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Abstract. Anoxia was successfully induced in four benthic 1 Introduction

chambers installed at 24 m depth in the northern Adriatic Sea

for periods varying from 9 days to 10 months. During the 10-

month period, species richness significantly decreased. AlOVer the last decades, bottom-water hypoxia has occurred in
though no significant change in Shannon diversity and even@n increasing number of coastal areas as a result of human-
ness was observed, the composition of the foraminiferal asinduced eutrophication as well as increased stratification, cir-
semblages changed with time. This change is due to interculation changes and bottom-water temperature increase. In
specific differences in tolerance to anoxReophax nanys Semi-enclosed basins, hypoxia may appear seasonally as a
Textularia agglutinansand Quinqueloculina stelligeraall ~ 'esponse to combined pelagic productivity and water col-
showed a significant decrease with time, strongly suggesting/mn stratification. In benthic environments, increased or-
they are sensitive to anoxia. Conversefggerella scabra ganic matter consumption leads to decreased dissolved oxy-
Bulimina marginata Lagenammina atlanticaHopkinsina ~ 9€n concentration when seasonal water column stratification
pacificaandBolivina pseudoplicatappeared to be resistant inhibits oxygen renewal. Seasonal oxygen depletion has been
to the experimental condition®Quinqueloculina seminula observed in the Adriatic Sea (e.qg., Stachowitsch, 1984; Joris-
was apparently sensitive to anoxia but showed a clear stanci€n et al., 1992) with different intensity, varying from hy-
ing stock increase during the first month of the experiment,Poxia (defined as<63pumolL™*; Helly and Levin, 2004)
which we interpret as an opportunistic response to increasing® anoxia (defined as 0 umott; Bernhard and Sen Gupta,
organic matter availability due to the degradation of the deadl999; Middelburg and Levin, 2009). The frequency of these
macrofaunal organisms. None of the anoxia-sensitive specid§W-0xygen events increased from the 1970s to the 1990s,
is able to accumulate intracellular nitrates. Nitrate accumula2nd decreasing again after the 1990s as a result of reduced
tion could be shown for some tested specimens of the domeontinental nutrient inputs (Giani et al., 2012).

inant anoxia-tolerant specids scabraand B. marginata Oxygen-depletion events can drastically affect benthic
However, tests on the denitrification capacity of these taxgfaunas. Macrofaunal organisms- { mm) are apparently
yielded negative results, suggesting that their resistance tgore sensitive than meiofaunal organisms46um and

long-term anoxia is not due to their ability to denitrify. < 1mm) to hypoxic and anoxic conditions (Moodley et al.,
1997; Diaz and Rosenberg, 2008). Among meiofauna, cope-

pods are most sensitive, whereas several nematode genera
can survive up to 60 days of anoxia (Wieser and Kanwisher,
1961). Benthic foraminifera appear to be most tolerant
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(Moodley et al., 1997) and can survive up to 10 months ofduced anoxia on other biota. In the previous companion pa-
anoxia (Bernhard and Reimers, 1991; Langlet et al., 2013)per (Langlet et al., 2013), the effect of anoxia on the to-
This surprisingly long period may be due to a shift to anaer-tal foraminiferal standing stocks was determined. Benthic
obic metabolism: some species of the eukaryotic benthidoraminifera were alive at all sampling times, proving that
foraminifera can accumulate large quantities of nitrates inforaminifera can survive up to 10 months of anoxia with co-
their cells and can denitrify during anoxia (Risgaard-Peterseroccurring hydrogen sulfides. In the present study, we focus
et al., 2006; Haggslund et al., 2008; Pifia-Ochoa et al., 2010pn the effects of long-term anoxia on individual species and
Bernhard et al., 2012). Nonetheless, despite their high tolon biodiversity. We determine how the density of the ma-
erance to anoxia, foraminiferal density and diversity tendjor species changes in response to anoxia, and distinguish
to decrease in low-oxygen environments (Blackwelder etbetween more or less resistant taxa. This approach will al-
al., 1996; Schumacher et al., 2007; Bouchet et al., 2012)low us to better understand the ecology of key species in
Furthermore, not all foraminiferal taxa respond similarly. foraminiferal communities. It will also provide information
For instance, in the Adriatic Sea some tako(ria poly- that may help us to select species for future laboratory ex-
morphoidesReophax nanuand Textulariaspp.) appear to  periments in hypoxic/anoxic conditions, for instance to de-
be sensitive to hypoxia/anoxia, whereas oth&snjonella  velop proxies of paleo-oxygenation. Finally, we investigate
turgida, Bolivina spp.,Eggerellaspp.,Bulimina spp.,Hop- whether survival of tolerant species can be explained by a
kinsina pacificaand Stainforthia fusiformisare more toler-  shift to anaerobic metabolism (denitrification).
ant (Jorissen et al., 1992; Moodley et al., 1998; Duijnstee et
al., 2004; Ernst et al., 2005; Pucci et al., 2009). Note, how-
ever, that these valuable earlier results should be interpreted Material and methods
with caution because they are based on inventories of rose-
bengal-stained faunas. Rose bengal is a bulk stain that adx.1 Study area
heres to proteins in the protoplasm (Walton, 1952; Bernhard,
2000). Since foraminiferal protoplasm may remain presentTwo sites were sampled for the present study: a site in the
after death of the organism, rose bengal can stain a nonGulf of Trieste, where the incubation experiment was con-
negligible number of dead organisms (Boltovskoy and Lena,ducted, and a second site in the NW Adriatic Sea, where
1970; Bernhard, 1988; Hannah and Rogerson, 1997; Murraye collected living foraminifera for laboratory analyses. The
and Bowser, 2000). The amount of false positives could befield experiment was conducted in the Gulf of Trieste (north-
even more important in anoxic and hypoxic conditions due toern Adriatic Sea) near the oceanographic buoy of the Ma-
the slow degradation of organic matter there (Burdige, 20067yine Biology Station Piran (482.90N, 13*33.00E) at24 m
Glud, 2008). To avoid such artifacts we used CellTracker depth, on a poorly sorted sandy-silty bottom. This study site
Green (CTG) to recognize living individuals. CTG is a non- was chosen because of the presence of the oceanographic
fluorescent probe that passes through the cellular membranauoy, which allowed for mooring the boat from which the
into the cytoplasm, where hydrolysis with nonspecific es-scuba divers operated. The buoy also helped to protect the
terase produces a fluorescent compound (Bernhard et alscientific equipment left on the sea floor for the long-term
2006). Consequently, fluorescent specimens were enzymagexperiment (up to 10 months), as commercial fishing activity
ically active when sampled. This approach enabled us to acfsuch as bottom trawling and dredging) is forbidden around
curately determine live individuals in our experimentally in- the buoy. In late summer, at this site, both the vertical density
duced anoxia, and to distinguish between species more tolegradient and marine snow production can result in bottom-
ant or more sensitive to anoxia. water hypoxia or anoxia (Faganeli et al., 1985; Malej and
The present study focuses on the northeastern AdriatidMalacic, 1995).
Sea, specifically the Gulf of Trieste, which is a recognized The experimental setup was adapted from an earlier ex-
area for seasonal hypoxic/anoxic events and is also listegheriment (Stachowitsch et al., 2007; Riedel et al., 2008) and
among the “spreading dead zones around the world” (Diazs described in Langlet et al. (2013). In the field, we used
and Rosenberg, 2008). To control the environmental condiused four different chambers to produce anoxia for different
tions as best as possible, we adopted an in situ approach anekriods of time (Table 1): the Experimental Anoxia Generat-
experimentally generated anoxia by placing benthic chaming Unit (EAGU), which is a 0.125 mfully equipped (dat-
bers on the sea floor. The foraminiferal analyses reported iralogger and sensor equipment, time-lapse camera) benthic
this study and in Langlet et al. (2013) are complemented bychamber that allows for small-scale anoxia to experimentally
geochemical analyses, demonstrating the changes of redarduced and documented (Stachowitsch et al., 2007) and fea-
conditions during the experiment (Koron et al., 2013; Met- tures three simple, equally dimensioned Plexiglaskam-
zger et al., 2013). Studies of macrofaunal behavior (Riedel ebers.
al., 2008, 2012, 2013; Blasnig et al., 2013) and of copepod The four chambers were installed on the sea floor, sev-
and nematode assemblages (De Troch et al., 2013; Gregeral meters apart, on substrates that were visually poor in
et al., 2014) show the impact of the experimentally in- macrofauna. At the beginning of each experiment, two to
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Table 1. Deployment and sampling dates as well as duration of the(5-chloromethylfluorescein diacetate) — Molecular Pr8hes
experimental period for the cores representing in situ conditionsLife Technologie§' — and dimethyl sulfoxide) solution was
(“Normoxia”) and the various periods of anoxia in the four different added, with a final CTG concentration of 1 pmotL(Bern-
benthic chambers. hard et al., 2006; Pucci et al., 2009) . Next, the samples were
kept in the dark at in situ temperature for at least 10 h, dur-

IS[;amp'e dgg%?f?]i;t s(;r?]r;ing C;Sf:t?ozﬁ'on ing which the originally nonfluorescent CTG molecule is hy-
day day drolyzed by the living individuals and transformed into a
molecule that fluoresces when excited at a specific wave-
Normoxia  — 03.08.2010 O days length. In order to perform the faunal analysis at a later stage,
9 days 02.08.2010  11.08.2010 9 days the samples were fixed in 4% formaldehyde buffered with

1 month 27.07.2010 25.08.2010 29 days
2 months 27.07.2010 23.09.2010 58 days
10 months  24.09.2010 05.08.2011 315days

sodium tetraborate.

