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Abstract The effects of induced hypoxic-anoxic conditions on the metazoan meiofaunal

assemblages and nematode diversity were investigated with an in situ experiment in a

Posidonia oceanica meadow. The experiment, of the duration of five months, was per-

formed in three experimental sets of plots. Two of them were enriched with organic matter

to induce anoxic conditions (1 set with sucrose and 1 set with sugar plus nutrients, i.e.

nitrogen and phosphorus) whereas the last set of plots was kept undisturbed and used as

Control. Metazoan meiofauna displayed a fast response to the induced anoxic conditions

with an immediate reduction of the richness of taxa (only nematodes and copepods tol-

erated the hypoxic-anoxic conditions). Nematodes were the most tolerant organisms as

their species richness did not change in hypoxic-anoxic conditions, but their species

composition and trophic structure displayed significant changes. Some genera (Desmo-
scolex and Bolbolaimus) were replaced by other (Chromadorella, Sabatiera and

Polysigma) more tolerant to the extreme conditions. No significant differences were

observed in the Control plots, whereas in treated plots, selective deposit feeders and

predators decreased significantly, being replaced by non-selective deposit feeders and

epistrate feeders. These results indicate that, events causing a reduction in oxygen avail-

ability, can have an impact on the nematode beta-diversity and functional diversity with

potential important implications on the benthic food web and functioning of the seagrass

systems.
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Introduction

Coastal eutrophication is being recognized as one of the most important emerging prob-

lems and, during the past four decades, has exponentially increased in intensity, geographic

extension and environmental consequences (Nixon 1995; Jørgensen and Richardson 1996;

Cloern 2001; Livingston 2001; Painting et al. 2007). Eutrophication is typically related

with the increase of nutrient and organic matter loads, which could induce a progressive

reduction of oxygen availability (Cloern 2001) due to large amounts of organic matter

derived from primary production (Danovaro 2003). Higher rates of microbial decompo-

sition can deplete dissolved oxygen near the sediment-water interface and produce H2S

that enters the water column (Diaz and Rosenberg 1995). Under strong water column

stratification or stagnation, hypoxia or anoxia can persist for long enough to cause the

mortality of benthic animals (Pearson and Rosenberg 1978; Brown et al. 1987; Tutsumi

et al. 1991; Pocklington et al. 1994; Wu et al. 1994; Karakassis et al. 2000; Grall and

Chauvaud 2002; Gray et al. 2002). Therefore, sediments and benthic communities appear

the most sensitive compartment of coastal ecosystem to eutrophication and hypoxia

(Jørgensen and Richardson 1996; Powers et al. 2005). Hypoxia influences benthic

organisms directly altering their metabolic processes and mobility but also indirectly

modifying community structure, biodiversity and relationships among species and trophic

groups (Diaz and Rosenberg 1995; Modig and Olafsson 1998; Peterson et al. 2000; Powers

et al. 2005). Even if many macrobenthic organisms survive short term hypoxia through

behavioral or physiological adaptations, mass mortality of some benthic species generally

occurs, depending on the magnitude of oxygen depletion (Grall and Chauvaud 2002).

Larger long-lived species are eliminated first, then communities shift towards dominance

by small, short-lived, often opportunistic species in successive stages depending on the

frequency and intensity of hypoxia (Diaz and Rosenberg 1995).

The direct effects of hypoxic-anoxic events on benthic macrofauna are well-document

(Kristensen 2000; Nordberg et al. 2001; Hansen et al. 2002) whereas little is known for

meiofauna (Josefson and Widbom 1988; Murell and Fleeger 1989; Hendelberg and Jensen

1993; Steyaert et al. 2007). Meiofauna due to their relatively short life cycles, high

turnover rates and lack of larval dispersion, are expected to respond rapidly to environ-

mental changes and food availability (Modig and Olafsson 1998; Danovaro and Fabiano

1997; Danovaro et al. 1995a, 2000a, b, 2004; La Rosa et al. 2001; Danovaro and Gambi

2002; Austen and Widdicombe 2006; De Troch et al. 2006) whereas macrofauna respond

more slowly (Somerfield et al. 1995; Albertelli et al. 1999; Widdicombe and Austen 2001;

Austen and Widdicombe 2006). Nematodes, the dominant meiofaunal taxon ([50% of

metazoan meiofauna in the coastal areas, Coull 1988), have been largely utilized as

indicators of organic disturbance because their ubiquity, high abundance and high taxo-

nomic diversity (Bongers and Ferris 1999; Mazzola et al. 1999; Mirto et al. 2002;

Vanaverbeke et al. 2004; Fraschetti et al. 2006) and are known to persist and increase their

relative importance under long periods of hypoxic-anoxic conditions (Heip et al. 1985;

Meyers et al. 1987; Vopel et al. 1996; Modig and Olafsson 1998).

