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1. Supplementary methods – additional details
1.1 Sample activity characterisation
Samples were categorised as being collected from active seep, transition ‘chemotone’, or background deep-sea habitats based on the proximity of visual indicators of seep activity. Visual indicators of high seep chemosynthetic activity included high seafloor cover of microbial mats and non-sedimented authigenic carbonates, and high densities of seep-associated megafauna, such as clams, mussels, siboglinid polychaetes, serpulid and sabellid polychaetes, frenulates, galatheid crabs, and the yeti crab, Kiwa puravida Thurber, Jones & Schnabel, 2011 (Mound 12 only).

1.2 Quantifying ecosystem functioning proxies
Standing stock (macrofaunal wet biomass per sample) was measured to 0.00001 g using an electronic balance (A&D GR-202). Excess liquid was wicked from specimens using paper tissue, and sample weights were recorded following a standardised two-minute period after removal from preservative. Faunal density, originally calculated as the total number of polychaete, peracarid crustacean and mollusc individuals per 64.3 cm2 sample (two cores, each with a surface area of 32.17 cm2), was expressed as number of individuals per m2. Average individual body size (biomass) per sample was calculated by dividing sample biomass by macrofaunal abundance. This approach was taken, because the high observed species richness (over 200 morpho-species), low observed abundance of many of these species, and use of wet-weight made it very difficult to accurately quantify average body size for each species individually.

The following equation proposed by Queirós et al. (1) was used to quantify community bioturbation potential (BPc):

Here, ‘Mi’ and ‘Ri’ refer to mobility and sediment reworking parameters, respectively, specific to each family (Dataset S2), whilst ‘Bi’ and ‘Ai’ ﻿refer to the biomass and abundance of each family in a sample. Because we did not record biomass at the family level, we used average individual biomass per sample instead of species-specific values. When determining ‘Mi’ and ‘Ri’ for each family, we used the mean value for all species within a family scored by Queirós et al. (1). Families not scored by Queirós et al. (1) were assigned values based on literature and expert opinion (authors L.A.L, O.S.A and G.W.R). 

Biogenic calcium carbonate content per sample was determined semi-quantitatively by scoring families for their relative degree of internal/external calcification (0 – no significant internal or external calcification; 1 – light internal/external calcification of body or tube; 2 – moderate internal/external calcification of body or tube; 3 – heavy internal/external calcification of body or tube) (Dataset S2). Scorings were derived from the literature where available, or based on the opinion of the authors where not. Scorings were multiplied by the abundance of each family per sample, and totalled across all families present per sample.

1.3 Quantifying environmental conditions
[bookmark: _Hlk531251168]Measurements of seafloor temperature, salinity, water depth, oxygen concentration, and δ Oxidation Reduction Potential (δORP) were made by AUV Sentry during overnight transects at Jaco Scar, Mound 12 and Quepos Landslide during cruise AT37-13, and Jaco Scar, Mound 12, Mound 11, Parrita Seep and Quepos Landslide during cruise AT42-03. Because the altitude of Sentry above the seafloor varied, we only used data collected within the interquartile range of Sentry altitudes less than 10 m (5.75 m to 6.97 m). Point values for environmental variables were interpolated to the resolution of Sentry bathymetry data (1 m2) in QGIS 3.6.0 separately for each cruise sampling period using the function ‘IDW Interpolation’ (Distance coefficient = 3, all other settings default). Inverse Distance Weighting (IDW) was used because it provides a good compromise between accuracy of outputs and computational demand (2). Values for each environmental variable for the year of sample collection were extracted at sampling locations in QGIS 3.6.0 using the function ‘Point sampling tool’ (Table 1; Table S4). Where values derived from Sentry data were unavailable (sample AD4924, PC6 + PC7), data from the CTD of HOV Alvin (SeaBird SBE49; temperature, salinity and depth) were used as a substitute, with values being averaged for the duration of the sampling event.