A specific aspect of this project is that soft-shelled (ne-
matodes, copepods) and hard-shelled meiofaunal organisms
(foraminifera) were studied in the same samples (De Troch
et al., 2013; Langlet et al., 2013; Grego et al., 2014). In or-
three brittle stars@phiothrix quinquemaculajawhich are  der to separate these two groups of organisms, a density sep-
very sensitive to oxygen, were introduced into each cham-aration was performed by adding a Levasil solution to the
ber to provide rapid, visible indication of the onset of anoxia sample and centrifuging it at 3000 rpm for 10 min (Mclin-
in each chamber. Two reference cores (termed “normoxia”tyre and Warwick, 1984; Burgess, 2001). Next, the residue
were sampled at the start of the experiment. In order tocontaining the sediment and the denser organisms (i.e., the
standardize the terminology for all articles of the presenthard-shelled foraminifera) was washed and sieved at differ-
Biogeosciencespecial issue, the successive sampling timesent mesh sizes (63, 125, 150, 315 and 500 um). Thus, soft-
have been termed “9 days”, “1 month”, “2 months” and “10 shelled foraminifera that are likely to be found in the super-
months”. The exact duration (in days) of each of the ex-natant after centrifugation are not considered in the present
periments is given in Table 1. The first chamber was fully study. Samples were kept in a sodium tetraborate-buffered
equipped with analytical devices, documenting the onset oformalin solution until further analysis.
anoxia. The other three chambers, without oxygen sensors, Foraminifera from the 63-125 pm size fraction were sepa-
were used to study the development of meiofauna aftér  rated from the sediment by the tetrachloride density separa-
month,~ 2 months and- 10 months of anoxia, respectively. tion method (e.g., Hohenegger et al., 1989; Murray, 2006) as
Foraminifera, copepods and nematodes were analyzed for th#escribed by Langlet et al. (2013). No density separation was
same cores. Sediment cores were taken by scuba divers uperformed for the size fractions larger than 125 um. Samples
ing a Plexiglas corer with a 4.6 cm inner diameter (16.6cm from all fractions were analyzed under an epifluorescence
surface area). Two replicate cores were taken in each of thetereomicroscope (Olympus SZX12 with a fluorescent-light
benthic chambers at each sampling time. source Olympus URFL-T or Nikon SMZ 1500 with a PRIOR

Reliably measuring intracellular nitrate and denitrification Lumen 200), and only clearly fluorescent individuals were
requires a large number of fresh and living individuals. The considered to be living.
sediment from the Piran station is sandy and rich in dead
foraminifera. It was extremely time consuming to find even 2.3 Statistical analysis
a few living individuals. Therefore, in September 2012, sed-
iment samples were collected with a Van Veen grab at 12 mAfter identifying all living individuals, they were sorted into
depth at Portonovo Bay station D10 (8%.5 N, 13°34.9 E), different taxa, counted (Supplement 6 and 7) and expressed
close to the site studied by Sabbatini et al. (2012), which isas standing stock (number of living individuals in the 0-5cm
slightly finer grained and richer in living foraminifers. Sam- depth interval normalized for a 10 émsurface area), density
ples were kept in plastic bottles in well-oxygenated sea watenumber of living individuals per depth interval normalized
(the lid of the bottles partly open) at in situ salinity and tem- for a 10 cn? sediment volume) and relative frequency (per-

perature § = 35 andT = 22°C) until further analysis. centage of a species with respect to the total fauna). Next,
species richness, the Shannon index and evenness were cal-
2.2 Faunal analysis culated (e.g., Hayek and Buzas, 1997).

Three different procedures were used to estimate the ef-
The methodology of the faunal analyses is described infect of the different parameters on the foraminiferal stand-
detail in Langlet et al. (2013). Sediment cores of 4.6 cming stocks and diversity indices. We systematically used lin-
inner diameter were sliced at seven depth intervals, evear models (Chambers and Hastie, 1992) in which the de-
ery 0.5cm between 0 and 2cm and every 1cm from 2pendent (response) variable must follow a normal distribu-
down to 5cm. Each sediment slice was mixed with sea wadtion. The statistical analyses were performed with R version
ter, to which a CTG-DMSO (CellTrackér Green CMFDA  2.14 (R Development Core Team, 2011). In order to obtain a
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Table 2. Name and number of the linear models. For each model type the different dependent and independent variables are listed and the
transformation used is presented in brackets. As the models are executed on different data, the categories of the selection are presented.

Model Dependent variable  Independent variable Data selection
types (transformation) (transformation)
Model-type 1 &« 8) Standing stock (log) Time (log) Size- (125 pm and> 63 um)
Species richness Tirdlog)
Shannon index
Evenness
Model-type 2 &« 18)  Standing stock (log)  Time (log) Speciés hanusE. scabra
Frequency (arcsin) Tin?e(log) B. marginata T. agglutinans
Depth (0-0.5cm and 0-5 cm) Q. seminulalL. atlantica
Time x depth H. pacificg B. pseudoplicata
Time? x depth and. stelligerg
Model-type 3 &« 6) Standing stock (log) Time (log) Response types (A, B, C)

Frequency (arcsin)  Tinfe(log)

normal distribution, data transformation was sometimes nec2.4 Nitrate content and denitrification measurements
essary. In these cases, we applied a log transformation for
standing stocks and density, and an arcsin transformation fof he samples for living foraminifera, used in the denitrifica-
relative frequencies. Each of our three groups of modelstion experiments, were selected from well-oxygenated sub-
which consider one to four dependent variables, is appliedstrates (not from anoxic benthic chambers) from both study
on different data sets (see column “Data selection” in Ta-areas (Piran and station D10; see Sect. 2.1). These sam-
ble 2). In all models the number of independent variables isPles were kept under oxygenated conditions at all times.
reduced by backward selection (i.e., variables having a sigForaminifera were put on a thin layer of sedimeat38 um),
nificant effect on the dependent variable are progressively reand living individuals that moved on the sediment film were
moved) to retain only the variables with a significant effect picked and washed at least three times with a brush in nitrate-
on the dependent variable. We could expect that the differenfree artificial sea water before being put into a 1 mL cen-
tested variables did not necessarily show a gradual variatioffifugation tube. Samples were kept-a20°C until further
with the sampling time. Therefore the time variable was log- analysis. The intracellular nitrate content of Single Specimens
transformed. We also tested the effect of the square of thavas measured using the \{Zeduction method and detected
time in order to examine possible polynomial changes withby chemiluminescence as described previously (Risgaard-
time. Petersen et al., 2006; Hggslund et al., 2008). For the present
The first group of models tests the effect of time and Eme StUdy a total number of 33 individuals were measured for 7
on standing stock, species richness, Shannon index and eveflifferent species.
ness in two different Samp|es Categories (ﬂqezs pm or For denitrification measurements a maximum number of
> 63 um size fractions in the whole core). seven living specimens were placed in an anoxic tube of
The second group of models is designed to |dent|fy05 mm inner diameter Containing nitrate-free sea water. Ni-
whether time, tim& depth and their interactions significantly trate respiration rates were then determined frog®Nro-
affect the standing stocks and relative frequencies of the mafiles measured with a 20 micro sensors (Andersen et al.,
jor species £ 4% in at least one core). 2001) after acetylene inhibition of XD reduction (Smith et
Finally, the third group of models tests the effect of time al., 1978; Risgaard-Petersen et al., 2006; Hagslund et al.,
and depth and their interaction on the total standing stock£008). In all, five experiments were performed. Note that two
and the cumulative relative frequencies of three types ofof these experiments are pseudoreplicates because three to
species, which have been selected as a function of the resulfgur individuals from the first set of measurements were re-
of the second group of models. Tables 3, 4 and 9 show on|yjsed in the second experiment after introducing further indi-
those dependent variables with a significant effect, whereayiduals into the measurement chamber.
Table 5 and Supplement 4 and 5 show how each variable af-
fects the dependent variables.
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3 Results = g
g & * ® >63 um
3.1 Effect of anoxia on standing stocks and diversity % 3 © >125pum
g *
In the previous companion paper (Langlet et al., 2013), we 8 _ .
showed that foraminifera are alive at all sampling times in ; El . .
fairly large numbers (Fig. 1). In the 63 um fraction, total g ° ‘ .
standing stocks in the whole cores (0-5cm) varied betweeno 2 7 | *
~ 1980 individuals per 10 cfrat the beginning of the exper- T @ 8 o 8 >
iment and~ 530 individuals per 10 cfat the end. In the % °

