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ABSTRACT: Eutrophication in coastal areas promotes blooms of green  m acroalgae that accum ulate 
on the sediment, affecting the exchange of mass and energy at the sed im ent-w ater interface. The 
effects of m acroalgal blooms on the microbenthic net metabolism and on the carbon and nitrogen 
contents of the sedim ent w ere studied during an in situ experim ent. Two sedim ent enclosures (with 
and w ithout macroalgae) of 1.5 x 1.5 m2 w ere installed and m aintained 2 to 3 w k during every season 
on an intertidal sedim ent flat in the Sancti Petri C hannel (Bay of Cádiz, Spain) from summer 2002 to 
spring 2003. Biomass of the m acroalgae changed seasonally, w ith a minimum in w inter and a m axi­
mum in summer (annual mean: 188.3 ± 97.3 g dry wt n r 2). This relatively low m acroalgal biomass 
always suppressed the photosynthetic activity of microphytobenthos, decreased the oxygen avail­
ability for the sedim ent and reduced the oxygen penetration depth  in the light and in the dark. The 
microbenthic community metabolism clearly shifted to heterotrophic, while the photoautotrophic 
activity was located in the m acroalgal canopy. This m acroalgal m at was net autotrophic, and more 
productive than the m icrophytobenthic community inhabiting the bare sediment. Part of the m acroal­
gal production was buried in the sediment, increasing its carbon and nitrogen contents w ith respect 
to bare sedim ent during all seasons except spring. Concentrations of inorganic nutrients in the sedi­
m ent w ere always higher below the m acroalgal mat than in bare sediment, likely due to a direct input 
of inorganic nitrogen and phosphate associated w ith m acroalgal debris.
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INTRODUCTION

Eutrophication promotes blooms of green  m acro­
algae in estuaries and other shallow environments, 
which then tend to accum ulate on the sedim ent in 
large am ounts (Valiela et al. 1997). Ulva spp., includ­
ing the former genera Enteromorpha (Hayden et al. 
2003) and Cladophora are the dom inant taxa, probably 
because of their rapid grow th rates under high nutrient 
loading (Valiela et al. 1997). M acroalgal blooms are a 
w idespread phenom enon that affects ecosystem struc­
ture and function in different ways. They have been 
shown to negatively affect other benthic communities 
like seagrass beds (Den Hartog 1994), m icrobenthic

communities (Sundbäck et al. 1990, 1996) and m acro­
fauna (Norkko & Bonsdorff 1996). M ajor and more 
obvious effects are due to light attenuation for underly­
ing photosynthetic communities and the generation of 
hypoxic or anoxic conditions. This leads to the produc­
tion and accum ulation of hydrogen sulphide in dense 
m acroalgal mats and in the sedim ent below the mat 
(N edergaard et al. 2002, Lomstein et al. 2006).

In estuaries and shallow w ater bodies, the sediment 
plays an im portant role in local biogeochem ical cycles. 
Photosynthetic activity of m icrophytobenthos may 
account for a large portion of the total prim ary produc­
tion in these environm ents (MacIntyre et al. 1996), and 
therefore represents an im portant carbon source for
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benthic heterotrophs (M iddelburg et al. 2000). In addi­
tion, biological activities of microbenthos play an 
im portant role in the oxygen and nutrient availability 
of the sed im ent-w ater interface affecting the m ineral­
isation of organic m atter and the cycling of elem ents 
(Risgaard-Petersen 2003). Growth and deposition of 
m acroalgal blooms at the sedim ent surface have been 
shown to affect the microphytobenthos and the nutri­
ent net exchange at the sed im ent-w ater interface 
(Sundbäck et al. 1990, 1996, Lavery & McComb 1991). 
This is a particularly complex process because the 
m acroalgal biomass not only represents a large addi­
tional source of organic matter, but this biomass is 
physiologically active as well and is likely to compete 
with microphytobenthos for light and inorganic nutri­
ents. Moreover, the physiological activity and growth 
rate of m acroalgal blooms change seasonally, and their 
effects on the net exchange of oxygen and nutrients at 
the sed im ent-w ater interface are likely to change 
accordingly.