The aims of the present study are to investigate the effects of hypoxic-anoxic conditions

(sensu Pearson and Rosemberg 1978) on metazoan meiofaunal assemblages and nematode

diversity inhabiting Posidonia oceanica sediments by means of in situ experiments. We

hypothesize that these conditions can immediately modify the meiofaunal assemblages and

nematode community composition inhabiting a P. oceanica meadow. P. oceanica is known

as feeding and nursery grounds for many fish species (Nagelkerken et al. 2000) therefore the

effects of hypoxic conditions on benthic components within the seagrass can have severe

34 Biodivers Conserv (2009) 18:33–54

123



consequences on the higher trophic levels of these coastal ecosystems (Green and Short

2003). Benthic invertebrates, both macrofauna and meiofauna, represent an important and

easily accessible prey resource for demersal fishes and crabs (thus becoming a main

pathway of energy transfer to higher trophic levels; Danovaro et al. 1995b; Leguerrier et al.

2003), therefore factors influencing benthic populations can alter the production at higher

trophic levels (i.e. demersal fishes; Peterson et al. 2000; Powers et al. 2005) with important

potential implications on biodiversity and conservation of these benthic ecosystems.

Methods

Experimental design and sampling

The effects of experimentally induced anoxia on meiobenthic communities have been

previously investigated using laboratory incubation (Modig and Olafsson 1998; Widdi-

combe and Austen 2001; Steyaert et al. 2007), here we report the results of in situ

manipulations. The experiments were carried out in a dense P. oceanica meadow of the

Medes Islands (NE Spain, Fig. 1). The sampling area was located 1 mile offshore at 10 m

depth. Nine randomly selected plots (50 9 50 cm separated by 5 m) were permanently

marked in the meadow (Fig. 2). Three of them were enriched with organic matter (i.e.,

Organic Matter treatment, OM) and periodically added with ca. 800 g of sucrose per plot in

the form of solid caramel pieces. The sugar was added every week from the onset of the

experiment for the first three months and every two weeks for the last two months. Three

plots were enriched with sugar as above and nutrients (nitrogen and phosphorus; i.e.,

Organic Matter plus Nutrients treatment, OMN) using slow-release commercial fertilizers

(final composition 125 g N and 125 g P per plot) every two weeks. The three remaining

plots were kept undisturbed and considered as Control. The addition of organic matter

(sucrose) and nutrients was performed according to previous field experiments to test the

effects of the induced hypoxic conditions on seagrass meadows (Penhale and Wetzel 1983;

Terrados et al. 1999; Holmer et al. 2005). During this field experiment, the OM and OMN
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Fig. 1 Sampling area: location of the Medes Islands
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plots were selected to investigate separately the effects of sucrose and sucrose plus

nutrients on the metabolism of the P. oceanica and these results are reported in details in

Pérez et al. (2007). For the aims of the present study, we considered the OM and OMN

plots as plots where the hypoxic conditions were induced without hypothesizing a different

response of meiofaunal assemblages to sucrose and sucrose plus nutrients treatments.

The experiment began in March 2002 and was carried out for five months. Pérez et al.

(2007) reported that three months (intermediate sampling, May 2002) was sufficient to

induce the hypoxic conditions in OM and OMN plots. In May and July, visual signs of

reducing conditions in the sediment were observed in the treated plots compared to the

Control. This allowed to investigate the effects of induced hypoxic-anoxic conditions on

metazoan meiofaunal assemblages inhabiting the P. oceanica meadows (approximately for

3–4 months). Metazoan meiofauna were sampled only at the start and the end of experi-

ment (March and July 2002, respectively).

Sediment corers (internal diameter 4 cm; containing live P. oceanica leaves and roots)

were randomly collected in each experimental plot by scuba divers. Three replicate corers

from each plot were preserved in zinc acetate for sulfur pools analyses and three cores from

each set of plots were immediately kept frozen at -20�C for metazoan meiofaunal analyses.

Sediment sulfur pools analysis

For sulfur pools, sediments were distilled following a 2-step distillation procedure (Fossing

and Jørgensen 1989) with the modification that the distillate was precipitated as Ag2S

instead of ZnS. The first step in the procedure uses HCl to derive the acid-volatile fraction

which contains the pools of free H2S, HS- and FeS. In the next step, Cr2+ is added to

obtain the chromium reducible sulfur pools consisting of FeS2 and S0. The size of the

sulfur pools was determined by the weight of the precipitates (Frederiksen et al. 2008).

Ammonium concentration in pore water samples was measured by the colorimetric method

described by Koroleff (1983). Further details are reported in Pérez et al. (2007).