whole cores we observed a significant decrease with time in
the > 63 um fraction but not in the- 125 um size fraction
(Fig. 1, Table 3 and Supplement 5). According to the data
presented in the present paper, species richness also tende@
to decrease with time (Fig. 1). While 74 species were found
in total, not all of them were present in all cores. A maximum
of 64 species was observed in thé3 um fraction of one of
the “normoxia” cores (0-5cm). Minimal values (50 species) e A
were found in the “10 months” cores (Fig. 1). Species rich-
ness significantly decreased with time in both thé3 um
and> 125 um size fractions (Table 3 and Supplement 5).
Both other diversity indicators (Shannon index and even- T
ness) showed important differences betweerstd um and
> 125 um size fractions (Fig. 1). In the 63 um fraction of
the whole cores (0-5 cm), the Shannon index attained a max-
imum of 2.8 in one of the “normoxia” cores. Evenness var-
ied (from 0.44 to 0.71) in the two size fractions. Both the @&
Shannon index and the evenness significantly decreased with
time in the> 125 um fraction, but not in the 63 um fraction

Specie ess
20 30 40 50 60
| | | | |

0

annon in

dex
14 16 1.8 20 22 24 26 280
|

(Fig. 1, Table 3 and Supplement 5). o
3.2 Species response to the experimental conditions % s
[%2]
()
Here, we considered the nine major specieg ¢6 in one q% e ]
of the cores). The effect of time, tifh@nd depth on their 3

standing stocks and relative frequencies was tested by back-
ward variable selection in order to retain only the indepen-
dent variables that significantly affect the dependent variable. ‘ ‘ ‘ ‘ ‘ ‘
The analysis of variance is presented in Table 4, and the es- 5 10 20 50 100 200
timation of the coefficients associated with the independent log (5 + time) (days)

variables in Table 5.

Figure 2 and Supplement 1 showed the absolute densiti9: 1.SFar_1ding s_toc_k, species r_ichness_, Shannor_1 index and even-
ties and relative frequencies of the nine species in the whol&€SS variations with time in two size fractions (full circles63 um;
cores (0-5 cm)Reophax nanus, Quinqueloculina seminula, open ?'rdes> 12.5 “'.“)-.The lines are eSt'mated after .the model-
Hopkinsina pacificaBolivina pseudoplicatand Quinque- t_ype 1., full black line indicates that fqr the con5|der_ed size the reIa—_

) ; ) tionship between the dependent variable and the independent vari-
loculina stelligerawere largely restricted to the 63-125um able is significant, while grey dashed lines indicate no significant
fraction, wherea8ulimina marginatawas mainly found in  rejationship.
size fractions below 150 um (Fig. Zrggerella scabraand
Textularia agglutinansoccurred in all size fractions below
315 um, wherealsagenammina atlanticavas present almost
exclusively in the= 125 um fraction (Fig. 2). Table 4), although a slight increase was observed in one of

The standing stock d®. nanuwvaried from~ 780 individ-  the “1 month” cores. Also, foE. scabrathe highest standing
uals per 10 crhin one of the two “normoxic” cores te- 90 stocks were recorded in one of the “normoxic” cores330
individuals per 10 crhin the “10 months” cores (Fig. 2). The individuals per 10 crf), whereas the lowest standing stocks
standing stocks significantly decreased with time (Fig. 3 andoccurred in the “9 days” and “1 month” samples (110 to

0.5
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Table 3. Statistical parameters (Df: degrees of freedom; Sum Sq: sum of squares; Mean Sq: mean of Bouzduwesyalue of the test; Pr
(> F): probability of theF test) for the model-type 1 at all sampled size fractions and Depth intervals for the four tested dependent variables.
For the cases where no significant effect of either the time ortimes observed, only the “residuals” parameters are estimated.

Dependent Size Independent Df Sum Mean F Pr
variable variable Sq Sq value >(F)

Standing > 63 um log(5+time) 1 0.5 0.5 6.6 0.03
stock residuals 8 0.6 0.1 NA NA
>125um residuals 9 0.7 0.1 NA NA

1

Species > 63 um log(5 +time) 92.6 92.6 8.3 0.02
richness residuals 8 89.4 11.2 NA NA
>125um log(5 +time) 56.1 56.1 7.3 0.03

residuals 61.5 7.7 NA NA

1
8
Shannon > 63um residuals 9 0.2 0.0 NA NA
index >125pum log(5+time) 1 0.5 0.5 9.5 0.02
residuals 8 0.4 0.1 NA NA

9

1

8

0.0 0.0 NA NA
0.0 0.0 6.9 0.03
0.0 0.0 NA NA

Evenness > 63pm residuals
>125um log(5+time)
residuals
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Fig. 2. Standing stock of the nine major species in all the sampled cores (two replicate cores each time) in all studied size fractions in the
whole core (0-5cm). Note the different vertical scales for the various species.

|

Standing stock (Ind. per 10 cm?)
o 3 8

Standing stock (Ind. per 10 cm?)
°

Standing stock (Ind. per 10 cm?)
2 months
10 months

Normoxia
9 days

1 month
2 months
10 months
Normoxia
9 days

1 month
Normoxia
9 days

1 month
2 months
10 months

170 individuals per 10cf). The standing stock increased ples ¢ 50 individuals per 10 cf) Fig. 2). For this species,
slightly after 1 month (Fig. 2), but this trend was not signifi- the standing stock apparently also decreased in the first week,
cant (no significant effect of the tiig@arameter, Table 4). remaining stable thereafter until the end of the experiment.
Very similarly, forB. marginatathe highest standing stock There was, however, no significant change with time (Fig. 3
was also observed in one of the “normoxic” coresl0 in- and Table 4)Textularia agglutinanshowed a significant de-
dividuals per 10 crf), the lowest values in the “9 days” sam- crease in standing stock with time, from 130 to 90 individuals
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per 10cn? in the “normoxia” cores te~ 15 individuals per 3.3 Three different response types to long-term anoxia
10 cn? in the “10 months” samples (Figs. 2 and Quinque-
loculina seminuleshowed a very different pattern. Standing Based on the statistical tests presented in Table 4, we deter-
stocks were low at the beginning and end of the experimentnined whether time and/or tifiédad a significant relation-
(~ 10 individuals per 10 cR). There was a statistically sig- ship with the standing stocks of the dominant species. These
nificant increase (Table 4) towards maximum values &0 test yielded three types of response (Table 5). The taxa of
individuals per 10 crhin the “1 month” samples (Fig. 3) fol-  type A, which consist oR. nanusT. agglutinansndQ. stel-
lowed by a decrease down 010 individuals per 10 c/in ligera, all exhibited a significant decrease in standing stocks
the “10 months” samples. with time. Type B is composed &. scabra B. marginata
Lagenammina atlanticeH. pacificaandB. pseudoplicata L. atlantica H. pacificaandB. pseudoplicataywhich did not
all varied between 15 and 60 individuals per 1Fdifig. 2). exhibit a significant effect of time. Finally, response-type C
Lagenammina atlanticahowed no clear changes with time, contained onlyQ. seminula,which showed a significant ef-
and the variability between replicate cores was high. Thefect of both time (positive) and tidgnegative); its standing
other two species showed a maximum in one of the “nor-stock significantly increased in the first month of the exper-
moxia” cores. For none of these species was the change witiment, and decreased thereafter until the end of the experi-
time statistically significant (Table 4). ment.
Finally, the standing stock d@uinqueloculina stelligera
was 80 and 30 individuals per 10 érn the 2 “normoxic” 3.4 Species microhabitats
cores, but was less than 5 individuals per 16 amall anoxic

cores from “9 days” to “10 months” (Fig. 2). Its standing For most of the species, density decreased gradually with
stock decreased significantly with time and tf(€ig. 3and  sediment depth (Fig. 4). Nevertheless, some species had
Table 4). fairly high densities at the sediment-water interface as well
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Table 4. Statistical parameters (Df: degrees of freedom; Sum Sq: sum of squares; Mean Sq: mean of Bouaues;value of the” test;
Pr (> F): probability of theF test) for the model-type 2 for all the nine major species and for the standing stock.