The general aim of the present study was to analyse 
the effects of blooms of green  m acroalgae on the in ter­
tidal microbenthic community of bare sedim ent in situ, 
particularly their biogeochem ical consequences. We 
tested 3 specific hypotheses: (1) m acroalgae might 
inhibit m icrophytobenthos (MPB) photosynthetic activ­
ity, changing the net m etabolism of the microbenthic 
community to net heterotrophic; (2) the expected 
changes in the net metabolism might affect the rates 
and pathw ays of organic m atter mineralisation, stim u­
lating anaerobic metabolism like sulphate reduction; 
and (3) m acroalgae are likely to affect the C and N 
content of intertidal sediments, both directly, being 
them selves a source of organic and inorganic nutrients 
for the sediment, and/or indirectly, by affecting re le ­
vant processes in the C and N biogeochem ical cycles 
(as a consequence of Points 1 and 2). We show, at 
microscale, how the presence of m acroalgae at the 
sedim ent surface alters the net exchange of oxygen at 
the sed im ent-w ater interface and the content of car­
bon, nitrogen and inorganic nutrients of intertidal sed ­
iments by com paring 2 experim ental in situ enclosures 
with and without m acroalgae during the 4 seasons. 
Our contribution represents one of the first in situ 
experim ental studies addressing the effect of m acro­
algal blooms on the ecology of microbenthos.

MATERIALS AND METHODS

Study site, experimental design of in situ  experi­
ments and samples of macroalgae. M easurem ents 
w ere perform ed on intertidal sedim ents at the Sancti 
Petri Channel (36° 25'23.5" N, 6° 12'53.8" W, Bay of 
Cádiz, Spain), from July 2002 to M ay 2003 (Fig. 1). The
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Fig. 1. G eo g rap h ical loca tion  of th e  s tu d y  site

Bay of Cádiz is influenced by a sem i-diurnal tidal 
cycle, w ith a m ean tidal am plitude of 2.2 m. At the 
sam pling site, the sedim ent was mainly composed of 
silt and clay, since > 90 % of the particles w ere < 63 pm. 
During each season (July and Novem ber 2002 and 
February and May 2003), 2 enclosures (1.5 x 1.5 m2, 
2 m height) w ith and w ithout m acroalgae w ere 
installed at randomly selected locations and m ain­
tained for 2 to 3 w k to avoid displacem ent of m acroal­
gae during the sam pling period and therefore possible 
changes in the environm ental conditions of the sedi­
ment. The enclosures consisted of a frame of PVC 
tubes and a plastic netting w ith a m esh size of 2 cm 
placed on the sediment. The plastic netting was put 
only on the sides of the frame, and thus the top and 
bottom w ere open. The upper edges of the enclosures 
w ere always higher than  the height of spring tide. 
Field work started at least a w eek after establishm ent 
of the enclosures.

The m acroalgae consisted mainly of tubular Ulva 
spp. (the former genus Enteromorpha-, H ayden et al. 
2003) partially attached to sediment. Biomass density 
of the m acroalgae w as determ ined by cutting out 2 
randomly chosen squares of sedim ent (10x10 cm) with 
a knife. The samples w ere transported to the labora­
tory on ice. The m acroalgae w ere w ashed w ith sea­
w ater from the sam pling site, rinsed w ith filtered sea­
w ater (GF/F W hatman) and finally w ere w iped dry 
gently w ith tissue paper. Dry w eight (DW) was d e te r­
m ined after 24 to 48 h at 60°C.