Meiofaunal and nematode analyses

For metazoan meiofaunal extraction, each sediment core was sectioned into different

layers: 0–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–7, 7–8, 8–9, 9–10 cm. Sediment was sieved through

5 m
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50 cm

Control
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OM
plot

OMN
plot

OMN 
plot

Control
plot

OM
plot

5 m

OM
plot

Control 
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OMN 
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Fig. 2 Experiment design
displaying the position of the
Control, OM and OMN plots (not
in scale)
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a 1000 lm and a 30 lm mesh, respectively, to retain the smallest organisms. The fraction

remaining on the latter sieve was resuspended and centrifuged three times with Ludox HS

40 (density arranged to 1.18 g cm-3) as described by Heip et al. (1985). All metazoan

animals were counted and classified per taxon under a stereomicroscope using Delfuss

cuvettes, after staining with Rose Bengal (0.5 g l-1).

For diversity analysis, from the top 1 cm of each sediment core, ca 100 nematodes (or

all nematodes if lower abundances were observed) were randomly withdrawn and mounted

on slides following the formalin-ethanol-glycerol technique described by Seinhorst (1959)

to prevent dehydration. All nematodes were identified to species level (whenever possible,

due to the presence of several unknown species) according to Platt and Warwick (1983,

1988), Warwick et al. (1998) and the recent literature (Deprez and al 2005) dealing with

new nematode genera and species.

The trophic structure was defined according to Wieser (1953). Nematodes were divided

into four groupings as follows: (1A) no buccal cavity or a fine tubular one-selective

(bacterial) feeders; (1B) large but unarmed buccal cavity-non selective deposit feeders;

(2A) buccal-cavity with scraping tooth or teeth-epistrate or epigrowth (diatom) feeders;

(2B) buccal cavity with large jaws-predators/omnivores.

Diversity indexes

Nematode diversity was estimated using Species Richness (SR) as the total number of

species identified at each station. Since species richness is strongly affected by the sample

size, in order to standardize the values of nematode diversity, the expected number of

species E(X) was considered. At each site, the species-abundance data were converted into

rarefaction diversity indices (Sanders 1968, as modified by Hulbert 1971). The expected

number of species for a theoretical sample of 51 specimens, ES(51), was selected to

compare our results with literature.

Species diversity was measured by Shannon-Wiener information function (H’, using

log-base 2), Margalef index: (D = (S - 1)/lnN), where S is the number of species and N is

the number of individuals in the sample (Margalef 1958) and evenness as J’ (Pielou 1975).

All the diversity indexes were performed using the software package PRIMER v5

program (Plymouth Marine Laboratory; Clarke 1993).

The Index of Trophic Diversity (ITD) was calculated as ITD = g1
2 + g2

2 + g3
2… + gn

2,

where g is the relative contribution of each trophic group to the total number of individuals

and n is the number of trophic groups (Gambi et al. 2003). For n = 4 (as in the present

study) ITD ranges from 0.25 (high trophic diversity) to 1.00 (low trophic diversity).

Statistical analyses

A two-way analysis of variance (ANOVA, GMAV 5.0 software, University of Sidney,

Australia) was used to test for differences in total metazoan meiofaunal abundance, total

number of taxa, nematode species richness and functional diversity. Time (start vs. end

of the experiment) and treatments (Control, OM and OMN plots) were considered as

fixed factors with two and three levels, respectively. When significant differences were

encountered, Student Newman-Keuls (SNK) post-hoc comparison tests (at a = 0.05)

were also carried out to identify among which sets of plots and when the significant

differences occurred. Since the presence of the P. oceanica determined a high variability

in meiofaunal abundance and diversity among the experimental plots at the start of the
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experiment and did not allow to clearly detect the effects of the hypoxic-anoxic

conditions, we estimated the shift of the investigated variables between the start and the

end of the experiment in each experimental plot, normalising the change of each variable

with the value observed at the start of the experiment.

A one-way analysis of variance (ANOVA) was used to test for differences for all of the

variables listed above during the experiment in each plot. Prior to the analysis, the

homogeneity of variance was tested by Cochrans’ test and, when necessary, the data were

appropriately transformed.

Cluster analysis was also carried out to ordinate plots enriched with organic matter and

Control basing on nematode diversity. A ranked matrix of Bray-Curtis similarities was

used as input for this test. To test the hypothesis that the similarities among the three types

of experimental plots (Control, OM and OMN, respectively) changed between the start and

the end of the experiment, mean dissimilarities among replicates were estimated. The

turnover diversity (i.e., ß-diversity estimated as % Bray-Curtis dissimilarity; Gray 2000)

was estimated as the dissimilarity of species composition i) among the plots enriched with

organic matter and Control at the start and the end of the experiment and ii) between the

start and the end of the experiment in each plot trough the SIMPER analyses (based on the

Bray-Curtis similarity index). All absolute data were presence/absence transformed prior to

the analysis.