Species Independent Df Sum Mean F Pr
variable Sq Sq value XF)
Reophax nanus log(5 +time) 1 4.4 44 212 <1078
depth 1 31 31 148  0.001
residuals 17 3.5 0.2 NA NA
Eggerella scabra depth 1 16.8 16.8 60.1 <1073
residuals 18 5.0 0.3 NA NA
Bulimina marginata depth 1 125 125 751 <1073
residuals 18 3.0 0.2 NA NA
Textularia agglutinans log(5 +time) 1 145 145 60.1 <1073
depth 1 114 114 474 <103
residuals 17 4.1 0.2 NA NA
Quinqueloculina seminula log(5 +time) 1 0.1 0.1 0.3 0.58
depth 1 3.3 3.3 101 0.01
log(5+timef 1 170 170 526 <103
residuals 16 5.2 0.3 NA NA
Lagenammina atlantica  depth 1 6.6 6.6 15.1 0.001
residuals 18 7.9 0.4 NA NA
Hopkinsina pacifica depth 1 2.7 27 174 0.001
residuals 18 2.8 0.2 NA NA
Bolivina pseudoplicata depth 1 265 26,5 839 <1073
residuals 18 5.7 0.3 NA NA
Quinqueloculina stelligera log(5 +time) 1 180 18.0 55.9 <1073
depth 1 2.1 2.1 6.6 0.02
log(5+timef 1 127 127 392 <103
residuals 16 5.2 0.3 NA NA

as deeper in the sediment (between 1.5 and 4 cm). This was

especially the case for response-type-B spediescabra N - . I
P Y P yp P Table 5. Estimation of the coefficient associated with independent

and B. marginata and to a minor degrebl. pacificg all . : . . .
h d . | both h di . variables after model-type 2 for the nine major species. Only the in-
showed maximum values both at the sediment-water InterHependent variables having a significant effect on the standing stock

face and in a deeper sediment lay®olivina pseudoplicata  5re retained by the backward model selection. Depending on the
showed a peak in the 0.5-2 depth interval, whelleaat-  presence or absence of a significant effect of time on the density
lantica and Q. stelligerashowed fairly high densities from and the coefficient sign, three types of responses have been deter-
the sediment—water interface down to 2 cm depth (Fig. 4). mined.

For all these species, no major change in the vertical dis-

tribution was recorded between the different sampling times Species Response  Time Tifne Depth
(Fig. 4). A complementary statistical model indicated that type
only E. scabra T. agglutinans Q. seminulaand Q. stellig- Textularia agglutinans A —0.61 -1.51
era had significantly different vertical distributions at the Reophax nanus A —0.33 —0.78
different sampling times. These differences, however, were Quinqueloculina stelligera A —3.73 041 -0.65
largely due to density changes in the 0-0.5cm layer and E99erellascabra B -1.83
. . . . . Bulimina marginata B —1.58
did not appear to reflect a potential vertical migration of the | ;;enammina atlantica B ~1.15
foraminiferal faunas. Hopkinsina pacifica B ~0.74
Bolivina pseudoplicata B —2.30
Quinqueloculina seminula C 349 -048 -0381
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Fig. 4. Relationship between sediment depth and foraminiferal density for the nine major species at all sampling times. Open circles and
triangles represent replicate cores 1 and 2, respectively.

Table 6. Nitrate contents (in pmol) for seven different species of the two response-types A and B from two sampling sites (the Gulf of Trieste
station Piran and the station D10 on the west coast of the Adriatic Sea). The number of tested indiwjdtr@sumber of individuals with

a nitrate content different from 0, the mean nitrate content, the minimum measured nitrate content, the minimum nitrate content different
from 0 and the maximum measured nitrate content.

Nitrate content (pmol)

Species Type Site n n(N#0) mean min min{ #0) max

Leptohalysis scottii A Piran 2 0 0 0 - 0
Textularia agglutinans A Piran 3 0 0 0 - 0
Fissurinasp. A Piran 1 0 0 0 - 0
Nonionspp. A Piran 2 0 0 0 - 0
Ammonia beccarii A D10 4 0 0 0 - 0

Eggerella scabra B Piran 2 0 0 0 - 0
Eggerella scabra B D10 9 3 22 0 37 119
Bulimina marginata B Piran 9 1 1 0 8 8
Bulimina marginata B D10 1 1 433 433 433 433

3.5 Nitrate content and denitrification surable nitrate in their cells. Also the two testédscabra

individuals from “normoxic” conditions in Piran gave a neg-

Only 5 of the 33 tested individuals from 7 different species ative result. Conversely, three of the nine teskedscabra
contained nitrate in their cells (Table 6). Among the testedindividuals from station D10 from the western Adriatic Sea

major species, the twR. nanusndividuals did not have mea- showed a nitrate content varying between 37 and 119 pmol.
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Table 7. Denitrification rates of the two tested species from two death of these macrofaunal organisms provided a consider-
different sites. The number of individuals added to the measuremenable amount of fresh organic matter that was degraded by
chamber is indicated. In two cases some individuals were reuse@naerobic pathways_ The anaerobic degradation of this new|y
in a second set of measurements, generating pseudoreplication; thgajlable organic matter released considerable amounts of
number of individuals used in the second set of measurements iﬁydrogen sulfides at the sediment—water interface and in the

indicated. overlying water, which has been clearly observed in the “1

Species Site No. Pseudo- Rate (pmol month” samples (Metz_ger_ etal., 2(_)13)'
indiv.  replication indv1d-1) In the present contribution we did not model the effect of

Eggerellascabra_ Piran 4 aindiv. (set1) 0 geocherplcal (;hanges on the foraminiferal re“sponse fo’r’ three
Eggerellascabra  Piran 7 4indiv. (set2) 0 reasons: (1) different da_ta set structures (the “2 months sam-
Eggerellascabra D10 7 0 ples were not analyzed in Metzger et al. (2013) and the verti-
Bulimina marginata  Piran 3 3indiv. (set1) 0 cal resolution of the geochemical measurements differs from
Bulimina marginata Piran 6 3indiv. (set2) 0 that of the faunal analyses), (2) the impossibility to estimate

benthic fluxes (due to the lack of stirring in the benthic cham-
ber) and (3) statistical limitations (due to the strong intercor-
One of the nine testeB. marginataspecimens from Piran relation of all the measured geochemical descriptors, making
contained 8 pmol of nitrate, whereas the only tested individ-linear modeling impossible). Instead, we chose to first de-
ual from station D10 yielded 433 pmol (Table 6). None of scribe the temporal changes in the geochemical conditions to
the three tested. agglutinansand the seven tested individ- later quantify the effect of time on the foraminiferal faunas.
uals of three nonmajor specigSigsurinasp., Nonionspp.,  This approach permits for indirect discussion (via the tempo-
Ammonia beccarjicontained any nitrate. ral changes) of the effect of the pore-water chemistry on the
Several individuals oE. scabraand B. marginatawere  foraminiferal faunas.
tested for their capacity to denitrify. None of the tests re-
vealed denitrification (no detectible,® production, Ta- 4.2 Variation of foraminiferal standing stocks and

ble 7). diversity
The temporal variability of the total foraminiferal standing
4 Discussion stock has been described in detail by Langlet et al. (2013).
These authors concluded that — as shown by the statistical
4.1 Sediment geochemistry and faunal response to analyses — the variability appears to be explained by the
experimentally induced anoxia changes in the experimental conditions rather than by spa-

tial patchiness. Their data conclusively show that benthic

In this experiment, not only benthic foraminifera but also foraminifera were alive at all the sampling times. Conse-
sediment geochemistry (Koron et al., 2013; Metzger et al.,quently, foraminifera can survive 10 months of anoxia. Nev-
2013), macrofaunal behavior (Blasnig et al., 2013; Riedel etertheless, the total foraminiferal standing stock significantly
al., 2013) and soft-shelled meiofauna (copepods and nemadecreased with time, interrupted by slightly higher values in
todes; De Troch et al., 2013; Grego et al., 2014) have beerthe “1 month” cores. Langlet et al. (2013) tentatively inter-
analyzed. Sediment geochemistry analyses enabled the dereted this increase as a response to organic matter release
velopment of the anoxia to be followed at the beginning of due to macrofaunal mortality.
the experiment. The oxygen concentration started to decrease A total of 74 taxa was observed. Since eight from the nine
as soon as the chamber was closed, and anoxia was reachetjor species were found alive in all samples, even after 10
after 7 days, 2 days before the “9 days” benthic chamber wasnonths of anoxia (Fig. 1), the changes in species richness are
sampled. The available geochemical information (Metzger eexclusively caused by minor species andlyinqueloculina
al., 2013) shows an upward migration of the redox fronts,stelligera(which did not show any living individuals in one
indicating that the overlying water remained anoxic with re- of the replicates cores of the “1 month” and “10 months”
ducing conditions until the end of the experiment (Fig. 5). chambers). Species richness of the whole cores significantly
The data also showed that nitrates were available in the pordecreased with time, but for the 0—0.5 cm interval, this trend
water at all times (Koron et al., 2013). was not significant in the- 63 um fraction. This decrease is

