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Functional response of deep-sea benthos to food limitation can
reduce the impact of climate change on the deep sea
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Abstract:

Aim: A paradigm of deep-sea ecology is that the ocean interior is a food-limited environment
which results in decreasing abundance and body size of fauna with increasing water depth.
Here we estimated the efficiency of benthic biota in exploiting resources with increasing
water depth to assess the potential response of deep-sea organisms to predictable changes in
food availability as determined by global change.

Location: Mediterranean Sea.

Methods: We used the largest synoptic data set produced so far on abundance and standing
stocks of benthic viruses, prokaryotes, meio-, macro- and megafauna from the Western to
Eastern basins of the deep Mediterranean Sea, across depth and longitudinal gradients of food

availability.

Results: Our analysis reveals that only meiofauna (both abundance and biomass) show a
significant negative log-linear relationship with increasing water depth consistently in both
basins and the whole Mediterranean Sea. Conversely, all other benthic components, from
viruses to mega-fauna, show different/opposite bathymetric patterns. Our results also show
that, beneath 2000m, the benthic biomass is dominated by prokaryotes and, conversely to
patterns reported at global scale, meiofaunal biomass decreases with increasing water depth to
a greater extent than do macro- and megafauna. The comparisons conducted among different
trophic conditions (from meso/oligo- to ultra-oligotrophic, Western and Eastern basin,
respectively) indicate that the efficiency of benthic ecosystems in exploiting organic carbon
inputs increases with increasing depth, consistently in all investigated basins. In particular, the
efficiency of exploitation of the “fresh” food resources is mainly driven by prokaryotes and

increases (up to 300%) in the ultra-oligotrophic systems.

Main conclusions: Since global warming is expected to increase water column stratification,
which, in turn, will alter organic carbon inputs to the deep seafloor, our results suggest that
the effects of climate change on deep-sea assemblages could be partly counteracted by their

higher efficiency in exploiting available resources.
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Introduction

Benthic deep-sea ecosystems (beneath 200 m depth) cover 65% of the Earth surface
(Danovaro et al., 2014). The comprehension of their functioning and dynamics is a central
issue in marine ecology and is essential to understand the processes of global carbon and
nutrient cycling, and the response of these ecosystems to global change (Rowe & Pariente,

1992; Danovaro et al., 2001; Danovaro et al., 2014; Rogers, 2015).

Quantitative synoptic information on benthic prokaryotes, meiofauna, macrofauna and
megafauna in the deep sea, under an “End-to-End” perspective, is limited to few meta-
analyses which are based on data from studies conducted on specific benthic components
(Rex et al., 2006; Wei et al., 2010 and literature therein). The consistent finding of these
global scale meta-analyses is the decline of benthic abundance and biomass with increasing
water depth, particularly evident for meio-, macro- and mega-fauna (Rex et al., 2006; Wei et
al., 2010; Gambi et al., 2010; van der Grient & Rogers, 2015; Rogers, 2015). Such patterns
are generally explained with the exponential decrease in organic matter supply with
increasing water depth (Gage & Tyler, 1991; Smith et al., 2008; Jones et al., 2014). Analyses
of abundance and biomass are also conducted on smaller benthic components (e.g., bacteria
and protozoa; Boetius et al., 1996; Soltwedel et al., 2000; Danovaro et al., 2002; Deming &
Camperter, 2008), but, in those cases, the results reveal barely decreasing or invariant

bathymetric patterns (Rex et al., 2006; Wei et al., 2010; Gooday & Jorissen, 2012).

Recent investigations carried out in the Pacific and Atlantic Oceans revealed the existence
of close relationships between climate change, food limitation and decreasing deep-sea
standing stocks (Ruhl et al., 2008; Smith et al., 2008; Yasuhara et al., 2008; Smith et al.,

2009; Billet et al., 2010; McClain et al., 2012; Jones et al., 2015).
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The Mediterranean Sea represents less than ca. 1% of the ocean surface, but it is a hot spot
of biodiversity containing more than 7.5% of global marine biodiversity (Danovaro et al.,
2010). This sea is particularly exposed to the impact of climate change (Giorgi, 2006; Jorda et
al., 2012), and is one of the marine regions worldwide with the highest increase of water
temperature in the last 50 years (Burrows et al., 2011; Durrieu de Madron et al., 2011).
Recent studies predict that global change, enhancing water column stratification through
increased sea surface temperature, might reduce the input of food resources to the deep
Mediterranean Sea benthos (Canals et al., 2006; Coma et al., 2009), though with some
differences among different deep-sea habitats (e.g., active canyons vs. open slopes; Pusceddu

et al., 2013; Cartes et al., 2015; Pusceddu et al., 2016).