Pair-wise analysis of similarity, ANOSIM analysis, was performed to test for significant

differences in nematode community composition among the different plots. Cluster,

SIMPER and ANOSIM analyses were performed using the software package PRIMER v5

program (Plymouth Marine Laboratory; Clarke 1993).

Results

Sediment sulfur pool

In Control sediments, the pools of free H2S, HS- and FeS was very low whereas increased

significantly (P \ 0.001) after the three months from the start of the experiment in OM and

OMN plots and differences further increased by the end of the experiment. Also, the

chromium reducible sulfur pools remained low in Control sediments and increased sig-

nificantly (P \ 0.05) in OM and OMN plots at the end of the experiment. More details are

reported in Pérez et al. (2007).

Meiofaunal assemblages

Total metazoan meiofaunal abundance displayed significant difference between the start

and the end of the experiment in each plot and among the different plots at the end of the

experiment (Fig. 3 and Table 1). The change (shift) of meiofaunal abundance observed

between the start and the end of the experiment was consistent in each experimental plot,

but was not statistically significant (Table 2).

Metazoan meiofaunal abundance decreased significantly from the surface to the deepest

sediment layers in all plots, both at the start and at the end of the experiment (results of

ANOVA with three factors not shown; Fig. 4a,b,c). Nematodes were always the most

abundant taxon (77–100%) except in the top 0–1 cm layer of the Control and OMN plots

at the start of the experiment, where copepods dominated (69% and 60% in Control and
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OMN plots, respectively). Other higher taxa (Polychaetes, Ostracods, Tardigrades,

Amphipods, Tanaids, Bivalves and incertae sedis) contributed to the total community

structure for \ 2%. The total number of higher taxa (including Nematodes and Copepods)

was significantly higher at the start of the experiment in the OM and Control ranging

from 5 to 9, and decreased to 2–3 higher taxa (Nematodes, Copepods and Amphipods) in

the organic enrichment plots at the end of the experiment (Table 1). The decrease of the

richness of taxa between the start and the end of the experiment was consistent in each

plot but resulted significantly higher in the OMN than in the OM and Control plots

(Table 2).

Nematode composition

Sixty nematode genera (belonging to 26 families) and 74 species were identified in the

present study. The highest number of families, genera and species was always observed in

Control plots (21–18, 36–29, 36–37, at the start and the end of the experiment, respec-

tively). Chromadoridae was the most abundant family at the start of the experiment

whereas Selachinematidae, Chromadoridae, Desmodoridae resulted particularly abundant

at the end of the experiment (Table 3). Among all of the families encountered at the start of

the experiment, Diplopeltidae, Oxystominidae, Rhabdodemaniidae and Tripyloididae

disappeared at the end of the experiment in OM and OMN plots, while other families

which were absent initially, appeared: Haliplectidae (1.4%), Aegialolaimidae (0.4%) and

Aponchidae (0.4%).

Richtersia was the most abundant genus both at the start and at the end of the

experiment, but nematode species composition changed during the experiment in all plots.

At the start of the experiment, among the most abundant species, Graphonema sp1,

Desmoscolex sp1 and Bolbolaimus sp1 were observed, while Sabatieria sp1, Chromado-
rella sp1 and Polysigma sp1 dominated at the end of the experiment in OM and OMN

plots (Table 4).

Of the 74 identified species, 25 disappeared during the experiment and 15 new species

appeared. SIMPER analysis indicated that the coefficients of dissimilarity between Control

and treated plots increased from the start to the end of the experiment. The differences

between Control and treated plots increased consistently from the start to the end of the

experiment (Table 5). At the end of the experiment, the Cluster analyses based on the

nematode species composition revealed the presence of clear differences in nematode

species composition between the Control and OM and OMN plots (Fig. 5a, b). Finally the

ANOSIM analysis revealed that nematode species composition did not change between the

start and the end of the experiment in the Control plots. Conversely, species composition

was significantly different from the start to the end of the experiment in the treated plots

0

300

600

900

1200

1500

1800

Control OM OMN

A
bu

nd
an

ce
 (

in
d 

10
 c

m
-2

) start endFig. 3 Total meiofaunal
abundance (ind. 10 cm-2) in
Control, OM and OMN plots at
the start and the end of the
experiment. Average values were
calculated using three replicates
and bars indicate the standard
deviation

Biodivers Conserv (2009) 18:33–54 39

123



T
a

b
le

1
O

u
tp

u
t

o
f

th
e

tw
o

-w
ay

an
al

y
si

s
o

f
v

ar
ia

n
ce

o
n

m
ei

o
fa

u
n

al
ab

u
n

d
an

ce
,

ri
ch

n
es

s
o

f
ta

x
a,

n
em

at
o

d
e

d
iv

er
si

ty
as

E
(5

1
)

an
d

th
e

ab
u

n
d
an

ce
o

f
ea

ch
n

em
at

o
d

e
tr

o
p

h
ic

g
ro

u
p

S
o

u
rc

e
D

F
M

S
F

P
S

N
K

(T
im

e)
S

N
K

(T
re

at
m

en
t)