At the beginning of the experiment, two to three brittle apparently explained by the disappearance of some of the
stars were placed in each chamber. The brittle stars dietbss common species, which may be less resistant to the ex-
after 7 to 15 days of deployment, and shortly after their perimental conditions than the dominant species.
death the sediment surface turned black. Afteb to 10 The two other diversity indices (Shannon index and
days, several infaunal organisms such as polychaetes arel/enness) show a significant decreasing trend only in the
bivalves emerged from the sediment, finally dying on the > 125um fraction (Table 3). The lack of significant trends
sediment surface some days later. We hypothesize that thia the > 63 um fraction can be explained by the fact that the
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Fig. 5. Vertical profiles of dissolved manganese, iron, sulfates and alkalinity with sediment depth at all sampling points after data presented
in Metzger et al. (2013) and vertical profiles of the total densities of the type A, B and C species. The raw geochemistry data are presented
as small, grey open circles and triangles for the two replicate probes. Large, black open circle: concentration values averaged for each deptt
interval (0—0.5cm,.. 4-5cm). Black line: average for both replicates. The foraminiferal densities are presented as open circles and triangles
for cores 1 and 2, respectively.

faunas of the small size fraction (63—125um) were domi-as well as in seasonally hypoxic areas, such as the Gulf of
nated (up to> 40 %) by Reophax nanug¢Fig. 2). The ab- Mexico (Blackwelder et al., 1996) or the shallow Skagerrak
solute as well as relative frequency of this species decreasecbast (Nordberg et al., 2000; Filipsson and Nordberg, 2004;
with time (Supplement 1, 2 and 3), leading to a higher even-Bouchet et al., 2012). In this context, it is surprising that the
ness and Shannon index for the fine fraction; this may com-decrease in foraminiferal diversity with time is not clearer in
pensate for the significant decreasing tendency of these ineur data.
dices in the> 125 um fraction.

In general, the diversity of foraminiferal assemblages is
low in permanently hypoxic areas, such as oxygen minimum
zones (OMZs; reviewed in Koho and Pifia-Ochoa, 2012),
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Table 8. Type of environment, microhabitat, and response to anoxia in the literature and in the present study for all the major species (their
synonymous names are also given). Abbreviationstépresents oxygen or oxygenated; OM, organic maMedensity or standing stock;
relativ., relatively; and M, months.

Literature Present study
Species Other Distribution Microhabitat Response Micro- Response
names to anoxia habitat to anoxia
Reophax R. nana Coastal environments Deep infaunal Tolerant to loyw O Shallow Type A
nanus (8,9, 10) (11) infaunal
Cuneata Vigo Estuary (1) Shallow infaunal  Indicator of OM-rich Decreas&vin
arctica (1, 6) (12, 13)
Acostata Skagerrak (2) No change i in N relativ. high
mariae low O> (9, 10) after 10 months
Mediterranean shelf (3) DecreaseNnin

anoxia (14, 15)
Adriatic Sea (4, 5)
Gulf of Trieste (6, 7)

Textularia Coastal environments Unclear Ip®ediments (5, 17) Shallow Type A
agglutinans Mediterranean Sea Deep infaunal (9) No chang¥ iim infaunal Decrease iV
low O3 (9)

Rhéne Prodelta (16, 17)
Adriatic Sea (18, 19, 20, 7)

Quinqueloculina Coastal environments Undescribed Shallow Type A
stelligera Gulf of Cadiz (21) Considered an indicator infaunal Strong decrease
of high O, (24) inN
Mediterranean Sea (22)
Tyrrhenian Sea (23)
Eggerella Eggerelloides Subtidal, coastal and shelf Infaunal Tolerant to hypoxia Deep Type B
scabra scabra environments (1, 25) (4,8,9,18) and anoxia (1, 8) infaunal
Adriatic Sea (4, 6, 7, 26, 27) Increasenhin No change inv
hypoxia (28)
Bulimina B. aculeata Cosmopolitan Unclear (34) Can survive episodes of Deep Type B
marginata severe hypoxia/anoxia infaunal
(4,5, 28, 35)
B.denudata  Atlantic Ocean (29) Shallow infaunal No changeNn
Mediterranean Sea (5, 10, Intermediate
16, 30, 31, 32, 33) infaunal
Adriatic Sea (18) Deep infaunal
Gulf of Trieste (6)
Lagenammina Saccammina Continental shelves (25) Shallow/ Type B
atlantica atlantica intermediate
Brackish waters (25) infaunal No changeNn
Hopkinsina Hopkinsinella River-influenced inner Shallow infaunal ~ Can survive in Shallow Type B
pacifica glabra shelf (1, 4, 16, 18) (9, 10, 18) anoxia (10) infaunal
Hopkinsina Northern Adriatic Sea No change M
atlantica (6, 8,9, 10,14, 20)
Bolivina Transitional environments Deep Type B
pseudoplicata (1, 36, 37) infaunal
Adriatic Sea (6, 19) No change M
Quinqueloculina Continental shelves (25) Sensitive to Shallow Type C
seminula anoxia (15) infaunal
Mediterranean lagoons (25) Opportunistic
response to OM
Adriatic Sea (38)
Gulf of Trieste (6)
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4.3 Species responses to experimentally induced anoxia from both the hard-shelled meiofauna and the sediment lat-
tice, Reophax nanuwas present in large numbers at all sam-
Based on the temporal variability of the standing stocks ofpling times. It could have been expected that the centrifu-
individual taxa, three types of responses to anoxia have beegation treatment would destroy very fragile foraminiferal
recognized: the taxa of type A show a significant decreasespecies such aR. nanusIn spite of the large numbers, our
with time, for the species of type B there is no signifi- density and standing stock estimates of this species might
cant trend, and). seminulais the only species of type C be slightly underestimated. It has been previously described
that shows a significant maximum in the “1 month” cores. under different name$ophax nanaCuneata arcticar of-
The next chapter considers all species of these three reenAcostata mariagand is common in coastal environments
sponse types in more detail, in the hope that our observasuch as the Skagerrak (Alve and Goldstein, 2010), the north-
tions may contribute to a better understanding of their ecol-eastern Mediterranean shelf (Hyams-Kaphzan et al., 2009)
ogy. For 65 taxa the relative frequency is always lower thanor in low densities in the Vigo Estuary (Diz and Francés,
4%. These taxa have been arbitrarily separated into seveR008). This species is found frequently in the Adriatic Sea
taxonomic groups. Four groups show a significant decreaséBarmawidjaja et al., 1992; Donnici and Serandrei Barbero,
in their cumulative standing stocks with time: (Ammo-  2002) and, more specifically, in the Gulf of Trieste (Ho-
nia/Aubigninaspp., (2)ElphidiumiNonionHaynesinaspp.,  henegger et al., 1993; Sabbatini et al., 2010).
(3) non-fossilizing agglutinated taxa and (4) miliolids. Con- Reophax nanudas been described mostly in eutrophic
versely, (1) bolivinids, (2) buliminids and (3) the group of places such as mudflats in a Brazilian mangrove (Semensatto
epiphytic taxa do not show a significant decrease in cumuladr. et al., 2009), where the authors suggested that it could
tive standing stocks with time. be tolerant to exposure to low oxygenation. This species has
In the following subsections we discuss the changes ofalso been considered a good bio-indicator of organic-rich
standing stock and the vertical migration for each of the ma-conditions (Scott et al., 2001; Mojtahid et al., 2008). Sev-
jor species of each response type. The discussion on eaddral experiments were conducted to identify the effect of low

species is summarized in Table 8. oxygen concentration on the Adriatic Sea faunas. Some stud-
ies reported that the density Bf nanuswvas not influenced
4.3.1 Response-type A by low-oxygen conditions (Duijnstee et al., 2003; Ernst et

al., 2005). Conversely, in other assays of rose-bengal-stained

Response-type A is composed Rf nanus T. agglutinans  assemblages, lower densities were observed in anoxia with
andQ. stelligera The first two species, which are the most and without co-occurring hydrogen sulfides (Moodley et al.,
dominant in the assemblages, are both agglutinants, whered997, 1998). In summary, although the response of this
Quinqueloculina stelligerahas a porcelaneous shell. All species to low-oxygen settings is not clear in the literature, in
three species show a significant decrease in standing stodke present study it shows a clear decrease in standing stock
with time (Fig. 3 and Table 4). Therefore they appear towith time.
be sensitive to the experimental conditions of long-lasting Reophax nanuwvas described earlier as a deep infaunal
anoxia with a presence of hydrogen sulfides. species and can potentially reproduce deep in the sediment

Sediment geochemistry data presented in Metzger efErnstetal., 2002, 2005; Duijnstee et al., 2003), while in the
al. (2013) show a clear upward migration of the productionpresent study, in Diz and Francés (2008) and in Hohenegger
fronts of dissolved manganese, iron and alkalinity and of theet al. (1993)R. nanuss found mostly in the shallowest first
sulfate consumption front (see Fig. 5). This upward migra-centimeter of the sediment. This species migrated upward in
tion of the redox fronts appears gradually with the experi-response to an organic matter pulse in well-oxygenated con-
ment duration. In parallel, the foraminiferal vertical distribu- ditions (Ernst et al., 2005).
tion shows that at all sampling times, species from type A Despite its apparent sensitivity to anoxid, nanusis
are present primarily at the sediment—water interface. Thessitill alive in substantial numbers after 10 months of anoxia.
type-A species do not show any major sign of vertical migra-We can therefore confirm that although it prefers well-
tion with time (Fig. 5). Therefore, they do not seem to track oxygenated setting®. nanuds able to survive anoxia with
the sediment geochemistry changes. The anoxia-sensitiveo-occurring hydrogen sulfides. Nonetheless, the significant
character of these species might explain their incapacity talecrease in its relative frequencies (Supplement 2 and 3) sug-
move and migrate in anoxic conditions. gests that it is less resistant than most other dominant species.