To quantify surface productivity overlying each sampling point, we obtained Net Primary Productivity (NPP) data from the portal http://www.science.oregonstate.edu/ocean.productivity/custom.php. Global (1/12° resolution) climatological monthly mean VIIRS Eppley Vertically Generalised Production Model (VGPM) (3) ocean primary productivity data were summed across the year immediately prior to the commencement of each research cruise (i.e. May 2016 – end April 2017 for AT37-13; October 2017 – end September 2018 for AT42-03). Pixel values were summed in QGIS 3.6.0 using the GRASS GIS 7 tool ‘r.series’. To obtain a value of total productivity in overlying waters (g C / m2 / year), this value was multiplied by 30.42 (365/12). Values at sampling locations were extracted in QGIS 3.6.0 using the function ‘Point sampling tool’. To estimate export of primary productivity to the depth of each sampling location, we applied the equations of Lutz et al. (4) (Panama Basin parameters for p ratio, radiometrically calibrated) (Table 1; Table S4). 

Seafloor slope, Terrain Ruggedness Index and Terrain Position Index were calculated in QGIS 3.6.0 based on Sentry bathymetry data using GDAL terrain analysis tools (Z factor of 111120 for slope). Values at sampling locations were extracted in QGIS 3.6.0 using the function ‘Point sampling tool’ (Table 1; Table S4). 

1.4 Statistical Analyses
[bookmark: _Hlk76827517]Because we hypothesised relationships between biodiversity and ecosystem functioning proxies would be non-linear, the form of these relationships at active chemosynthetically-dependent seep, transitional ‘chemotone’, and background photosynthetically-dependent deep-sea habitats was investigated via a Generalised Additive Model (GAM) framework in R v3.4.2 using the package ‘mgcv 1.8-33’ (5, 6). Please note that GAMs reveal correlation only, and no conclusions should be made regarding causal relationships between the variables investigated. Here, ecosystem functioning proxies were modelled as the dependent variable, whilst biodiversity variables, and variables documenting facets of the environment, were modelled as independent variables. Prior to analysis, sample ‘AD4919, PC4 + PC8’ (Quepos Landslide, ‘Active’) was removed from the dataset because it contained no macrofauna, and all continuous variables were standardised in R v3.4.2 (mean of zero, standard deviation of ±1) to ensure equivalence of scales. Missing environmental data (4 values of 304 observations) were replaced with ‘0’ after standardisation. Because dimensionality in the dataset was high relative to the degree of replication, and because covariance was high within some variable groupings, we reduced dimensionality by undertaking Principal Component Analysis (PCA) in R v3.4.2 using the function ‘pr.comp’. For ecosystem functioning proxies (dependent variable in models), the first two principal components captured 97.4 % of variance, whilst for taxonomic biodiversity and functional trait biodiversity (independent variables), the first two principal components captured 98.4 % and 100.0 % of variance, respectively (Table 1, Table 2). For oceanographic variables (independent variable), the first two principal components captured 99.5 % of variance, and for terrain variables (independent variable), the first principal component captured 99.5 % of variance (Table 1, Table 2). Lower values of ecosystem functioning proxies PC1 were associated with higher assemblage bioturbation potential, density, standing stock, and degree of calcification (high to low strength of weighting), whilst higher values of ecosystem functioning proxies PC2 were positively associated with assemblage standing stock and bioturbation potential, and negatively associated with degree of calcification and assemblage density (high to low strength of weighting). Higher values of taxonomic biodiversity PC1 were associated with higher species diversity, species richness, and species evenness (high to low strength of weighting), whilst higher values of taxonomic biodiversity PC2 were associated with higher species evenness, but lower species richness and species diversity (high to low strength of weighting). Higher values of functional trait biodiversity PC1 were associated with lower functional trait diversity, functional trait evenness and functional trait richness (high to low strength of weighting), whilst higher values of functional trait biodiversity PC2 were associated with higher functional trait evenness, but lower functional trait richness and functional trait diversity (high to low strength of weighting). For environmental variables, higher values of oceanographic variables PC1 were positively associated with seafloor temperature, export of surface productivity to seafloor, and seafloor salinity, but negatively associated with seafloor depth and oxygen concentration (high to low strength of weighting). Higher values of oceanographic variables PC2 were positively associated with seafloor salinity, seafloor oxygen concentration, seafloor depth, export of surface productivity to seafloor, and seafloor temperature (high to low strength of weighting). Higher values of terrain PC1 were associated with lower seafloor slope and ruggedness. Please see Table S5 for full details of variable weighting on each PC axis.  