Here, we use the Mediterranean Sea as a model for evaluating the possible effects of
changes in food supply/availability, due to present and future climate change, on abundance
and standing stock of deep-sea benthic organisms. To do this, we collected the largest
synoptic data set produced so far for abundance and standing stock of viruses, prokaryotes,
meio-, macro- and mega-fauna along bathymetric and longitudinal trophic gradients of the
deep Mediterranean Sea. We also estimated the efficiency of benthic biota in exploiting
resources with increasing water depth to assess the potential response of deep-sea organisms

to predictable changes in food availability as determined by global change.

Material and Methods
Study area: the Mediterranean Sea

The deep Mediterranean Sea is divided into Western and Eastern basins by the Sicily channel.
The two regions, due to different freshwater inputs and nutrient supply, show major

differences in primary production, and thus in the export of organic matter to the deep-sea
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floor (Danovaro et al., 1999). The average depth of the Mediterranean Sea is about 1450m,

much shallower than the average depth of the world oceans (ca. 4 km).

The main features of the deep Mediterranean Sea are: (a) stable homeothermy from
roughly 300-500m down to the bottom, bottom temperatures of about 12.8°C to 13.5°C in the
Western basin, and 13.5°C to 15.5°C in the Eastern basin (Emig & Geistdoerfer, 2004), (b)
high oxygen concentrations of deeper water masses, (c) high variability in benthic trophic
state (from meso/oligo- to ultra-oligo-trophic conditions with an eastward decreasing
gradient, Gambi & Danovaro, 2006; Pusceddu et al., 2009; Pusceddu et al., 2010; Gambi et
al., 2014), and organic matter inputs to the seafloor (15-80 times higher in the Western than in
the Eastern basin, Danovaro et al., 1999), (d) a general decrease of biodiversity with depth,

especially for macro- and megafauna (e.g. Danovaro et al., 2010).

Benthic abundance and biomass

We compiled a cumulative inventory of 1509 records of abundance and biomass of viruses,
prokaryotes, meiofauna, macrofauna and megafauna (including invertebrates and fishes)
obtained from new data and published results within the bathymetric interval 117-4394m in

the deep Mediterranean Sea (Supplemental Table S1; Figure 1).

Data of viruses, prokaryotes and meiofauna were produced by the same inter-calibrated
operators, using similar sampling devices and the same standardized protocols. Macro- and
megafauna data, instead, were obtained by different operators but using the same

methodologies, mesh size and approaches, thus minimizing the possible methodological bias.

The benthic foraminifera were not included in this investigation due to the limited
information of this component in the deep Mediterranean Sea and difficulties to estimate their

biomass (Soltwedel, 2000; Rex et al., 2006; Wei et al., 2010).
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Carbon content associated to viral particles and prokaryotic biomass

Benthic viral abundances (expressed as viruses g dry sediment) were determined on 265
samples collected in different sectors of the deep Mediterranean basin at depths ranging from
183 to 4347m. Viral abundances were converted into C content assuming a conversion factor
of 0.06 to 0.08 fg C virus™ (estimated for different benthic deep-sea ecosystems including the
Mediterranean Sea, Dell’Anno et al., 2015). Such conversion factors are conservative since
they are much lower than those previously assumed for estimating the C content contained

into marine viruses (i.e. 0.2 fg C virus™; Wilhelm & Suttle, 1999; Suttle, 2007).

Benthic prokaryotic abundances (expressed as number of cells g™ dry sediment) were
determined on 508 samples collected in different sectors of the deep Mediterranean basin at
depths ranging from 183 to 4347m. Prokaryotic biomass was estimated from prokaryotic
biovolume converted to C content assuming 310 fg C um?® (Danovaro et al., 2008a). Viral and
prokaryotic abundance and biomass were then normalized to unit of sediment surface (i.e.,
m?) assuming a sediment density of 1.8 and an average sediment water content of 50%

(Dell’ Anno & Danovaro, 2005).