Reophax nanus Textularia agglutinans
Reophax nanuis present mainly in the 63—-125 pm size frac- Textularia agglutinansvas found alive in all size fractions,
tion. This species appears to be sensitive to the experimentalith larger numbers in the 63—-125 um fraction (Fig. 2). Its

conditions (Fig. 3 and Table 4). In spite of the centrifuga- standing stock significantly diminishes with time, and in
tion treatment applied to separate the soft-shelled meiofaunthe sediment column it quickly disappears in deeper levels
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(Figs. 3 and 4 and Table 4). Both observations suggest a The vertical distribution of the type-B species shows that
limited tolerance of anoxialextularia agglutinansias been they are found living at all sampling depths at all times. In the
widely described in the Mediterranean, for instance in the“9 days”, “2 months” and “10 months” samples their densi-
Rhbnee Prodelta (Mojtahid et al., 2009; Goineau et al.,ties are comparable at all depths, while in “normoxia” and in
2011), the Marmara Sea (Armynot du Chételet et al., 2013}he “1 month” samples their vertical distributions show both
and also in the Adriatic Sea (Jorissen et al., 1992; Barmawidconsiderable densities in deeper sediment layers and a peak
jajaetal., 1995; Duijnstee et al., 2004; Sabbatini et al., 2010)at the sediment—water interface (Fig. 5). This peculiar distri-
Its ecological preferences are not well established. Duijnstedution could reflect organic matter availability. As explained

et al. (2003) described it as a deep-dwelling species showabove, we suspect that organic matter availability is larger
ing no vertical migration or standing stock changes in ex-in “normoxic” conditions and after 1 month of the experi-
perimentally induced anoxia. Conversely, agglutinansis ment, due to aerobic and anaerobic degradation and the decay
common in the distal zone of the Rhéne Prodelta, where thef the dead macrofauna. The anoxia-resistant species would
surface sediment is well oxygenated and where the oxygetherefore show a peak density at the sediment—water inter-
penetration depth is relatively high (Goineau et al., 2011). Itface when the organic matter availability was maximal there.
is also abundant in less eutrophic and better-oxygenated aconsequently, these species seem to track changes in the
eas off the Po Delta (Donnici and Serandrei Barbero, 2002)organic-matter availability rather than changes in the pore-
Most of these observations corroborate our conclusion thatvater chemistry. In our first paper we suggested that organic-
T. agglutinansis sensitive to bottom-water anoxia and co- matter availability is the main parameter explaining changes

occurring hydrogen sulfides. of the foraminiferal standing stocks (Langlet et al., 2013).
_ _ _ Many previous studies show a clear response of foraminiferal
Quinqueloculina stelligera faunas to organic matter input (Heinz et al., 2001; Ernst and

. ) o . . ) van der Zwaan, 2004; Duijnstee et al., 2005; Ernst et al.,
Quinqueloculina stelligeras found alive only in the finest  5005- Nomaki et al.. 2005 Pucci et al. 2009). We now also
size fraction (63-125um, Fig. 2). Its standing stocks Showg,spect that the foraminiferal vertical distribution is more
a strong and significant decrease with time, as it is almosfjqy explained by changes in the organic matter availability

exclusively found alive in the “normoxic” conditions (Fig. 3 14 by the development of anoxia and by changes in pore-
and Table 4). In these well-oxygenated conditions it lives in,, .y chemistry.

the two upper centimeters of the sediment (Fig. @)in-
queloculina stelligeréhas been described from infralittoral
areas in the Gulf of Cadiz (Mendes et al., 2012) and in low

quantities in sediment colonized Bosidonia oceanican In the present studyEggerella scabra(also known as

the Mediterranean Sea (Mateu-Vicens et al., 2010). In theEggereIIoides scabraHohenegger et al., 1993; Diz and
Tyrrhenian Sea, its distribution seems to be controlled byFrancés, 2008) is present in all size fractions from 63 to
sediment t)_/pe, since it is almost exclusively fou_nd on fineg g um (Fig. 2). Its standing stock does not change signifi-
sands (Celia Magno et al., 2012). Howev@r,stelligerais 4ny with time (Fig. 3 and Table 4). It penetrates relatively
also described in stations polluted with Fe, Pb, Zn and polygeep into the sediment, showing substantial numbers down
cyclic aromatic hydrocarbons and was consequently cons.idfO 5cm depth (Fig. 4)Eggerella scabrds a very common
ered pollution-tolerant (Romano et al., 2009). Although it gpecies in subtidal, coastal and shelf environments (Murray,
appears to be resistant to heavy-metal pollution, it has nobgog: piz and Francés, 2008), and is a common species in the
been described before in low-oxygen environments. Consep yiatic Sea (Jorissen et al., 1992; Hohenegger et al., 1993:
quently, in a paleontological record of the ancient harbor of gjigter et al., 1998: Sabbatini et al., 2010, 2012). It has been
Claudius, the presence Qf stelligerawas interpreted as in- - anorted in sediments rich in organic matter (Stigter et al.,

dicative of a well-oxygenated en\{ironment (Di Bella et' al.', 1998; Donnici and Serandrei Barbero, 2002), more specifi-
2011). In the present study, the instantaneous (and signifigay in sediments with low-quality organic matter (Diz and
cant) collapse of its standing stocks early in the experiment ances 2008; Duchemin et al., 2008; Goineau et al., 2011).
suggests that it is highly sensitive to anoxia. Eggerella scabréhas also been considered to be tolerant to
hypoxic and/or anoxic conditions (Ernst et al., 2002; Diz
and Francés, 2008). In a laboratory experiment, Pucci et
al. (2009) observed an increased standing sto¢k stabra
after a 15-day incubation in strongly hypoxic conditioRg-

Eggerella scabra

4.3.2 Response-type B

Response-type B is composed of two agglutinated specie

(E. scabraand L. atlanticg) and three calcareous species ) , ! ,
(B. marginata H. pacificaandB. pseudoplicath The stand- gerella scabrais generally described as an infaunal species

ing stocks of these taxa do not decrease significantly witHBarmawidjaja etal., 1992; Jorissen et al., 1992; Emst et al.,

time (Fig. 3 and Table 4), suggesting strong resistance to th€002; Duiinstee etal., 2003). As in our cores, itis often found
experimental conditions. throughout the first 5cm of the sediment column without a

clear maximum at a specific depth (Ernst et al., 2006; Pucci
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et al., 2009). Our data clearly confirm the capacitybgf- plain their often chaotic vertical distribution (Barmawid-
gerella scabrao survive anoxia with co-occurring hydrogen jaja et al., 1992; Mackensen et al., 2000; Schmied! et al.,
sulfides. This species can be considered highly resistant t@000; Ernst et al., 2005). In a laboratory experiment with

such anoxic conditions. strongly hypoxic conditions, however, it did not migrate ver-
tically (Pucci et al., 2009). Alve and Bernhard (1995) con-
Bulimina marginata sideredBulimina marginataas one of the few taxa poten-