Inorganic nutrients. Inorganic nutrients (nitrate, 
nitrite, ammonium and phosphate) w ere m easured in
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the w ater column, in the m acroalgal biomass and in 
the sediment. Inorganic nutrients in the w ater column 
w ere determ ined in triplicate samples collected during 
day time and high tide at a distance of 1 to 10 m from 
the enclosures. The samples w ere transported to the 
laboratory on ice and w ere filtered over glass fibre fil­
ters (GF/F Whatman) and stored at -20°C until analy­
sis on a Technicon Traacs 800 autoanalyser following 
standard protocols (Grasshoff et al. 1983).

Intracellular inorganic nutrients w ere extracted 
according to Corzo & Nieli (1992). A Powder of dry, 
hom ogenised m acroalgae (0.05 g), obtained from the 
samples taken  for biomass density, was incubated in 
4 ml of Milli-Q w ater at room tem perature for 2 h. 
Extracts w ere centrifuged at 3000 x g  for 10 min, and 
inorganic nutrients w ere m easured in the collected 
supernatant using a TRAACS-800 autoanalyser.

Freeze-lysable inorganic nutrients in the sedim ent 
w ere m easured as follows. Five sedim ent cores (inter­
nal diam eter [i.d.] = 1.6 cm) w ere random ly collected 
from both enclosures every season. Sedim ent slices of 
1 mm thickness w ere im m ediately cut w ith a razor 
blade from every core. Slices of the same depth  from 
each enclosure w ere pooled in a plastic screw-cap 
tube, frozen in liquid nitrogen and stored at -80°C. 
The samples w ere thaw ed overnight at 1°C and cen ­
trifuged for 30 min at 2350 x g  and 4°C to extract in ter­
stitial water. N utrient concentrations in the extracted 
interstitial w ater w ere m easured using a TRAACS-800 
autoanalyser. This m ethod extracts both pore w ater 
nutrients and intracellular nutrients from the sedim ent 
microbiota (Lomstein et al. 1990, Sayam a 2001, Fergu­
son et al. 2004).

M icroelectrode measurements. Sedim ent cores 
from both enclosures w ere collected during low tide 
with Plexiglas tubes (i.d. = 5.6 cm). They w ere quickly 
transported to the laboratory and m ounted in a tem ­
perature-controlled flow chamber, w here m icroelec­
trode m easurem ents w ere perform ed (Lorenzen et al.
1995). The cham ber was continuously flushed w ith fil­
tered  seaw ater from the sam pling site at in situ tem ­
perature and a flow velocity of about 0.5 cm s_1. V erti­
cal steady-state profiles of oxygen, pH and sulphide 
w ere m easured w ith m icroelectrodes in the cores incu­
bated  in the dark  and in the light at a constant photon 
flux density (PFD) of 1000 pmol photons n r 2 sA (halo­
gen lamp, Novaflex, World Precision Instruments). We 
checked that photosynthetic activity was saturated 
at this PFD according to photosynthesis-irradiance 
curves (results not shown) obtained by pulse am pli­
tude m odulated (PAM) fluorimetry (PAM 2000, Waltz).

Oxygen, pH and sulphide m icroelectrodes w ere p u r­
chased from Unisense. The oxygen sensors (Revsbech 
1989) had  a tip diam eter of 20 to 30 pm, a response 
time of 0.2 to 0.4 s, and a stirring sensibility <2% . Lin­

ear calibration was perform ed by considering the well 
oxygenated overlying w ater in the flow cham ber to 
represent 100% saturation of 0 2 and the anoxic layer 
inside the sedim ent to represent 0% saturation. Sul­
phide and pH m icroelectrodes had  a tip diam eter sim­
ilar to that of the oxygen microelectrodes and w ere 
used and calibrated as reported  elsew here (Kühl et al. 
1998, Corzo et al. 2005a). Total sulphide (H2S) was cal­
culated from dissolved sulphide and pH (Kühl et al. 
1998). Oxygen and sulphide m icrolectrodes w ere con­
nected to a highsensitivity picoam m eter (Unisense 
PA2000), and the pH microlectrode was connected to a 
high-im pedance mV-meter (Meterlab). The signals 
from the picoam m eter and the mV-meter w ere reg is­
tered  by a strip chart recorder. M icroelectrodes w ere 
m ounted in a m echanical m icrom anipulator (Unisense) 
and w ere driven down into the sedim ent or the 
m acroalgal mat w ith a step resolution of 100 pm.