Meiofauna

The meiofaunal data set included 501 records for abundance and biomass, respectively from
the Western to the Eastern Mediterranean basins at depths ranging from 183 to 4345m.
Meiofaunal abundance was reported as individuals m?. Meiofaunal biomass was obtained
from individual biomass of specimens belonging to the different taxa (Danovaro, 2010). For
nematodes, body mass was calculated from the biovolume which was estimated using the

Andrassy (1956) formula (V=LxW?x0.063x10", in which body length is L, and the width is
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W). The biovolume of all other taxa were derived from measurements of body length (L, in
mm) and width (W, in mm), using the formula V=LxW?xC, where C is the approximate
conversion factor for each metazoan meiofaunal taxon (Feller & Warwick, 1988). Each body
volume was multiplied by an average density (1.13 g cm™) to obtain the biomass (ug dry
weight) assuming that the dry:wet weight ratio is 25%, and that C content accounts for 40%
of the dry weight (Feller & Warwick 1988). Data of C biomass measured according to Jensen
(1984) have been recalculated according to Feller & Warwick (1988). Meiofaunal biomass

was reported as gC m?.

Macrofauna and megafauna

The data sets of macro- and mega-faunal abundance and biomass (expressed as individuals m’
2 and gC m?, respectively) included 143 and 92 records, respectively, and covered different
sectors of the deep Mediterranean Sea at depths ranging from 117 to 4394m. Macro and
megafaunal organisms were weighed to obtain the biomass value expressed as DW (oven-
drying at 60°C for 24 h). The biomass of each group was standardized to the C content using
appropriate conversion factors reported in the literature (Rowe, 1983; Feller & Warwick,

1988; Ricciardi & Bourget, 1998; Soltwedel, 2000; Galeron et al., 2000).

Benthic standing stock in the whole Mediterranean basin

Values of biomass were also estimated for the whole extension of the Mediterranean seafloor
at the depth interval 200-4000m as the sum of the total biomass estimated for the extension of
the seafloor at selected depth intervals: 200-1000m, 1000-2000m, 2000-3000m, 3000-4000m

(Danovaro et al., 2010). Values below 4000m were excluded since the extension of the
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seafloor below 4000m represents less than 1% of the entire Mediterranean basin (Danovaro et

al., 2010).

Organic carbon inputs and total phytopigments in deep-sea sediments

As a proxy of the inputs of organic matter to the deep-sea benthos we used data of organic
carbon (OC) fluxes from a selection of sites across depth and longitudinal gradients of food
availability in the deep Mediterranean Sea. The selected deep-sea sites were at 1500m and
2000m in the Catalan margin (Northern-Western Mediterranean, Sanchez-Vidal et al., 2009),
at 1500m in the Northern Cretan margin (Eastern Mediterranean, Stavrakakis et al., 2000) and
at ca 3000m in the bathyal plains of the Western and Eastern basins (Gambi & Danovaro,
2006; Zuniga et al., 2008). Data of OC fluxes were collected by sediment traps deployed ca
30m above the seafloor and average values on daily basis (mgC m? d™) were calculated from

OC fluxes collected over a period of one year.

As a proxy of freshly deposited material in deep-sea sediments we used sedimentary
contents of total phytopigments, once converted into C equivalents as outlined in Danovaro

(2010).

Ecosystem Efficiency

Two independent indicators of ecosystem efficiency were utilized: the ratio of benthic
biomass to OC fluxes and the ratio of benthic biomass to freshly deposited organic C
estimated from total phytopigment sedimentary contents once converted into C equivalents
(Danovaro et al., 2008b). Benthic biomass (as the sum of the contribution of prokaryotes,

meio-, macro and megafauna) was compared to values of organic C fluxes and freshly

8
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deposited organic C to the deep-sea floor at selected areas located at 1500m, 2000m and
3000m in the Western basin and 1500m and 3000m depth in the Eastern basin. These areas
were selected as they are characterized by important changes in trophic conditions spanning
from meso/oligotrophic to ultra-oligotrophic in the Western and Eastern Mediterranean basin,

respectively.