C
o

n
tr

o
l

O
M

O
M

N
S

ta
rt

E
n

d

M
ei

o
fa

u
n

al
ab

u
n

d
an

ce
T

im
e

(T
I)

1
2

3
.1

2
4

6
.2

5
*

*
*

E
n

d
\

S
ta

rt
E

n
d
\

S
ta

rt
E

n
d
\

S
ta

rt

T
re

at
em

en
t(

T
R

)
2

6
.4

9
1
2
.9

8
*

*
n

s
[O

M
,

O
M

N
]
\

C
o
n

tr
o

l

T
I

9
T

R
2

0
.6

2
1

.2
5

n
s

R
es

id
u

al
s

1
2

0
.5

0

T
o

ta
l

1
7

N
u

m
b

er
o

f
ta

x
a

T
im

e
(T

I)
1

2
9

.3
9

4
3

.9
7

*
*

*
E

n
d
\

S
ta

rt
E

n
d
\

S
ta

rt
n

s

T
re

at
em

en
t

(T
R

)
2

3
.3

9
5

.0
7

*
*

C
o

n
tr

o
l[

O
M

[
O

M
N

n
s

T
I

9
T

R
2

5
.0

6
7

.5
6

*
*

R
es

id
u

al
s

1
2

0
.6

7

T
o

ta
l

1
7

N
em

at
o

d
e

d
iv

er
si

ty
E

(5
1

)
T

im
e

(T
I)

1
0

.0
1

0
.0

0
n

s
n

a
n

a
n

a

T
re

at
em

en
t

(T
R

)
2

1
2

.9
5

0
.6

7
n

s
n

a
n

a

T
I

9
T

R
2

4
.5

6
0

.2
4

n
s

R
es

id
u

al
s

1
2

1
9

.2
8

T
o

ta
l

1
7

A
b

u
n

d
an

ce
o

f
1

A
T

im
e

(T
I)

1
1

0
2

7
.5

6
9

.3
9

*
*

E
n

d
\

S
ta

rt
E

n
d
\

S
ta

rt
E

n
d
\

S
ta

rt

T
re

at
em

en
t

(T
R

)
2

1
2

0
.2

7
1

.1
0

n
s

n
a

n
a

T
I

9
T

R
2

1
2

1
.8

9
1

.1
1

n
s

R
es

id
u

al
s

1
2

1
0

9
.3

9

T
o

ta
l

1
7

40 Biodivers Conserv (2009) 18:33–54

123



T
a

b
le

1
co

n
ti

n
u

ed

S
o

u
rc

e
D

F
M

S
F

P
S

N
K

(T
im

e)
S

N
K

(T
re

at
m

en
t)

C
o

n
tr

o
l

O
M

O
M

N
S

ta
rt

E
n

d

A
b

u
n

d
an

ce
o

f
1

B
T

im
e

(T
I)

1
9

.6
8

0
.0

9
n

s
n

a
n

a
n

a

T
re

at
em

en
t

(T
R

)
2

2
4

3
.6

4
2

.2
9

n
s

n
a

n
a

T
I

9
T

R
2

2
4

0
.9

1
2

.2
7

n
s

R
es

id
u

al
s

1
2

1
0

6
.2

2

T
o

ta
l

1
7

A
b

u
n

d
an

ce
o

f
2

A
T

im
e

(T
I)

1
6

4
9

.2
0

6
.1

8
*

*
n

s
n

s
E

n
d
\

S
ta

rt

T
re

at
em

en
t

(T
R

)
2

4
2

7
.0

3
4

.0
7

*
n

s
[O

M
,

O
M

N
]
\

C
o
n

tr
o

l

T
I

9
T

R
2

1
3

0
.6

7
1

.2
4

n
s

R
es

id
u

al
s

1
2

1
0

4
.9

9

T
o

ta
l

1
7

A
b

u
n

d
an

ce
o

f
2

B
T

im
e

(T
I)

1
6

9
8

.1
3

1
8

.6
5

*
*

n
s

E
n

d
\

S
ta

rt
E

n
d
\

S
ta

rt

T
re

at
em

en
t

(T
R

)
2

3
2

.5
0

0
.8

7
*

n
s

[O
M

,
O

M
N

]
\

C
o
n

tr
o

l

T
I

9
T

R
2

3
8

.4
0

1
.0

3
n

s

R
es

id
u

al
s

1
2

3
7

.4
3

T
o

ta
l

1
7

O
u
tp

u
t

o
f

th
e

S
tu

d
en

t
N

ew
m

an
-K

eu
ls

(S
N

K
)

p
o
st

-h
o
c

co
m

p
ar

is
o
n

te
st

s
(a

t
a

=
0

.0
5
)

ca
rr

ie
d

o
u

t
to

id
en

ti
fy

w
h

en
(S

N
K

T
im

e)
an

d
am

o
n

g
w

h
ic

h
se

ts
o

f
p

lo
ts

(S
N

K
T

re
at

m
en

t)
th

e
si

g
n

ifi
ca

n
t

d
if

fe
re

n
ce

s
o

cc
u

rr
ed

.
n

a:
n

o
t

av
ai

la
b

le
.

n
s:

n
o

t
si

g
n

ifi
ca

n
t.