With ecosystem functioning proxies PC1 or PC2 as the dependent variable, initial GAMs included as independent variables PC1 and PC2 of the biodiversity variables PCA and oceanographic variables PCA, PC1 of the terrain variables PCA, and the variables ‘Terrain Position Index’ and ‘activity category’. Smoothers were specified for all continuous variables, with a penalised thinplate regression spline used as the smoothing function, and smoothing parameters optimised automatically using the Generalised Cross Validation criterion (6). A different smooth was specified between biodiversity and ecosystem functioning proxies for each sample activity category, in accordance with our hypothesis that the form of relationship between biodiversity and ecosystem functioning variables is habitat dependent. 
All initial models took the following structure:

Model performance diagnostics and the Akaike Information Criterion (AIC) were used to select appropriate error distributions and link functions (7), and acceptable satisfaction of model assumptions was investigated using the ‘gam.check’ function (6). GAMs were refined from the initial model via backward stepwise selection by consideration of independent variable p-values and model AIC until a minimum AIC value was reached. The number of knots specified for each smoothed term was optimised based on model AIC values and assumptions, with care taken to avoid overfitting (see Table S6 for final model structures). Models were visualised using the package ‘visreg 2.7.0’ (8). An R script is provided within the Supplementary Materials, detailing the analysis process.

2. Supplementary figures
[image: ]
Figure S1: Conceptual diagram illustrating how the rate of change in ecosystem functioning with biodiversity loss is influenced by the form of biodiversity – ecosystem functioning (BEF) relationship. Type of BEF relationship: red dotted line – saturating (ecosystem functioning increases with biodiversity in an asymptotic manner); orange dashed line – linear (ecosystem functioning increases with biodiversity in a linear manner); black dotted and dashed line – accelerating (ecosystem functioning increases with biodiversity in an exponential manner).
[image: ]
Figure S2: Seep sampling sites (white and red-hue diamonds) in regional and local context. A: Jaco Scar, B: Parrita Seep, C: Mound 12, D: Mound 11, E: Quepos Landslide. The inset map places the local map in a regional context (white box). Global Multi-Resolution Topography (GMRT) 3.6 bathymetric data: darker blue areas = greater water depth, lighter blue areas = lesser water depth; 400 m depth contours.

[image: ]
Figure S3: Macrofaunal standing stock (g / m2) at ‘active’ chemosynthetically-fuelled, ‘transition’ and ‘background’ photosynthetically-fuelled habitats. Bars are mean values, light blue envelopes are 95 % confidence intervals, points are partial residuals. Please see Ashford et al. (9)

3. Supplementary tables
Table S1: Examples of literature that demonstrate an influence of the environment over biodiversity – ecosystem functioning relationships.
	Source
	Study type
	Focal organisms
	Ecosystem functioning proxy
	Environmental factor
	Mechanism by which environment influences BEF relationship

	Dyson et al. (10)
	Experimental
	Marine benthic macrofauna (Hediste diversicolor, Hydrobia ulvae, Corophium volutator, Macoma balthica)
	Microphytobenthic production
	Organic matter availability in sediments
	Behavioural changes

	Needham et al. (11)
	Experimental
	Mud crabs (Austrohelice crassa)
	Solute fluxes (O2, NH4+) across the sediment – water interface
	Sediment characteristics
	Behavioural changes

	Langenheder et al. (12)
	Experimental
	Soil bacteria (Rhodoferax sp. strain SL-68, Flavobacterium sp. strain SL-104, Sphingoterrabacterium sp. strain SL-106, Burkholderia sp. strain SL-187, Sphingobium yanoikuyae strain SL-197 and Bacteroidetes sp. strain SL-WC2
	Metabolic activity
	Resource richness
	Changes in outcomes of species interactions

	Spooner et al. (13)
	Experimental
	Freshwater mussels (Actinonaias ligamentina, Amblema plicata, Fusconaia flava, Obliquaria reflexa)
	Algal biomass, chironomid abundance, nutrient limitation
	Temperature and stream flow rate
	Changes to physiology