Data analysis

To examine the relationships between abundance and standing stocks vs. depth, maintaining
constant latitude and longitude, we used a partial regression analysis according to the
approach reported in Rex et al. (2006) and Wei et al. (2010). The multiple regression
residuals of abundance and standing stocks against latitude and longitude were used as
dependent variables to regress against water depth. To bring the dependent variable back to an

appropriate scale, the y-intercept from the multiple regression was added to the residuals.

Results
Bathymetric patterns of abundance and biomass

Our analysis shows that, among all of the investigated benthic components, only meiofauna
show a significant negative log-linear relationship between the abundance and the water depth
consistently in the whole Mediterranean Sea and in the Western and Eastern basins (Figure
2a; Table 1). All other investigated benthic components show different and regionally
variable bathymetric patterns. In the Western Mediterranean, the abundance of prokaryotes
and megafauna significantly decreases with increasing water depth, while macrofauna
significantly increase and viruses do not change (Figure 2b; Table 1). In the Eastern basin, all

components, except for megafauna, display significant log-linear relationships between

9
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abundance and water depth, but these are negative for viruses and macrofauna, and positive

for prokaryotes (Figure 2c; Table 1).

Significant and negative log-linear relationships between the biomass of all components,
except for viruses and prokaryotes, and the water depth are observed in the whole
Mediterranean Sea (Figure 3a; Table 1). In the Western basin only the biomass of prokaryotes
and meiofauna significantly decreases with increasing water depth (Figure 3b; Table 1). In the
Eastern basin, viral, meio- and macrofaunal biomass displays significant negative
relationships with water depth, whereas prokaryotic biomass increases along the bathymetric

gradient (Figure 3c; Table 1).

The meiofaunal individual biomass reveals consistent significant and negative log-linear

relationships with the increasing water depth in both Mediterranean basins (Figure 4a,b).

The analysis of the contribution of each benthic component to the total benthic biomass
reveals that different groups dominate the total benthic biomass at different bathymetric
ranges (Figure 5). Macrofauna dominate above 1000m depth (representing ca 41% of the total
benthic biomass), macrofauna and meiofauna (ca 31 and 35%, respectively) co-dominate
between 1000 and 2000m depth, whereas prokaryotes (73-88%) become largely dominant
below 2000m depth. The contribution of viruses to the total benthic biomass is almost

negligible at the shallower depth ranges, but ca 1% below 3000m depth.

Overall, the total benthic biomass in the deep Mediterranean basin (depth range 200-
4000m) is estimated in ca. 0.34 Mt C and is largely accounted by the stock resident in the
depth interval from 200 to 1000m (ca. 52%), followed by the one in the depth interval from

1000 to 2000 m (ca. 30%) (Supplemental Table S2).

10
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Relationship between faunal biomass and OC fluxes and ecosystem efficiency

Both meio- and macro-fauna show significant positive relationships between OC inputs and
biomass in both Mediterranean basins. The rate of increasing biomass with the increasing of
OC fluxes is generally steeper for meiofauna than macrofauna and the rates are generally

higher in the ultra-oligotrophic than meso/oligotrophic systems (Figure 6a,b).

Ecosystem efficiency, estimated as the ratio of total benthic biomass to OC fluxes, increases
with the increasing of water depth in both the meso/oligotrophic (Western) and ultra-
oligotrophic (Eastern) Mediterranean basins (Figure 7a). The same pattern is confirmed in the
Eastern basin using the ecosystem efficiency estimated as the ratio of benthic biomass to
freshly deposited organic C as total phytopigments, while the ecosystem efficiency remains
invariant in the Western basin (Figure 7b). Overall, among the different benthic components
investigated, the ecosystem efficiency is mainly driven by the contribution of prokaryotes
(Figure 7c). This pattern is also confirmed when the efficiency is estimated as the ratio
between prokaryotic biomass and total phytopigments converted into C equivalents (data not

shown).