*
P

\
0

.0
1

;
*

*
P

\
0

.0
0
1

;
*

*
*

P
\

0
.0

0
0

1

Biodivers Conserv (2009) 18:33–54 41

123



(P \ 0.05 and P \ 0.01 for OM and OMN, respectively) and when OM and OMN plots

were compared with the Control at the end of the experiment (all P \ 0.05).

Nematode structural and functional biodiversity

All diversity indexes are summarized in Table 6 and did not display significant differences

among plots during the experiment (Tables 1 and 2). All diversity indexes, except for

Shannon, were higher in the Control than in the treated plots at the start and the end of the

experiment.

Deposit feeders (1A + 1B) were the main trophic group (41–44%) for all experimental

plots except for the OM at the end of the experiment when epistrate feeders became the

dominant group (52%; Fig. 6). The abundance of selective deposit-, epistrate feeders and

predators displayed a high variability between the start and the end of the experiment and

among the plots (Table 1). The change (shift) during the experiment was higher in the

treated plots than in the Control plots, in particular the decreasing of selective deposit

feeders and predators and the increasing of not selective deposit- and epistrate-feeders

were significantly higher in OM and OMN plots than in the Control. No significant changes

(shift) between the start and the end of the experiment was observed for each trophic group

in the Control (Table 2).

Table 2 Output of the one-way analysis of variance for the shift from the start to the end of the experiment,
normalized to the start of the experiment, for meiofaunal abundance, richness of taxa, nematode diversity as
E(51) and the abundance of each nematode trophic group

Source DF MS F P SNK (Shift) Tendency

Meiofaunal abundance Treatement (TR) 2 0.01 1.21 ns na

Residuals 6 0.01

Total 8

Number of taxa Treatement (TR) 2 0.18 34.82 *** OMN [ [OM, Control] Decrease

Residuals 6 0.01

Total 8

Nematode diversity E(51) Treatement (TR) 2 0.07 0.70 ns na

Residuals 6 0.09

Total 8

Abundance of 1A Treatement (TR) 2 0.54 91.12 *** [OM, OMN] [ Control Decrease

Residuals 6 0.01

Total 8

Abundance of 1B Treatement (TR) 2 1.63 5.76 * OMN [ Control Increase

Residuals 6 0.28

Total 8

Abundance of 2A Treatement (TR) 2 0.32 19.72 ** [OM, OMN] [ Control Increase

Residuals 6 0.02

Total 8

Abundance of 2B Treatement (TR) 2 0.18 6.87 ** [OM, OMN] [ Control Decrease

Residuals 6 0.03

Total 8

A general pattern (tendency) of each variable is also reported from the start to the end of the experiment. na:
not available. ns: not significant. * P \ 0.01; ** P \ 0.001; *** P \ 0.0001
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Discussion

Effect of induced hypoxic conditions on metazoan meiofaunal assemblages

The effects of hypoxic conditions on metazoan meiofaunal assemblages and nematode

diversity, inhabiting a dense P. oceanica meadow, were investigated by means of in situ

experiments. The high spatial heterogeneity of this habitat, and the presence of rizhome

and leaves in the corers were responsible for a high variability of meiofaunal assemblages

among the selected plots at the start of the experiment. This variability masked the effects

of induced hypoxic-anoxic conditions in the experimental plots since, in most cases, dif-

ferent variables displayed the same pattern in the OM, OMN and Control plots (Table 1).

The effects of the organic enrichment on the meiofaunal assemblages resulted more

evident normalising the shift of all the investigated variables with the value observed at

the start of the experiment in each plot (Table 2). This approach allowed unbiased
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Fig. 4 Meiofaunal vertical profile in the sediments (ind. 10 cm-2). Reported are Nematodes, Copepods
(including nauplii) and others higher taxa (including Polychaetes, Ostracods, Tardigrades, Amphipods,
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interpretations of the effects of the induced hypoxic-anoxic conditions on meiofaunal

assemblages inhibiting P. oceanica meadows.