	Steudel et al. (14)
	Experimental
	Monococcal aero‐terrestrial and freshwater green microalgae (64 different strains)
	Microalgae biomass
	Temperature and salinity
	Changes to physiology

	Geert Hiddink et al. (15)
	Observational
	Marine benthic macrofauna
	Macrofaunal biomass, depth of the apparent redox discontinuity, fluxes of ammonium and NOx and the abundance of nematodes
	Seabed wave shear stress
	Changes in species occurrence

	Zeppilli et al. (16)
	Observational
	Deep-sea nematodes
	Meiofaunal biomass, meiofaunal biomass: biopolymeric C ratio
	Seabed bathymetric heterogeneity
	Changes in species occurrence

	Gammal et al. (17)
	Observational
	Marine benthic macrofauna
	Solute fluxes (O2, NH4+, PO43−, Si) across the sediment–water interface
	Sediment characteristics, organic matter availability in sediments
	Changes in species occurrence

	Godbold and Solan (18)
	Observational
	Marine benthic macrofauna
	Bioturbation intensity (indicated by sediment mixing depth)
	Organic matter availability in sediments
	Changes in species occurrence



Table S2: Details of biodiversity metrics analysed.
	Biodiversity Metric
	Details

	Species richness
	Total number of macrofaunal species in a sample

	Functional trait richness
	Total number of functional traits expressed in a sample

	Species diversity
	Diversity of species in a sample, as expressed using the Shannon Index (H’), which represents a quantification of the uncertainty associated with predicting the taxonomic identity of an individual taken at random from a sample

	Functional trait diversity
	Diversity of functional traits expressed in a sample, as determined using the Shannon Index (H’), which here represents a quantification of the uncertainty associated with predicting the trait attributes of an individual taken at random from a sample

	Species evenness
	Evenness of species density in a sample. Calculated as the Shannon Diversity (H’) value of an assemblage divided by the maximum possible value of Shannon Diversity for that assemblage were all species equally abundant (Pielou’s index)

	Functional trait evenness
	Evenness of expressed traits in a sample. Calculated as the Shannon Diversity value (H’) of an assemblage divided by the maximum possible value of Shannon Diversity for that assemblage were all traits equally common (Pielou’s index)



Table S3: Details of proxies for ecosystem functioning analysed.
	Ecosystem functioning proxy
	How measured
	Relevance as proxy for ecosystem functioning

	Bioturbation metric
	Calculated as ‘community bioturbation potential’ (BPc) following Queirós et al. (1)
	Greater bioturbation promotes increased cycling of oxygen and nutrients between sediments and the water column

	Calcification metric
	Classification of species into calcification categories dependent on use of calcium carbonate in skeletal/shell/tube construction. Multiplication of species’ scores by their abundance per sample. Summation across all species per sample
	Greater biological calcification is positively related to the potential for long-term carbon sequestration in sediments

	Standing stock
	Total macrofaunal wet biomass (g) per m2
	Greater faunal standing stock is positively related to the flow of energy and matter within and between trophic levels, communities and ecosystems through e.g. increased bioturbation and water column mixing, species interaction, predation and ingestion 

	Density
	Total macrofaunal abundance (n inv) per m2
	Greater faunal density is positively related to the flow of energy and matter within and between trophic levels, communities and ecosystems through e.g. increased bioturbation and water column mixing, species interaction, predation and ingestion



Table S4: Details of environmental variables analysed.
	Environmental facet
	Variables analysed
	How derived

	Seep activity
	Activity category
	Based on visual indicators of seep activity in association with geochemistry data (hydrogen sulphide concentration, dissolved inorganic carbon (DIC) concentration, and δ13C of DIC) collected from associated push cores – see Ashford et al. (9)

	Oceanographic characteristics
	Depth (m)
	Measured by the CTD of Alvin; extracted from the bathymetry data collected by Sentry

	
	Salinity (ppt)
	Measured by the CTDs of Alvin and Sentry

	
	Temperature (°C)
	Measured by the CTDs of Alvin and Sentry

	
	Oxygen concentration (μmol/l)
	Measured by the oxygen sensor of Sentry

	
	Export of surface productivity to seafloor (mgPOC/m3/month)
	Calculated from satellite – derived metrics of net primary production (summed across year immediately prior to commencement of each research cruise), applied to equation of Lutz et al. (4)