Discussion
Abundance and standing stock in the deep Mediterranean Sea

The decline of abundance and standing stocks with increasing water depth is typically
explained with the decreased availability of food sources (Rowe, 1983; Gage & Tyler 1991;
Rex et al., 2006; Wei et al., 2010). Previous studies highlighted that such a response is more
pronounced for megafaunal components than for macro- and meio-fauna, to become

negligible for microbial components (Rex et al., 2006).
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Results reported here allow comparing the bathymetric patterns of different benthic
components, from viruses to megafauna, using the largest synoptic dataset of abundance and
biomass collected so far in the Mediterranean Sea, with data available at global scale. We
report here that the abundance and biomass of the various benthic components respond
differently to the decreasing food availability in the Mediterranean Sea, but also report
notable differences with the patterns already observed at global scale (Rex et al., 2006; Wei et
al., 2010). Our findings disconfirm the general statement by which all benthic components
decline with increasing water depth at global scale (Rex et al., 2006; Wei et al., 2010), and
reveal that in the Mediterranean Sea abundance and biomass of the different benthic
components show variable patterns with water depth. Only meiofauna display a consistent
significant negative relationship with water depth (for both abundance and biomass), whereas
all other benthic components (including viruses and prokaryotes) remain unvaried, or
increase. These results suggest that, beyond spatial differences in the availability of food
resources, also the life cycles and life strategies of different components of the biota could
play a key role in influencing their bathymetric patterns. Similarly, the different functional
diversity and feeding targets of macrofauna and megafauna can be responsible for the
differences in abundance and biomass observed in some selected deep-sea regions (Rex &
Etter, 1998; Witte et al., 2003, van der Grient & Rogers, 2015). These differences can locally
hold also for specific taxa belonging to the same group. For instance, previous studies
conducted over the continental margins of the Mediterranean Sea revealed that some deep-sea
species can be particularly abundant at specific bathymetric intervals (e.g., Bathypterois
mediterraneus, D’Onghia et al., 2004a; deep-sea red shrimp Aristeus antennatus, D’Onghia et
al., 2009; Sarda et al., 2009), thus influencing the observed patterns of megafaunal abundance
and biomass (Company et al., 2004; D’Onghia et al., 2004b; Ramirez et al., 2008; Sarda et

al., 2009, Baldrighi et al., 2014).
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When the log-linear negative relationships are compared, the decrease of meiofaunal
biomass with increasing water depth is higher in the Eastern than in the Western basin. This is
most likely linked to the different trophic conditions of the two basins, with food supply at
1000m depth up to 80 times higher in the Western than in the Eastern basin (Danovaro et al.,
1999). These results suggest that the decrease of food supply with increasing water depth has
a stronger effect on the benthic biomass of highly oligotrophic regions (such as the Eastern
Mediterranean basin) than in meso/oligotrophic systems (such as the Western Mediterranean
basin).

Moreover, the decline of meiofaunal biomass with increasing water depth was more
evident than the decline of abundance, suggesting that the reduction of food supply to the
deep sea can contribute to determine a shift of benthic community structure, by increasing the
relevance of individuals with small body size. This is confirmed by the significant decreasing
of the meiofaunal individual size along the bathymetric gradient in both basins with a rate of
decreasing higher in the Eastern than Western basin (Figure 4). Since the body size is one of
the most important properties of an organism and can be used to predict potential changes in
deep-sea community structure (Ruhl et al., 2008; Kuhnz et al., 2014; Van der Grient &
Rogers, 2015) our results suggest a shift of meiofaunal assemblages towards a more
pronounced small-size r-strategy individuals in deep Mediterranean Sea.

In the Western Mediterranean, prokaryotes (in terms of biomass) showed a decreasing
bathymetric pattern, whereas in the Eastern Mediterranean increased with depth. This
difference can be partially explained in terms of the different substrate availability for
prokaryotes in the two deep-sea basins. In the sediments of the oligo/mesotrophic Western
basin organic matter shows higher contents and higher bioavailability than the one in the
Eastern ultra-oligotrophic basin (Gambi & Danovaro, 2006; Pusceddu et al., 2010). This,