The addition of sugar and nutrients in a pristine area resulted in immediate changes in

sediment characteristics as reported in details in Pérez et al. (2007). Sediments enriched with

organic sources (i.e., OM and OMN plots) became rapidly anoxic, black and rich in sulphides

as reported after three months from the start of the experiment (intermediate sampling for

sulphur pools, May 2007; Pérez et al. 2007). No evident changes were observed in the

sediments of the Control plots, which were characterised by low sulphide concentrations.

The hypoxic-anoxic conditions of OM and OMN plots (Pérez et al. 2007), resulted in

the significant decrease of metazoan meiofaunal richness of higher taxa but, apparently, no

effects were observed on meiofaunal abundance. According to previous studies dealing

with the effects of the organic enrichment on meiofauna (Modig and Olafsson 1998;

Schratzberger and Warwick 1998; Mazzola et al. 1999; -2000; La Rosa et al. 2001; Austen

and Widdicombe 2006), such changes are due to the reduced oxygen availability and toxic

Table 5 Coefficients of dissim-
ilarity in nematode species
composition (data abundance
presence/absence transformed)
between OM-OMN and Control
plots

Plot % coefficient of dissimilarity

Start End

Control vs OM 53 56

Control vs OMN 47 66

start

end

OMN

Control

Control

OMN

OMN

20 40 60 80 100

Control

OM

OM

OM

Similarity

a

20 40 60 80 100

Similarity

OMN

OM

OM

OMN

OMN

OM

Control

Control

Control
b

Fig. 5 Cluster analyses based on the species composition in the Control, OM and OMN plots at (a) the start
and (b) the end of the experiment, respectively
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effect of the high H2S concentrations induced by the organic enrichment. This was also

confirmed by the high shoot mortality and the reduction of biomass of the P. oceanica
meadow as a consequences of the direct toxic effects of sulphide intrusion to the plants

compared to the Control plots (Pérez et al. 2007). At the start of the experiment, meio-

faunal abundance showed high variability among the different types of plots and among

replicates within the same plot (i.e. in OM plot, the value of abundance of one replicate

was 3–5 times higher than the other two replicates, Fig. 3). This high variability can be

related to the complexity of the substrates (sediments, rizhome and root parts) as strongly

influenced the distribution of meiofaunal organisms in the P. oceanica seagrass and

masked the potential effects of the hypoxic-anoxic conditions on meiofaunal abundance.

This high variability is reported in previous studies on meiofaunal assemblages in a P.
oceanica meadow where meiofaunal abundance displayed high variability in each sam-

pling performed on monthly basis (Danovaro and Gambi 2002). In the present experiment,

the different plots were situated 5 m apart to avoid any influence of the organic enrichment

on the Control plots as suggested by the low concentrations of sulphur pools reported in the

intermediate and final sampling (Pérez et al. 2007). Meiofaunal abundances observed in

Control plots were comparable to those reported in other P. oceanica beds of the NW

Mediterranean where values displayed evident temporal variability (Ligurian Sea;

Danovaro 1996; Danovaro and Gambi 2002). Both nematodes and copepods are most

likely characterised by strong temporal variability also on monthly basis (Danovaro and

Gambi 2002) and we can conclude that the differences reported in the Control plots are

related to the temporal variability of the meiofaunal assemblages since no changes in

sulphide pools were observed in the sediments. Hypoxic conditions altered meiofaunal

community structure: nematodes, the most tolerant taxon to the hypoxia, increased their

dominance at the end of the experiment as a consequence of the reduction of copepods

abundance and the complete disappearance of the other higher taxa (with the exception of

few amphipods in the OMN plots). Nematodes are the main components of the ‘‘thiobios’’,

which is composed by organisms adapted to live, temporarily, in anoxic sediments (Powell

1989; Giere 1993; Modig and Olafsson 1998). Despite their numerical decrease, some

copepods were still present in OM and OMN plots at the end of the experiment, thus

suggesting that a) some copepod species are tolerant to the effects of organic enrichment

or/and b) are very recent and temporary invaders of the experimental plots and these

aspects require further investigations. However, our results are consistent with those

reported by Mazzola et al. (2000) in sediment beneath fish farms and by Sandulli and De

Nicola-Giudici 1990, 1991 in sediments close to a sewage discharge.

0

20

40

60

80

100

Control

%

1A 1B 2A 2B

start end

OM OMN Control OM OMN

Fig. 6 Trophic structure of
nematode assemblages in the
Control, OM and OMN plots at
the start and the end of the
experiment. Reported are the
percentages of 1A selective
deposit feeders, 1B non-selective
deposit feeders, 2A epistrate
feeders and 2B predators/
omnivores
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Additional evidence of the effects of the organic enrichment is provided by the analysis

the vertical profile of metazoan meiofaunal distribution in the sediment. The high sulphide

concentrations in deeper sediment layers of both OM and OMN plots hampered meiofaunal

penetration below 5–6 cm and 2–3 cm depth, respectively. Conversely, in the Control and

in the OMN and OM plots at the start of the experiment, metazoan meiofauna were able to

penetrate up to 10 cm depth as typically observed in pristine coastal sediments (Danovaro

et al. 2000a; Vanaverbeke et al. 2004).