	Bathymetric characteristics
	Seafloor slope (deg)
	Derived from the bathymetry data collected by Sentry

	
	Seafloor ruggedness (Terrain Ruggedness Index) (m)
	Derived from the bathymetry data collected by Sentry

	
	Seafloor position index (Terrain Position Index) (m)
	Derived from the bathymetry data collected by Sentry




Table S5: Weighting of variables within each variable grouping on axes PC1 and PC2 of the Principal Component Analyses.
	Variable grouping
	Variable
	PC1
	PC2

	Ecosystem functioning proxies
	Faunal density
	-0.528
	-0.435

	
	Faunal biomass
	-0.490
	0.524

	
	Bioturbation potential metric
	-0.544
	0.423

	
	Calcification metric
	-0.430
	-0.598

	Taxonomic biodiversity
	Species richness
	0.549
	-0.686

	
	Species diversity
	0.641
	-0.022

	
	Species evenness
	0.536
	0.728

	Functional trait biodiversity
	Functional trait richness
	-0.423
	-0.766

	
	Functional trait diversity
	-0.732
	-0.026

	
	Functional trait evenness
	-0.534
	0.642

	Oceanographic variables
	Seafloor depth
	-0.472
	0.376

	
	Seafloor temperature
	0.527
	0.013

	
	Seafloor salinity
	0.303
	0.693

	
	Seafloor oxygen concentration
	-0.425
	0.498

	
	Particulate organic carbon delivery to seafloor
	0.477
	0.361

	Terrain
	Seafloor ruggedness
	-0.707
	0.707

	
	Seafloor slope
	-0.707
	-0.707




Table S6: Details of independent variables, and error distribution and link function used for each optimised Generalised Additive Model constructed, along with minimum Akaike Information Criterion (AIC) value (AKAIKE, 1974), and adjusted R2 value.
	Dependent variable
	Independent variables in optimal model
	Error distribution and link function
	Minimum AIC value obtained
	Adjusted R2

	Ecosystem functioning proxies PC1
	Sample activity category + s(taxonomic biodiversity PC1, by = sample activity category, fx = FALSE, k = 3) + s(taxonomic biodiversity PC2, by = sample activity category, fx = FALSE, k = 4) + s(oceanographic variables PC1, fx = FALSE, k = 3) + s(oceanographic variables PC2, fx = FALSE, k = 3) + s(terrain PC1, fx = FALSE, k = 3) + s(Terrain Position Index, fx = FALSE, k = 3)
	Gaussian, identity
	116.27
	0.539

	Ecosystem functioning proxies PC1
	Sample activity category + s(functional trait biodiversity PC1, by = sample activity category, fx = FALSE, k = 4) + s(functional trait biodiversity PC2, by = sample activity category, fx = FALSE, k = 5) + s(terrain PC1, fx = FALSE, k = 3) + s(Terrain Position Index, fx = FALSE, k = 5)
	Gaussian, identity
	102.29
	0.684

	Ecosystem functioning proxies PC2
	Sample activity category + s(taxonomic biodiversity PC1, by = sample activity category, fx = FALSE, k = 3) + s(taxonomic biodiversity PC2, by = sample activity category, fx = FALSE, k = 3) + s(oceanographic variables PC2, fx = FALSE, k = 3)
	Gaussian, identity
	111.30
	0.281

	Ecosystem functioning proxies PC2
	Sample activity category + s(functional trait biodiversity PC1, by = sample activity category, fx = FALSE, k = 3) + s(functional trait biodiversity PC2, by = sample activity category, fx = FALSE, k = 3) + s(terrain PC1, fx = FALSE, k = 6) + s(Terrain Position Index, fx = FALSE, k = 3)
	Gaussian, identity
	103.23
	0.447



Additional Supplementary Material
Dataset S1: Functional trait scoring.
Dataset S2: Bioturbation and calcification scorings.
Document S1: References for functional trait and calcification/bioturbation scoring.
Dataset S3: Attributes of samples analysed.
R analysis script: R script detailing the analysis approach taken by the study.
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