most likely, facilitates prokaryotes in the Eastern basin, but larger fauna in the Western one.
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On the other hand, viruses decreased in both basins, and even more sharply in the Eastern
Mediterranean. Therefore, the different bathymetric patterns of prokaryotic biomass in the
two basins could be also explained by a reduced top-down control exerted by viruses in the
highly oligotrophic Eastern basin compared to the one in the meso/oligotrophic Western basin
(Danovaro et al. 2008a; Fonda Umani et al., 2010). Our data also highlight the presence of
shifts in the relative contribution to the total biomass of the different benthic components:
macrofauna represent the dominant biotic component of the upper slope (200-1000m depth),
whereas below 2000m depth the total biomass is dominated by the prokaryotes. This indicates
that the shift from metazoan to microbial dominance, reported in the abyssal plains at global
scale (Rex et al., 2006; Wei et al., 2010), occurs at much shallower depths (i.e., bathyal
plains) in the Mediterranean Sea. Accordingly, although the contribution of viral biomass to
the total benthic biomass is always very low, it increases notably with depth. This result is
consistent with the finding of increasing viral impact on deep-sea organisms (Danovaro et al.,
2008a; Corinaldesi et al., 2007; -2010; Dell’ Anno et al., 2015), except, as reported above, for

prokaryotes in the ultra-oligotrophic deep Eastern Mediterranean basin.

The deep Mediterranean Sea vs. other oceanic regions

We report here that the rate of decline of meiofaunal abundance and biomass with water depth
in the deep Mediterranean Sea is 2 to 4 times higher than that reported for the global oceans
(Rex et al., 2006, slopes for abundance: -0.0003 vs -0.00007; slope for biomass: -0.0004 vs -
0.0002, in the Mediterranean Sea and in global oceans, respectively). The same results are

observed for biomass estimated as mg C m™ according to Wei et al. (2010).

The rate of decline of macrofauna and megafauna biomass with increasing water depth in

the deep Mediterranean Sea is about half than that in the global oceans (-0.0002 vs. -0.0005,

14
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respectively for macrofauna and -0.0002 vs -0.0004, respectively for megafauna). Our
findings contrast also with previous results in which the decline of meiofauna with increasing
water depth was generally sharper than the decline of macro- and megafauna (Rex et al.,
2006; Wei et al., 2010). In the deep Mediterranean Sea, indeed, the rate of biomass decline
with increasing water depth is higher for meiofauna than for macro- and mega-fauna
(characterized by very similar slopes) with the following order: meiofauna > macrofauna =

megafauna, whereas in the global oceans the order is macrofauna > megafauna > meiofauna.

The reasons by which the meiofauna decrease to a greater extent than macro- and mega-
fauna in the Mediterranean Sea compared to other oceanic regions, could be the peculiarly
oligotrophic conditions of the deep Mediterranean Sea, and the higher efficiency of larger
benthic components in exploiting limited and interspersed food resources. In this regard it is
worth noting that the Mediterranean Sea is characterized by OC fluxes generally much lower
than values observed in other oceanic regions (Rex et al., 2006; Rowe et al., 2008; Wei et al.,
2010). This holds particularly for the Eastern Mediterranean basin, which is one of the most
oligotrophic regions worldwide (Psarra et al., 2000; Pusceddu et al., 2010). In such food-
limited conditions, our results reveal that both meio- and macrofauna are positively correlated
to the OC fluxes but meiofauna appear more vulnerable than macrofauna to the reduction of
OC inputs expected with the increasing of depth (Figure 6). Larger organisms require more
energy in total, but they require less energy per unit biomass and, combined with the low
metabolic rate in deep-sea organisms, it may prove advantageous to be larger for certain
feeding styles (Van der Grient & Rogers, 2015).This allows to hypothesize that macro- (and
mega)fauna are able to better cope with the severe food limitation than meiofauna in the deep
Mediterranean Sea. Moreover larger benthic components display biological traits and trophic
strategies that allow them to move rapidly to search for food (Collins et al., 2005). Witte et al.

(2003) conducted in situ experiments in the North Atlantic Ocean showing that larger
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organisms can exploit more rapidly the available resources, taking metabolic advantage over

smaller organisms.