Effects of hypoxic-anoxic conditions on nematode diversity

The analysis of nematodes to species level provided useful insights on the impact of

organic enrichment and induced hypoxic-anoxic conditions in the seagrass sediments.

Conversely to what was expected, the values of species richness were comparable among

the different sets of plots and no significant differences were reported. Our results suggest

that hypoxic-anoxic conditions did not influence the number of species within nematode

assemblages. However, the induced anoxia provoked evident changes in the nematode

community with the increase of the coefficient of dissimilarity in the species composition

(i.e. species turnover). In fact in the Control plots nematode assemblages displayed low

variability in the species composition during the experiment whereas the plots enriched

with organic matter displayed significant changes in the nematode species composition

from the start to the end of the experiment. Therefore, while at the start of the experiment

the nematode community of Control, OM and OMN plots were mixed up, the hypoxic-

anoxic conditions increased the dissimilarity of species composition between OM and

OMN plots and the Control (Fig. 5 a,b). This suggests that nematode assemblages are

subjected to temporal variability in the species composition (as observed in the Control

plots) but the induced hypoxic conditions increased the dissimilarity a) within OM and

OMN plots between the start and the end of the experiment; b) among the OM, OMN and

Control plots at the end of the experiment. Moreover, our results suggest that the highest

turnover diversity was present within the OMN plots. The high concentrations of sulphur

pools increased the dissimilarity in species composition as suggested by the analysis of the

turnover diversity between OM-OMN vs. Control plots (Table 5). The increase in turnover

diversity was due partly to a species replacement and partly to changes in the relative

importance in the species consistently present in each treated plots. In fact, the most

abundant genera at the start of the experiment, Desmoscolex and Bolbolaimus, disappeared

in treated plots, thus revealing a highly sensitivity to the hypoxic-anoxic condition. These

genera were replaced by Chromadorella, Sabatiera and Polysigma, which resulted more

tolerant to these conditions.

Our results indicate that Sabatiera, being abundant in hypoxic-anoxic sediments, (3–6

times more abundant in the treated plots than in the Control) could be proposed as indicator

of organic enrichment (Vanreusel 1990; Vincx et al. 1990; Lampadariou et al. 1997;

Schratzberger and Warwick 1998; Mirto et al. 2002; Schratzberger et al. 2007; Steyaert

et al. 2007) and suggest a species-specific response to the effects of these extreme con-

ditions (Essink and Keidel 1998; Bongers and Ferris 1999; Mirto et al. 2002; Vanaverbeke

et al. 2004; Steyaert et al. 2007).

Despite of the relevant changes in the nematode species composition in hypoxic plots,

all other diversity indexes did not display significant differences and we observed an

increase of the nematode species evenness in OM and OMN plots at the end of the

experiment. These results were surprising since ecological disturbance generally determine
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a reduction of diversity and of the evenness (Steyaer et al. 2007). These suggest that

changes induced by the presence of hypoxic-anoxic conditions in a P. oceanica meadow

had a minor impact in terms of diversity indexes, but had important effects on the com-

munity structure and species composition of meiofaunal assemblages.

The high species turnover and the significant change of the nematode functional

diversity (as trophic diversity) observed in this experiment can have important ecological

implications on the functioning of seagrass habitats, since nematodes are a food source for

higher trophic levels and, in particular, for juvenile fishes associated to these ecosystems.

We also found that in treated plots, non-selective deposit- and epistrate-feeders increased

significantly from the start to the end of the experiment whilst the contribution of selective

deposit feeders and predators significantly decreased in the OM and OMN plots. Since

meiofaunal predators can alter macrofaunal community structure, by predating selectively

certain species of the temporary meiofauna (Danovaro et al. 1995), the changes of the

nematode trophic composition induced by the hypoxic-anoxic conditions might have

important consequences on macrofaunal assemblages and higher trophic levels (Danovaro

et al. 1995b; Amara et al. 2000).

Conclusions

Our results based on in situ experiments indicate that meiofaunal assemblages changed

significantly in response to the hypoxic-anoxic conditions, with an immediate reduction of

the richness of higher taxa. Nematodes were the most tolerant organisms as, conversely to

what was expected, their species richness did not change in plots characterised by high

sulphur pools. Their species composition displayed significant changes between the start

and the end of the experiment in the treated plots and among the Control, OM and OMN

plots at the end of the experiment. Our results suggest that natural or anthropogenic

phenomena inducing hypoxic-anoxic conditions in seagrass systems, can alter the nema-

tode structural and functional biodiversity with potentially important implications on

benthic food webs of these ecosystems.
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