the deep-sea research community, as it can aid in the collection of

larger and more conspicuous organisms. On the other hand,

macrofaunal surveys conducted in the Central North Pacific and

Peru Basin within the CCFZ region typically adopted a smaller

mesh size sieve of 300 and 250 mm (De Smet et al., 2017; Wilson,

2017; Stratmann et al., 2018; Yu et al., 2018; Sweetman et al., 2019;

Chuar et al., 2020; Francesca et al., 2021). This choice was consistent

with established deep-sea sampling practices and allowed for the

collection of a broader spectrum of metazoan taxa. However, it’s

important to note that these surveys opted to exclude meiofaunal

taxa, i.e., Nematoda, Copepoda, Ostracoda, Acari, and

Kinorhyncha, from their analyses to ensure meaningful

comparisons with most previous studies in the CCFZ region (De

Smet et al., 2017; Wilson, 2017; Francesca et al., 2021; Washburn

et al., 2021). In essence, the mesh size utilized in deep-sea sampling

can significantly influence the recorded abundance and diversity of

metazoan communities. The contrasting mesh sizes used in the

CIOB and CCFZ studies reflect the diverse approaches employed by

researchers in different PMN regions, each driven by unique

research objectives and considerations. Understanding these

variations in sampling methodologies is crucial when interpreting

and comparing metazoan abundance data from various abyss

nodule fields, ultimately advancing our knowledge of these

complex deep-sea ecosystems. Few CIOB studies have reported

336 ind. m−2, 376.39 ind. m−2, and 507 ind. m−2, which was the

highest faunal abundance among other studies from CIOB,

including “meiofaunal” taxa, i.e., Nematoda (Ingole et al., 2001;

Ingole and Koslow, 2005; Ingole et al., 2005a). The notion that the

inclusion of meiofaunal taxa in the macrofaunal community

(macrobenthos) is extremely useful and commendable and is

gaining ground recently (Ingels et al., 2021). In the present study,

both densities (macrobenthos and macrofauna) were mentioned for

a clear understanding of benthic community structure and

comparison. It has been recommended that the whole box corer

should be used for macrofauna analysis (De Smet et al., 2017).

Nevertheless, pseudoreplicates were used in studies from CIOB in

the past (Ingole et al., 2005a; Pavithran et al., 2007) and also

compared in Supplementary Table S1, thus creating discrepancies
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in macrobenthic faunal density. Hence, meaningful comparisons

between CIOB and Pacific Ocean studies have been challenging so

far. In 2009, a similar study reported a total of 66 species in 120

individuals (> 500 mm) from PMN, Indian Ocean (Pavithran et al.,

2009a). Contrastingly, 5,199 metazoans (> 250 mm) were collected

from 12 box corers in CCFZ and encountered 33 higher taxa (Chuar

et al., 2020). The present study encountered 117 metazoan (> 300

mm) individuals in the box corer. Therefore, the available data

strongly suggest that the CIOB nodule field has the relatively lowest

macrobenthic faunal abundance and higher taxa diversity.

In the current investigation, our examination of the Shannon–

Wiener index (H’) revealed a lower diversity compared to other

PMN areas within the CCFZ (> 2.0 along the GSR [De Smet et al.,

2017]). Polychaetes, widely acknowledged as prominent members

of deep-sea macrofaunal communities (Sanders, 1968; Hessler and

Jumars, 1974; Wilson, 2017), emerged as the most dominant

macrofaunal taxon (macrofauna) in our study, encompassing 17

distinct morphospecies. Surprisingly, tanaidaceans, traditionally

recognized as the predominant taxon in the CCFZ located in the

northeastern Pacific Ocean (Yu et al., 2018), took a secondary role

in our findings. The present study, incorporating nematodes and

copepods into the macrobenthos category, witnessed a shift in

dominance, with nematodes securing the top position, followed

by copepods. This contrasts with the conventional hierarchy, where

polychaetes and tanaidaceans typically hold sway. Our observations

align with similar dominance patterns reported in the easternmost

region of the CCFZ (Chuar et al., 2020; Kaiser et al., 2024).