Resource exploitation efficiency in the deep Mediterranean Sea

Our measurements of benthic biomass and available resources reveal that the efficiency in
exploiting fresh inputs of organic C increases significantly with increasing water depth. This
pattern is consistent across different trophic conditions (meso/oligotrophic Western basin vs.
ultra-oligotrophic Eastern basin) in the deep Mediterranean Sea (Figure 7). When these
patterns are compared with the OC fluxes from the water column, our results suggest that the
efficiency of the deep-sea biota in exploiting the available food sources increases significantly
(up to 300%) especially in extreme food limited conditions. This means that benthic
components are able to “positively” react to the decreasing of food inputs with the increasing
of depth in the Mediterranean Sea and their ability appears particularly evident in deep-sea
sediments in which the resources are typically scant (Eastern basin). Among the different
benthic components investigated, prokaryotes largely contribute to the ecosystem efficiency
driving its increasing values along the bathymetric gradient. Our results suggest that the shift
of biomass from larger to smaller components with the increasing of water depth is also
associated to an increasing of the ecosystem efficiency through the key role of prokaryotes in

the functioning of deep-sea ecosystems.

Deep-sea ecosystems are extremely vulnerable to a wide range of factors as direct and
indirect anthropogenic pressures including: temperature changes, food depletion, trawling and
overfishing (YYasuhara et al., 2008; Coll et al., 2008; Smith et al., 2009; Swartz et al., 2010;
Van Dover, 2011; Pham et al., 2014; Pusceddu et al., 2014; Yasuhara & Danovaro, 2014).

Available results and predictive models, indeed, suggest that global change and increasing
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sea-surface temperatures could significantly reduce the export of primary production to the
deep sea (Smith et al., 2008; Ruhl et al., 2008; Jones et al., 2014), thus influencing the
biomass and the metabolic rates of benthic communities (Yasuhara et al., 2008; Smith et al.,
2009; Jones et al., 2014), including also the smaller components (i.e., prokaryotes and
viruses; Kirchman et al., 2009; Danovaro et al., 2011). The effect of reduction of food supply
to benthic ecosystems is expected for the Mediterranean Sea (Coma et al., 2009) even though
all expected effects of global change might be alternate to episodic events (such as transients
and dense shelf water cascading) that can cause a fast accumulation of organic matter in deep-
sea sediments and consequent shifts in deep-sea benthic biomass and biodiversity (Danovaro

et al., 2001; -2004; Canals et al., 2006; Pusceddu et al., 2013).

Results presented here for the Mediterranean Sea suggest that benthic components with a
preeminent role of smaller ones, under severe food limitation (which increases with
increasing water depth), could partly cope with these conditions by increasing their efficiency

in exploiting available resources.

Our results open the question of whether the peculiar response of Mediterranean basin is
due to its characteristics of “miniature ocean” or could represent an anticipation of the effects
of future global change in other systems. However, if the “Mediterranean” response reported
here would reflect the one of other oceanic regions, the consequences of food limitation could

be possibly less severe than expected in the deep-sea domain.
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Captions of Figures

Figure 1. Location of the sampling sites in the deep Mediterranean Sea. The vertical bar
represents the bathymetric ranges in meters.

Figure 2. Relationships between abundance and depth in the Mediterranean basin. Reported is
the abundance (logio transformed) as a function of depth for viruses, prokaryotes,
meiofauna, macrofauna and megafauna (effects of longitude and latitude were removed by
partial regression) in a) the whole Mediterranean Sea, b) the Western and c¢) the Eastern
basin.

Figure 3. Relationships between biomass and depth in the Mediterranean basin. Reported is
the biomass (logip transformed) as a function of depth for viruses, prokaryotes, meiofauna,
macrofauna and megafauna (effects of longitude and latitude were removed by partial
regression) in a) the whole Mediterranean Sea, b) the Western and c) the Eastern basin.

Figure 4. Relationships between meiofaunal individual biomass and depth in the
Mediterranean basin. Reported is the meiofaunal individual biomass (logio transformed) as
a function of depth (effects of longitude and latitude were removed by partial regression) in
a) the Western and b) the Eastern basin. Equations are: y=-9E-05x-3.8, p<0.01 in the
Western basin and y=-0.0003x- 2.9, p<0.01 in the Eastern basin.