Oxygen fluxes across the sed im ent-w ater interface, 
net production (Pn) and dark respiration (Rd) w ere cal­
culated from the oxygen profiles in the light and in the 
dark, respectively, using the equation of Fick's first law 
of diffusion according to Revsbech & Jorgensen (1983). 
The molecular diffusion coefficient (D0) was obtained 
from in situ salinity and tem perature from every sea­
son w ith the help of tables published online by 
Unisense (w ww.unisense.com ). D0 values used in our 
calculations ranged  betw een 1.7467 x IO-5 cm s_1 (Feb­
ruary 2003) and 2.2239 x IO-5 cm s_1 (May 2003). V erti­
cal profiles of gross photosynthesis rate (Pg) w ere m ea­
sured by the lig h t-d a rk  shift technique and integrated 
over depth  to produce areal rates (Revsbech & Jo r­
gensen 1983, Glud et al. 1992).

Carbon and nitrogen contents. Total carbon (C) and 
total nitrogen (N) contents of the sedim ent and of the 
m acroalgal canopy w ere m easured using an elem ental 
analyser (LECO CHNS 932). Three replicate sediment 
cores (i.d. = 1.6 cm) w ere sliced in 2 layers, 0 to 2.5 
and 2.5 to 5 mm. The slices w ere dried (60°C), 
hom ogenised and stored frozen at -20°C until their 
analysis. Subsamples of the m acroalgae collected for 
the determ ination of m acroalgal biomass w ere used to 
determ ine tissue content of C and N (Corzo & Nieli 
1991).

To ease the comparison of the impact of m acroalgae 
on C and N contents and the C:N ratio of the sediment, 
w e norm alised these variables as follows:

i x  = X \ X c x m  (i)
A c

w here the impact of m acroalgae on any X  param eter 
(Ix ) has been  calculated as the difference betw een  the 
value of X  in the m acroalgal covered sedim ent (XM) 
and its value in the control sedim ent (Xc), norm alised 
to the last value.

http://www.unisense.com
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Statistical analysis. Differences betw een variables 
due to the presence/absence of m acroalgae or due to 
seasonal changes w ere tested by 1-way analysis of 
variance (ANOVA). Comparisons of 2 m eans w ere 
done using Student's t-test. Statistical analyses w ere 
perform ed using the software Statgraphics Plus 5.1. All 
m eans are given with ± SD, unless stated otherwise.

RESULTS 

Macroalgal biomass

M acroalgal biomass (annual mean: 188.3 ± 97.35 g 
DW n r 2), consisting mainly of tubular Ulva spp., 
changed seasonally, w ith minimum and maximum 
values observed in w inter and summer, respectively 
(Fig. 2A). A nnual biomass changes w ere linearly corre­
lated to changes in tem perature (r2 = 0.659, p < 0.05), 
but w ere not correlated to changes in the concentra­
tion of nutrients in the w ater column (p > 0.05). Inor­
ganic nutrient concentrations w ere low during the 
annual cycle, always <7 pM. Nitrate, nitrite and 
ammonium peaked  in w inter (Fig. 2B).

Carbon and nitrogen contents of m acroalgae in ­
creased during the studied period, but the increase in N 
was higher, since the C:N ratio decreased during the 
spring of 2003 (Fig. 3A). M acroalgae mainly stored inor­
ganic nitrogen, in the form of nitrate, during autumn, up 
to 108.7 ± 28.3 pmol g-1 DW (Fig. 3B). Minimum contents 
of inorganic nitrogen w ere observed in summer.