For vertical distribution, Montagna et al. (2017) reported that

more multicorer samples from the top 5 cm sediment depths in

various locations of the northern Gulf of Mexico revealed that

approximately 90% of faunal communities were concentrated in

this uppermost layer. Meiofaunal communities dominated the top 2

cm, while macrofauna extended further down to 10 cm. Similar

findings were documented in the Clarion–Clipperton Fracture Zone

(CCFZ), with 67% observed in the upper 2 cm, 25% up to 5 cm, and

8% down to 10 cm depths (Chuar et al., 2020). The current study,

conducted in the CIOB, aligns with these patterns, highlighting that

maximum communities were harbored in the top 5 cm sediment

layer across all three sites. Interestingly, previous research in the

CIOB contradicted this trend, revealing that benthic fauna was

more abundant in the middle (2–5 cm) and lower layers, with traces

even in the 20 to 30 cm layer (Pavithran et al., 2009b). This

discrepancy may be attributed to the scarce food and surface

competition, which may cause the benthic fauna to migrate

downward, forming protective tubes that, during sampling, serve

as escape routes, leading to inadvertent transport through the

sediment layers (Ingole et al., 2005b; Pavithran et al., 2009b).
4.2 Multi- vs. box corer comparison

The methods employed for collection may significantly

influence the results of benthic analysis (Jensen, 1981, 1983; Bett,

1994; Hughes and Gage, 2004; Shields and Hughes, 2009). Since

1970, box corers have been used primarily for quantification of deep

sediment (Gage and Tyler, 1991); however, few studies have tackled
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the issue of inefficiency in box corer sampling for macrofauna

(Hughes and Gage, 2004; Shields and Hughes, 2009; Blomqvist

et al., 2015; Montagna et al., 2017). In this study, we attempt to

investigate the differences in methodologies in the abyssal plain of

the world’s lowest productive zone (Pavithran et al., 2007). The box

corer area coverage at each station was 12.82 times larger than the

combined multiple corer sample area. However, a higher mean

density of macrofauna (“sensu stricto”) was reported in multicorer

(Supplementary Table S6). Polychaetes were dominant in the

present study, similarly observed in CCFZ (Bonifácio et al., 2024).

Furthermore, total biomass estimates were higher in multicorer

samples with less variation between the stations (Figures 5A, B),

owing to two possibilities: (1) box corer may have led to a loss of the

fauna due to a bow-wave effect before settling on surface sediment

and (2) multicorer captured all sized range effectively with much

smoother approach near sediment than box corer.

Intriguingly, only multicorer samples were deemed suitable for

discerning the densities of small-body-sized fauna (especially

Meiofauna). Particularly, nematodes and copepods showed high

abundance in the multicorer samples, and many morphospecies

captured by the multicorer exclusively did not occur in the box

corer samples (Supplementary Table S3; Figure 4). These results

indicate the suitability of multicorer usage for macrobenthic fauna

collection in the deep sea. Nevertheless, the contribution of smaller

organisms retained on a 300 μm mesh to community biomass is

relatively minor (Gage et al., 2002). Despite this, there are 11

morphospecies of polychaetes, including motile subsurface

deposit feeders, i.e., Cirratulidae sp., Lacydoniidae sp.2,

Lumbrineris sp., Opheliidae sp., Amphicorina bansei, and

Spiophanes sp. exclusively occurred in multicorer samples and

were associated with increased biomass. In contrast, sessile or less

motile and large-sized polychaetes, i.e., Glyphanostomum sp.,

Capitellidae sp.1, Brada sp., Glycera sp., and Sabellidae sp. were

found in the box corer samples. Multicorer showed inefficiency in

capturing isopods and tanaids, as represented by the low

contribution of these taxa to total abundance. Box corer showed

the presence of all isopod and tanaids species listed except

Leptognathiidae sp.3.

Morphospecies richness and diversity were higher in the box

corer compared to the multicorer samples (Supplementary Table S6).

This is not surprising, as diversity tends to increase with the sampling

area (Lomolino, 2000), and the area covered by the box corers is

larger than that of the multicorer. Margalef richness (d) is three times

higher in box corer than in multicorer samples. While Shannon–

Wiener diversity (H’) was also higher in box corer.

The findings highlighted that smaller fauna, particularly

meiofauna, were more likely to be captured by the multicorer,

suggesting a potential escape from the box corer. Utilizing box

corers for benthic sampling presents a notable advantage by

allowing the collection of a more extensive and quantifiable

representation of individual organisms over a relatively large

area. This comprehensive sampling approach facilitates a

nuanced exploration of the diverse benthic community,

enhancing the understanding of species diversity within the
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study area (Montagna et al., 2017). However, it is crucial to

recognize the potential drawbacks associated with the use of box

corers. One significant concern stems from the generation of bow

waves during the sampling process, which can disturb the seabed,

resulting in the resuspension of surface sludge and the potential

loss of sediments (Blomqvist et al., 2015). This disturbance may

result in the displacement or loss of individual organisms within

the sampled area, affecting the accuracy of biodiversity

assessments and compromising the integrity of ecological data.