Figure 5. Relative contribution of each benthic component to the total biomass estimated for
the selected depth intervals. Data of macrofauna in the depth range 3000-4000m are
collected at ca 4300m. Viruses are not visualized in the panel and their contribution ranges
from 0.1-0.8% with the increasing of depth.

Figure 6. Relationship between meio- and macrofaunal biomass (mgC m®) and OC fluxes
(mgC m? d™) in the a) Western and b) Eastern Mediterranean Sea. Equations are: y=1.7x-

1.2, p<0.01 for meiofauna and y=1.1x-4.2, p<0.01 for macrofauna in the Western basin;
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y=10.9x-5.4, p<0.01 for meiofauna and y=7.7x+4.3, p<0.01 for macrofauna in the Eastern

basin.

Figure 7. Ecosystem efficiency in different trophic conditions of the deep Mediterranean Sea.

Reported is the ratio between a) total benthic biomass and OC flux (unit y axis: d), b) total

benthic biomass and total phytopigments (converted into C equivalents) and c) prokaryotic

biomass and OC flux (unit y axis: d).
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Table 1. Regression analyses of benthic abundance and biomass against depth for viruses,
prokaryotes, meiofauna, macrofauna and megafauna. Response variable are Log transformed,
predictor is depth (m). Scatter plots of the response variables against predictor and regression lines are
in Figures 2 and 3. N: num. samples; *=P<0.05; **=P<0.01; ***=P<0.001; ns: not significant.

Regression Equation N P
Logse Abundance (ind m™)

Mediterranean Sea

Viruses y =12.8 - 7TE-06x 265 ns

Prokaryotes y = 12.3 - 0.00003x 508 ns

Meiofauna y = 6.0 - 0.0003x 501 il
Macrofauna y = 1.8 + 0.00005x 143 ns

Megafauna y =-1.1-0.00004x 92 ns

Western basin

Viruses y =12.7 - 0.0003x 199 ns

Prokaryotes y =12.7 - 0.0001x 265 folaie
Meiofauna y = 6.0 - 0.0002x 297 Fhx
Macrofauna y = 1.2 + 0.0003x 80 fale
Megafauna y =-1.0 - 0.0005x 72 foleie
Eastern basin

Viruses y =13.6 - 0.0002x 66 *

Prokaryotes y =11.8 + 9E-05x 243 Fhx
Meiofauna y = 5.7 - 0.0001x 204 Fhx
Macrofauna y = 2.3-0.0001x 63 *

Megafauna y =-1.7-0.0001x 20 ns

Log;o Biomass (gC m?)
Mediterranean Sea

Viruses y=-35-1E-17x 265 ns
Prokaryotes y =-1.4-0.00002x 508 ns
Meiofauna y =-0.5-0.0004x 501 Fhx
Macrofauna y =-0.9-0.0002x 143 **
Megafauna y =-1.1-0.0002x 92 *
Western basin

Viruses y = - 3.6 - 0.00003x 199 ns
Prokaryotes y =-1.0-0.0001x 265 falalel
Meiofauna y =- 0.8 - 0.0003x 297 Fhx
Macrofauna y =-1.4-0.0001x 80 ns
Megafauna y = - 1.6 - 0.00005x 72 ns
Eastern basin

Viruses y =-2.7 - 0.0002x 66 *
Prokaryotes y =-1.9 + 0.00009x 243 wx
Meiofauna y =-0.2 - 0.0004x 204 Fhx
Macrofauna y =-0.4 - 0.0004x 63 falaiel
Megafauna =-1.1-0.0002x 20 ns
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Biosketch

The Marine Biology and Ecology research team of the Department of Life and Environmental
Sciences of the Polytechnic University of Marche include a highly interdisciplinary and
multidisciplinary group of scientists who are devoted to the investigation of marine biology
and ecology, with a special focus on the understanding of the links between biodiversity and

ecosystem functioning, and of the management and protection of deep-sea habitats.

Cristina Gambi works in the Department of Life and Environmental Sciences of the
Polytechnic University of Marche, in Italy. Her research interests are focused on deep-sea
ecology, with a special focus on the understanding of the patterns of biodiversity at large
spatial scales, and of the relationships between biodiversity and ecosystem functioning in

deep-sea ecosystems.
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