tially able to reproduce in strongly hypoxic conditions. In the
Bulimina marginatawas alive in all size fractions from 63 present study, itis clearly strongly resistant to anoxia and co-
to 315 um and showed no significant change in its standingccurring hydrogen sulfides, but its rather invariable standing
stock with time (Figs. 2 and 3 and Table 4). This cosmopoli- stocks provide no indications that reproduction occurred dur-
tan taxon is well known in the Atlantic Ocean (e.g., Jorissening the 10 months of our experiment.
et al., 1998) and Mediterranean Sea (e.g., Jorissen, 1987; De
Rijk et al., 2000; SchmiedI et al., 2000; Donnici and Seran-Lagenammina atlantica
drei Barbero, 2002; Ernst et al., 2005; Di Leonardo et al.,
2007; Mojtahid et al., 2009). It occurs in continental shelf Lagenammina atlanticgalso known asSaccammina at-
and slope environments, and abundant faunas have been dentica) was mainly found alive in the 150-315 pum fraction.
scribed from the Adriatic Sea (e.g., Jorissen et al., 1992)its standing stocks differ considerably between the pairs of
and especially from the Gulf of Trieste (Hohenegger et al.,replicate cores, and there is no significant overall change
1993). Jorissen (1988) noted that three main morphotypewvith time (Figs. 2 and 3 and Table 4). Most individuals were
occur in the Adriatic Sea. Typical morphotypes, with well- found in the first 1.5cm (Fig. 4). Little information is avail-
developed undercuts, occur in outer shelf and upper slopable about the ecology of this taxon. Murray (2006) considers
settings.Bulimina aculeatamorphotypes with a fusiform, it to be a shelf species that also inhabits brackish waters. Our
slightly twisted initial part are found mainly on the conti- data strongly suggest that this species is very resistant to the
nental shelf, whereda3. denudatamorphotypes with weakly combination of anoxia and hydrogen sulfide.
developed undercuts are dominant at eutrophic inner-shelf
sites (Jorissen, 1988). Based on molecular phylogenetic anaHopkinsina pacifica
yses, Tsuchiya et al. (2008) concluded that these morpho-
types are genetically different and should be considered bioHopkinsina pacifica(also namedHopkinsinella glabra
logical species. In our materialenudataandaculeatatypes  (Haig, 1993) orHopkinsina atlantica(Diz and Francés,
dominated. 2008)) was found alive mainly in the 63—-125 um fraction. Its

Bulimina marginatais generally considered to be an eu- standing stocks show no significant trend with time. Unlike
trophic taxon typical for areas with high organic carbon the other species of response-typeHB,pacificais mainly
loads, where it may show an opportunistic behavior (Zwaanfound at the sediment—water interface, and is apparently a
and Jorissen, 1991; Schmiedl et al., 2000; Donnici and Seransurface dwelletHopkinsinella pacificas a typical species of
drei Barbero, 2002; Langezaal et al., 2006; Mojtahid et al.,river-influenced inner-shelf ecosystems (Barmawidjaja et al.,
2006). Because this taxon can survive episodes of severe hy-992; Jorissen et al., 1992; Diz and Francés, 2008; Mojtahid
poxia/anoxia (Barmawidjaja et al., 1992; Donnici and Seran-et al., 2009) such as in the northern Adriatic Sea (Hohenegger
drei Barbero, 2002; Pucci et al., 2009; Geslin et al., 2014).et al., 1993; Moodley et al., 1997; Ernst et al., 2002, 2005;
it is generally considered stress-tolerant, although some aubuijnstee et al., 2003, 2004).
thors suggested that it may prefer well-oxygenated condi- On the basis of a laboratory experiment, Ernst et al. (2005)
tions (Alve and Bernhard, 1995; Donnici and Serandrei Bar-concluded that this species is favored by fresh food supplies.
bero, 2002; Ernst et al., 2005; Mojtahid et al., 2006). Our ob-Other observations corroborate such an opportunistic behav-
servations, with no significant changes in standing stocks afior (Jorissen et al., 1992; Ernst et al., 2002; Duijnstee et al.,
ter 10 months of anoxia, fully confirm its resistance to anoxia2004; Goineau et al., 2012), which is a common trait of sev-
with a presence of hydrogen sulfides. eral small-sized taxa (e.gzpistominella exigualeptohaly-

The microhabitat oBulimina marginatais not well de-  sis scotti). Hopkinsina pacificdypically occupies the super-
fined. In the literature, it has been described as a shallow, inficial sediment layer (Jorissen et al., 1992; Ernst et al., 2002;
termediate or even deep infaunal taxon (see review in Jorisbuijnstee et al., 2003). Our observations confirm that this
sen, 1999)Bulimina marginatamay find suitable environ- species is a surface dweller. In an experimental study involv-
mental conditions at the sediment surface as well as deepeng an organic matter pulse under anoxic conditions, Ernst et
in the sediment. In our study, abundant occurrences in deepel. (2005) observed an upward migration of this taxon. In our
sediment intervals confirm its potentially infaunal characterexperiment, living individuals were always restricted to the
(Fig. 4). upper 1 cm, and no upward migration was observed (Fig. 4).

Several authors have suggested tfRalimina marginata Ernst et al. (2005) reported that only part of thidirpaci-
can migrate rapidly through the sediment, which could ex-fica population survived experimental anoxia. In our data,
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this species showed no significant decrease with time, anthe “1 month” cores, which is particularly spectacular for
it belongs to the most anoxia-resistant taxonomic group. Q. seminulais a response to increased labile organic mat-
ter availability after macrofaunal mortality in the first two
Bolivina pseudoplicata weeks of the experiment. In the subsequent weeks (i.e., after
the sampling of the “9 days” cores), the anaerobic degrada-
Bolivina pseudoplicatds mainly found in the 63-125um tion of this organic matter released a large quantity of hy-
fraction and, like the other representatives of responsedrogen sulfides that can be observed at the sediment-water
type B, its standing stocks do not show a significant changénterface in the “1 month” chamber. We hypothesize that the
with time. Bolivina pseudoplicataoccurs in fair numbers increase in the standing stocks during the first month of the
down to 5 cm depth without a clear trend. experiment is due to growth of juvenile specimens (individu-
Bolivina pseudoplicathas been reported from transitional als< 63 um) or is the result of a reproduction event triggered
environments such as estuaries and prodeltas (Cearreta et dy the accumulation of labile organic matter at the sediment—
2000; Debenay et al., 2006; Diz and Francés, 2008). Thisvater interface. The decrease in density between 1 and 10
species has also been observed in the Adriatic Sea (Hohenegionths of experiment could reflect a combined effect of less
ger et al., 1993; Barmawidjaja et al., 1995). Its ecology is notorganic matter availability (that is, mainly consumed anaer-
well known and little information is available about its mi- obically after the onset of anoxia), the effect of prolonged
crohabitat. Our data, which show abundant living individuals anoxia and the sensitivity to hydrogen sulfides, which ap-
after 10 months of anoxia, demonstrate its high anoxia tolerpeared massively in the water column.

ance. Quinqueloculina seminulaan therefore tentatively be
considered as a species with an opportunistic behavior, ca-
4.3.3 Response-type C pable of surviving the early stages of anoxia, but sensitive to

prolonged anoxia in combination with sulfides.
Quingqueloculina seminula
4.4 Foraminiferal community response to the

Quinqueloculina seminuleepresents response-type C. It is experimental conditions
found mostly in the 63—-125um size fraction and occurs
only in the topmost centimeter of the sediment, indicating aConsidering the response of the whole foraminiferal commu-
very shallow microhabitaQuinqueloculina seminulig only nity, the impact of 10 months of anoxia, with co-occurring
present in small quantities in the “normoxia” core samples athydrogen sulfides, is apparently very limited. This is not
the beginning of the experiment, but shows a 10-fold increaseeally surprising because most of the dominant taxa are
in standing stock after 9 days, reaching a density maximurnknown for their resistance to low-oxygen conditions, which
after 1 month. Thereafter, standing stocks decrease, and afs largely confirmed by our results. This dominance of low-
ter 10 months of anoxia, standing stocks are comparable toxygen-tolerant taxa is logical in ecosystems that are pe-
those in the “normoxia” cores. riodically impacted by seasonal hypoxia. Seasonal hypoxia

Quingueloculina seminulédhas been described from a has increased in frequency over the last 50 years, reflecting
wide range of environments, such as Mediterranean lagoonstrongly increased anthropogenic nutrient inputs, but is basi-
marshes and continental shelves (reviewed in Murray, 2006)cally a natural phenomenon (Barmawidjaja et al., 1995; Diaz
Species of the genuluinqueloculinaare also common in  and Rosenberg, 2008). In spite of the overall tolerance of
the Adriatic Sea (Frontalini and Coccioni, 2011) and in the low-oxygen conditions, which is evident for all major species
Gulf of Trieste (Hohenegger et al., 1993). Concerning its tol- (which all survived 10 months of anoxia), three differen-
erance to low-oxygen conditions, contradictory evidence hadial types of response have been distinguished. The species
been reported. For example, Moodley and Hess (1992) obef response-type AReophax nanysTextularia aggluti-
served that it was resistant to 24 h of anoxia, whereas a latemansandQuinqueloculina stelligera which is mainly com-
study described it as sensitive to anoxia with co-occurringposed of rather superficially living species, show a signifi-
hydrogen sulfides (Moodley et al., 1998). Rather surprisinglycant decrease in standing stock, although many living spec-
in view of the general perception of miliolids as sensitive imens remain until the end of the experiment. The species
taxa that are typical of oligotrophic conditions (e.g., Barrasof response-type BHggerella scabraBulimina marginata
et al., 2014)Q. seminulahas been observed to be an early Lagenammina atlanticaHopkinsina pacificaand Bolivina
colonizer after volcanic ash deposits (Hess and Kuhnt, 1996pseudoplicatg which is mainly composed of taxa with a
and a pioneer species after sediment disturbance in submatronger infaunal tendency, show an even higher tolerance
rine canyons (Duros et al., 2011). for the combination of prolonged anoxia and hydrogen sul-

Our observations suggest an opportunistic response tfide, and show no significant decline in standing stocks
labile organic matter supplies combined with a resistancewith time. This higher tolerance may be partly explained by
to short-term anoxia. As explained above, we hypothe-their deeper microhabitats, which forces these taxa to live in
size that the increase in standing stocks of several taxa imnoxic conditions even when the sediment—water interface
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Table 9. Statistical parameters (Df: degrees of freedom; Sum Sq: sum of squares; Mean Sq: mean of Bouzduwesyalue of the test; Pr
(> F): probability of theF test) for the model-type 3 for all three response types and for the two tested dependant variables (standing stock
and frequency).