Furthermore, the present study underscores the advantages of

multicorer sampling in some aspects for investigating the vertical

distribution of benthic communities and capturing small-sized

faunal fractions (Meiofauna). Particularly, where small-sized

fractions could be an important component to understanding

the whole ecological perspective in the ecosystems characterized

by low food availability, such as open water of deep sea zones and

potential mining sites. However, the box corer yielded scant

additional information regarding the macrobenthic faunal

community compared to the insights gained from the much

smaller multiple corer samples. The considerable variation in

density and diversity responses to the two sampling methods

poses a challenge to confidently recommending one technique

over the other (Montagna et al., 2017). Thus, the use of both

sampling gears will offer more detailed insights into biodiversity

and ecosystem functioning.
4.3 Functional composition

The composition of functional traits did not differ between the

sites and gear types, indicating that there was no discernible influence

of spatial structure or gear effects. This lack of differentiation could

stem from the fact that many species share similar functions across

these traits, highlighting redundancy in their functional roles.

However, these functions may still impact the local flux of available

nutrients in the sediment. Macrobenthos contributes to increased

organic matter inputs through biodeposition, a process where organic

materials are released into the sediment as metabolic by-products

(Graf and Rosenberg, 1997). Simultaneously, these organisms engage

in bioturbation, stirring and mixing the sediments, thereby

distributing and incorporating organic materials into deeper strata

(Kristensen, 2000; Welsh, 2003). These fundamental aspects of the

functional traits, including mobility and sediment reworking, of

macrobenthic fauna lie in their ability to enhance organic matter

(OM) flux within sediments, influencing nutrient cycling, sediment

structure, and overall benthic community dynamics. In the present

study, the less motile and discretely motile macrobenthic faunal

communities were dominant along all the sites, while sessile fauna

very rarely occurred in both the sampling gears (multi- and box

corer). These findings can be attributed to the burrowing behavior

exhibited by a majority of species, namely polychaete families

(Ampharetidae, Capitellidae, Cirratulidae, Glyceridae, Lacydoniidae,

Lumbrineridae), tanaid families (Leptognathiidae, Neotanaidae,

Tanaellidae), and other taxa. This behavior classifies them as less
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motile, with their movements primarily confined to the sediment.

Less motile macrobenthic faunal communities in the deep sea

typically include organisms with limited mobility, relying on

structural adaptations or passive transport for movement (Jones

et al., 1998; Billett et al., 2001). Furthermore, less motile organisms

may contribute to sediment stability and long-term habitat structure,

while discretely motile species actively participate in bioturbation

processes, influencing nutrient availability and community

composition (Ruhl and Smith, 2004). Discretely motile

macrobenthic faunal communities comprise organisms such as

mobile predators, scavengers, and deposit-feeders like crustaceans

and agile polychaetes, capable of more pronounced and intentional

movements within the sediment and across the seafloor to locate food

resources and suitable habitats (Thistle et al., 2008). Biodiffusors,

organisms that enhance the vertical mixing of sediments through

their burrowing and feeding activities, are significant contributors to

sediment reworking (Aller, 1982; Aller and Aller, 1992; Aller, 1994),

which dominated the macrobenthos population in the present study.

Upward and downward conveyors refer to transporting sediment

particles vertically within the sediment column. For example, upward

conveyors such as certain polychaetes (Capitellidae sp.1 and

Capitellidae sp.2) exhibit upward conveyance by ingesting deeper

sediments and excreting processed material at the surface, influencing

nutrient distribution (Miri et al., 2023). Furthermore, organisms

exhibiting upward and downward conveyance, such as certain

burrowing fauna (e.g., Glyphanostomum sp., Brada sp., and

Spiophanes sp., see Supplementary Table S3), transport surface

sediments into deeper layers and vice versa, affecting sediment

structure and biogeochemical cycling (Shull and Yasuda, 2001).
4.4 Environmental relationships

Three key environmental factors, i.e., food availability, sediment

texture, and nodule distribution may significantly influence the benthic

community structure assemblages in the deep sea. The deep-sea floor is

distinguished by exceedingly low organic material inputs, rendering it a

food-limited ecosystem (Smith et al., 2008). Similarly, CIOB exhibits

low productivity both at the surface and in the water column

(Matondkar et al., 2005). Additionally, the region has a diminished

organic carbon content attributable to low sediment accretion in the

bottom surficial sediments (Pattan et al., 2005), despite the Ganges–

Bramhaputra fan has been involved in the changes in nutrient

chemistry up to 10°S. The reason attributed to low productivity may

be the South Equatorial Counter Current (SECC) and South Equatorial

Current (SEC) between 0° and 10°S may have prevented nutrient-rich

water of the north Indian Ocean from entering the CIOB (Peng et al.,

2015). It progressively diminishes toward the south, leading to a

decrease in the flux of particulate organic carbon (POC) from the

north to the south. The limited nutrient enrichment potentially holds

influential capabilities in shaping benthic communities (Bonifácio et al.,

2020, 2024) in the southern region of the CIOB. In the current study,

the IRZ and PRZ are situated to the south, while BC20 is positioned to

the north within the CIOB. This spatial arrangement may contribute to

a slightly higher TOC value in BC20 compared to that in the IRZ and
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PRZ. The previous studies fromCIOB evidently showed that a relatively