Oxygen concentration and net metabolism at the 
sedim ent-water interface

The intertidal m icrobenthos w as photosynthetically 
active in all 4 seasons in the control enclosures, which 
was shown by the difference in oxygen distribution at 
the sed im ent-w ater interface in the light and in the 
dark (Figs. 4 & 5). Oxygen penetration depth  in the 
dark was 0.56 ± 0.16 mm, while in the light it reached 
2.48 ± 0.45 mm (Table 1). This community was net 
autotrophic in every season, since Pn was always posi­
tive (Fig. 6). Pg ranged betw een 8.6 ± 6.3 and 24.3 ± 
4.8 mmol 0 2 n r 2 hr1. Minimum Pg and Pn rates w ere 
observed in autum n, and maximum values w ere 
observed in spring; however, the differences among 
seasons w ere not statistically significant (p > 0.05, 
ANOVA). Similarly, seasonal changes in R d w ere not 
significant (p > 0.05, ANOVA); the annual m ean was 
2.5 ± 0.9 mmol 0 2 n r 2 I r 1 (Fig. 6, Table 1).

The presence of m acroalgae increased the extension 
and complexity of the ben th ic-pelag ic  interface, as 
com pared w ith bare sediment, leading to irregularly
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Fig. 2. (A) A n n u a l ch an g es in  m acro a lg a l b iom ass a n d  w a te r  
colum n tem p e ra tu re , a n d  (B) n itra te , n itrite , am m onium  an d  
p h o sp h a te  concen tra tions in  th e  w a te r colum n. D ata  a re  

m ean s ± SD (error bars) (n = 2 to 3)

shaped oxygen profiles in the light and the dark 
(Figs. 4 & 5). M acroalgae w ere always photosyntheti­
cally active, since the differences betw een the 0 2 
profiles in the light and in the dark w ere evident du r­
ing all seasons (Figs. 4 & 5). Gross photosynthesis rates 
changed seasonally from 21.4 ± 11.7 to 59.4 ± 
22.7 mmol 0 2 n r 2 h r1, w ith maximum rates observed in 
February (Fig. 6A). Average gross prim ary production 
increased significantly from 18.7 ± 8.4 in bare sedi­
m ent to 32.9 ± 19.4 mmol 0 2 n r 2 I r 1 w ith m acroalgae 
(p < 0.03, t-test). Pn and Rd of the m acroalgal mat w ere 
lower than  the values for the same param eters m ea­
sured for the m icrobenthos in bare sedim ent (Table 1). 
However, as w e will discuss later, we believe that Pn 
and Rd might be severely underestim ated w hen calcu­
lated from the oxygen gradient at the diffusive bound­
ary layer (DBL) betw een the mat and the w ater 
column.

M acroalgae fully suppressed the photosynthetic 
activity of microbenthos in all seasons; therefore, net 
metabolism of the microbenthic community shifted to 
heterotrophic (Figs. 4 & 5, Table 1). In addition, the 
effect of m acroalgae on the oxygen exchange at the 
sed im ent-w ater interface depended  on light availabil­
ity. During the dark period, oxygen was fully ex-



C orzo et al.: M acroa lgal b loom s on in te rtid a l sed im en ts 85

25  j

Q
2 0 -

T-
O)
Ö
E

1 5 -

b . 1 0 -
z
0 5 -

0 -

5
Q

140-,
O)
0

120-

=L 100-

' n
O

80-

z
+ "

60-

N
H 40-

1CO■st
O
CL

2 0 -

0 -

0 2 (pM)
0 200 400 600 800 1000 1200

Jul 02 Aug Nov Dec Feb May 03

-0 - P 0 43- B
n h 4+

-X- NO3-
-0- n o 2-

/ / A
T \  / / \  / ' ' '  '

1——-^Sr

0.2

o . i s |

0.16 o> 
"o

0.14 E

O
0.12 

0.1 * "