Dependent Response Independent Df Sum MeanF Pr
variable variable Sq Sq value >(F)

Standing Type A log(5 +time) 1 2.8 2.8 22.1 0.002
stock residuals 8 1.0 0.1 NA NA
Type B log(5 +time) 1 0.0 0.0 0.0 0.92
8
1

residuals 0.9 0.1 NA NA
Type C log(5 +time) 0.2 0.2 0.7 0.43

log(5+timef 1 5.4 5.4 19.5 0.003
1.9 0.3 NA NA

residuals 7
Relative Type A log(5 +time) 1 0.1 0.1 27.9 0.001
frequency residuals 8 0.0 0.0 NA NA
Type B log(5 +time) 1 0.1 0.1 21.7 0.002
residuals 8 0.0 0.0 NA NA

Type C log(5 +time) 1 0.0 0.0 0.4 0.56
log(5+tmef 1 00 00 159 0.01
residuals 7 0.0 0.0 NA NA

is oxic. Conversely, their higher tolerance to anoxia also en-
ables them to live in deeper sediment intervals; this is im-

1000
100

o Type A portant in ecosystems where oxygen penetration is hormally
. 2 Tpec limited to the upper few millimeters (Metzger et al., 2013).
= e Finally, the shallow infaunal taxol®. seminulacom-

bines the slightly lower tolerance to anoxic conditions of the
response-type-A taxa with a very strong opportunistic ten-
dency. The result is a spectacular increase in standing stock
after 1 month. Surprisingly, the presence of anoxia did not

600
1

Standing stock (ind. per 10 cm?)

s | e inhibit a reproductive response of this species to inputs of
N labile organic matter.
g0 N Examining the behavior of these three types of responses
enabled three successive stages to be distinguished. Figure 6
s - L o shows that during the first stage, until the second or third

week, the faunas tend to be dominated by response-type-A
oo species. During the second stage, which lasts until about the
second monthQ. seminulaand perhaps ald®eophax nanus

Fow andLagenammina atlanticashow an opportunistic response
(reproduction and growth) to putative labile organic carbon
S input resulting from the death of enclosed macrofauna. The

) third and final stage shows an increasing dominance of the

w w w w w ° highly anoxia-resistant response-type-B species (Fig. 6 and
" @ * o 0 Table 9). This three-stage temporal succession is very simi-
lar to the spatial patterns along strong eutrophication gradi-
Fig. 6. Standing stock (upper panel) and relative density (lower €NtS, such as those described around point sources of organic
panel) variation with time for the three types of response (blackpollution. Along such gradients, sensitive taxa progressively
circles: type A; red squares: type B; and blue triangles: type C)disappear, and slightly stress-tolerant taxa are gradually re-
in the whole core (0-5cm). Note that for representation purposeglaced by taxa with maximum tolerance for stressed con-
the standing stocks and relative density of type C were multipliedditions. When stress is not lethal, some species may show
by 10 (refer to axis on the rlght) The lines are estimated after thea Strong opportunistic response, y|e|d|ng very h|gh stand-
model-type 3 with full Iir_1es_ i_ndicating a significant effect of time ing stocks. Such patterns have been described repeatedly for
and dashed lines a nonsignificant effect. macrofauna (e.g., Pearson and Rosenberg, 1976), but have re-
cently also be shown for foraminifera (Mojtahid et al., 2006,

60
1

Relative density (%)

log (5 + Time) (days)
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2008). In summary, the foraminiferal response to anoxia andd Conclusions

co-occurring enrichment in organic matter appears to be very

similar to the macrofaunal response, with the essential differ\We performed an in situ experiment at a 24 m-deep site
ence that many foraminiferal taxa are much more resistant té" the Gulf of Trieste. Benthic chambers were installed on

anoxic conditions than macrofauna (Langlet et al., 2013).  the sediment surface and rapidly turned anoxic. Cores sam-
pled in chambers opened after 9 days, 1 month, 2 months

4.5 Understanding foraminiferal survival during and 10 months all contained abundant foraminiferal assem-
exposure to anoxia blages down to 5cm depth in the sediment. During the
experiment the foraminiferal species richness significantly
The intracellular nitrate content and denitrification measure-decreased, while the diversity indices showed no changes,
ments could not be performed for all the major species ofprobably due to the anoxia sensitivity &eophax nanys
our study area, mainly because of the difficulty in select-which was strongly dominant in the original conditions. De-
ing living foraminifera in the silty and sandy sediments of spite the minor changes in diversity, the species composition
our two sampling stations. Nevertheless, intracellular nitratechanged because some Species are less resistant than others
measurements are available for species of each of the threg anoxia. The present study identifiéophax nanysex-
identified response types. We performed measurements ofyjlaria agglutinansand especiallyQuinqueloculina stellig-
species from response-types A and B, whereas the genusra as more sensitive to the experimental conditions. Con-
Quinqueloculinawas tested by Pifia-Ochoa et al. (2010). versely, Eggerella scabraBulimina marginata Lagenam-
Our results show that none of the 12 tested individuals Ofmina atlantica Hopkinsina paciﬁceandBo"\/ina pseudop”-
5 species belonging to response-type A were able to acCucataappear to be highly resistant to long-term anoxia and co-
mulate nitrate in their cells. Conversely, 5 of the tested 21gccurring hydrogen sulfide. The change in species composi-
individuals of E. scabraand B. marginata both belonging  tion by foraminiferal faunas was not the only response: some
to response-type B, contained non-negligible amounts of intaxa also apparently show an opportunistic behavior with the
tracellular nitrates, with values ranging from 8 to 433 pmol release of organic matter due to the degradation of the dead
per cell. Unfortunately, no data are available for the threemacrofauna after 1 month of experimentati@uinqueb-
other species of response-type B @tlantica H. pacifica  culina seminula(and perhaps als®eophax nanuandLage-
andB. pseudoplicata Pifla-Ochoa et al. (2010) measured 16 nammina atlanticgexhibit such a potentially opportunistic
specimens (from the Peru OMZ, Skagerrak, Bay of Biscaybehavior. Finally, the intracellular nitrate and denitrification
and Rhone Delta) oQuinqueloculinaspp. without obtain-  measurements we performed provided no positive evidence
ing any positive results. Although the available information that foraminiferal survival to anoxia is related to their deni-
is still inconclusive, a picture emerges that response-type-Brification capacity. This differential reaction to anoxia, and
species can accumulate nitrate in their cytoplasm, whereage survival of set of species to long-term disturbance, has
response-type-A species a@d seminulacannot. Although  important implications for the status and recovery potential

this picture remains to be confirmed by additional measureof coastal areas increasingly affected by large-scale oxygen-
ments, the present data suggest that the higher tolerance Hepletion events.

anoxia by the response-type-B species could reflect their

ability to accumulate nitrate and thus to shift to an anaer-

obic metabolism (denitrification) under anoxic conditions. Supplementary material related to this article is
Nonetheless, the five measurements of denitrification we peravailable online athttp://www.biogeosciences.net/11/
formed forE. scabraand B. marginatagave only negative 1775/2014/bg-11-1775-2014-supplement.zip
results. We see two possible explanations for the absence of

denitrification in these experiments: (1) the measured indi-

viduals did not accumulate nitrate before being measured,

perhaps because the well-oxygenated pre-measurement lab-

oratory conditions did not incite them to do so, or (2) they

are incapable of denitrifying. This calls for additional anal-

yses to establish whether the foraminiferal taxa that survive

10 months of anoxia are capable of denitrifying or not. If not,

another explanation must be sought for their highly surpris-

ing long-term survival.
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