higher TOC ranging from 0.52% to 1.31% near 10°S latitude

(Nair et al., 2000), whereas the present (12°S –13°S) study reported

0.35%–0.47% of TOC. The presence or absence of TOC exerts a

significant (positive/negative depending on feeding behavior)

influence on the diversity, population dynamics, and interspecies

interactions of macrobenthic fauna. The highest Margalef richness (d)

and Shannon–Wiener diversity (H’) of macrobenthos at BC20 could

have been associated with increased TOC and CHO compared to IRZ

and PRZ (Supplementary Table S6). Contrastingly, a negative

correlation was observed between food availability and macrofaunal

community structure (Kaiser et al., 2024). Polychaete species

Capitellidae sp.2, Opheliidae sp., Sabellidae sp., Lumbrineris sp., and

Glycera sp. are exclusively found in BC20, of which Capitellidae sp.2,

Opheliidae sp., and Sabellidae sp. were highly dependent on suspended

or deposited organic food on surface sediment. Similarly, deposit feeder

polychaetes dominated Ifremer and APEI No. 3 sites associated with

high POC flux (Bonifácio et al., 2024). However, Lumbrineris sp. and

Glycera sp. were carnivorous in life habits (Jumars et al., 2015), which

could potentially be attributed to complex interspecific relationships

within the ecosystem. This has been supported by a notable contrast

that emerged in the abundance of nematodes at BC20, IRZ, and PRZ

sites, with BC20 displaying lower numbers compared to PRZ and IRZ

(Supplementary Table S6). This variance in nematode abundance could

also support interspecific relationships due to the dependence of

macrofauna on meiofaunal components. Interestingly, copepods

(including harpacticoid) were more pronounced in BC20, and it is

noteworthy that some of the harpacticoid species predominantly follow

carnivorous feeding strategies (Bröhldick, 2005; Shimanaga et al., 2009).
4.5 Conclusion

Despite the limitation of sampling effort (logistical constraints)

and a small sample size restricting definitive conclusions, the

findings of this study highlight the significant influence of

different investigative methodologies on observed macrobenthic

faunal assemblages. Future research in the CIOB should indeed

aim to increase sample size and use consistent sampling techniques

to enhance reliability, but the current approach provides a critical

foundation for understanding macrobenthic communities in the

polymetallic nodule fields of the CIOB. For the first time, this

research on macrobenthos provides quantitative insights into

multicorer sampling within the PMN field in the Indian Ocean.

The study examined differences in macrobenthic community

structure, diversity indices, and functional composition between

sites. The results revealed a relatively homogeneous nature at the

PMN mining sites, encompassing both PRZ and IRZ areas.

Relationships between the macrobenthic faunal community and

the environment were analyzed to gain a comprehensive

understanding of the ecological drivers. The findings highlight the

importance of environmental relationships, particularly the

influence of total organic carbon and related components, such as

carbohydrates, in extremely low-productive zones. Furthermore, we

advocate for the combined use of both multi- and box corers to
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achieve more accurate estimates of diversity and abundance,

ultimately enhancing our knowledge of species richness and

functional understanding. Through this study, we aimed to

provide general recommendations for the collection of high-

quality data that can be utilized for monitoring purposes. The

present research contributes valuable insights into seabed

community patterns, encompassing both structural and functional

aspects by including large-sized meiofaunal taxa in the macrofauna,

which may prove instrumental in managing the mining site in the

CIOB. Furthermore, understanding the relationship between

benthos and environmental factors is crucial for regulating deep-

sea bed mining activities, as they significantly shape community

structures. By integrating these insights, the study provides valuable

guidance for the sustainable management of deep-sea resources and

emphasizes the need for careful consideration of environmental

factors in future mining operations. Thus, the scientific endeavor is

pivotal for informing and shaping the regulations that will govern

future mining exploitations in the deep-sea bed, ensuring a legally

sound and ecologically responsible approach to this emerging

industry. As the ISA continues its regulatory development,

incorporating such scientific findings becomes essential for the

sustainable management of deep-sea resources and the

preservation of biodiversity in these ecologically sensitive areas.
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