0.08
Jul 02 Aug Nov Dec Feb May 03

Fig. 3. (A) A n n u a l ch an g es in  to ta l C an d  N  con ten ts a n d  th e  
C:N  ra tio  of m acro a lg ae , a n d  (B) tissu e  con ten ts of in o rgan ic  
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hausted inside the m acroalgal m at in about 30 % of the 
m easured profiles (mainly in July 2002), dem onstrating 
that anoxic conditions can develop daily within the mat 
even at m oderate biomass (Fig. 5). M acroalgae consid­
erably reduced Rd at the sed im ent-w ater interface in 
the dark (p < 0.01, t-test). However, the decrease in the 
oxygen penetration depth  was not significant with 
respect to the control (Table 1). In the light, the con­
centration of 0 2 w ithin the mat and close to the sedi­
m ent surface was frequently equal to or higher than 
the concentration in the bulk water, due to the photo- 
synthetic activity of the m acroalgae. Therefore, m acro­
algae inhibited the Pg of m icrophytobenthos, but 
increased the aerobic respiration of the sediment, p ro­
ducing a negative net production similar to that found 
in bare sedim ents in the dark (-2.6 ± 1 .9  mmol 0 2 n r 2 
I r 1; Fig. 6B, Table 1). Under these conditions, m acroal­
gae reduced the oxygen penetration depth  in the sedi­
m ent to 0.96 ± 0.54 mm in the light (p < 0.01, t-test; 
Table 1, Fig. 5).

Sulphide was never detected  in the control enclo­
sures, although it was found in the sedim ent below the 
m acroalgal mat in some samples (Fig. 4). In these 
cases, the sulphide concentration was higher in the 
dark than  in the light.
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Fig. 4. R ep resen ta tiv e  v e rtica l profiles of (A) 0 2 a t th e  se d i­
m e n t-w a te r  in te rface  in  b a re  sed im en t a n d  (B) 0 2 a n d  H 2S in  
sed im en t co vered  w ith  m ac ro a lg ae  in  F eb ru a ry  2003. Gross 
p h o tosyn thesis ra te s  a re  re p re se n te d  b y  b a rs  at d ifferen t 

d ep ths. Pg: gross p rim ary  p ro d u c tio n

C and N contents of the sediment

The total carbon content of sedim ent decreased sig­
nificantly with depth  (p < 0.01, ANOVA), but no signif­
icant differences w ere observed for total nitrogen or 
the C:N ratio betw een depths (Fig. 7). The presence of 
the m acroalgae significantly increased the m ean 
annual C and N contents of the sedim ent (p < 0.01, 
ANOVA). However, the increase in N was higher, 
leading to a significant decrease in the C:N ratio 
(p < 0.01, ANOVA).

The effect of m acroalgae on the C and N contents 
and the C:N ratio of the sedim ent changed seasonally
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co v ered  w ith  a  m acro a lg a l m at, in  th e  lig h t a n d  in  th e  dark . D a ta  a re  m ean s of 4 profiles

(p < 0.01, ANOVA). The effect of m acroalgae on C was 
positive during all seasons, except for spring, at which 
time the m icrobenthos in absence of m acroalgae con­
tained more C than  under the m acroalgal canopy 
(Fig. 8). A similar response was observed for the N con­
tent in the upper 2.5 mm, although it increased less 
than C (Fig. 8).

Table 1. R ates of gross p rim ary  p roduction  (Pg), n e t p ro d u c tio n  (Pn) an d  d a rk  re sp i­
ra tio n  (Rd) of th e  m acro a lg a l canopy  an d  m icroben thos in h ab itin g  b a re  sed im en t 
an d  sed im en t co v ered  w ith  m acro a lg ae . D a ta  w e re  o b ta in ed  from  oxygen  m ic ro ­
electrode m easu rem en ts  du rin g  th e  an n u al cycle (expressed  as m m ol 0 2 n r 2 h _1 ± 
SD; n  = 10 to 16). T he oxygen  p e n e tra tio n  d ep th s (mm) w ith in  th e  sed im en t in  th e  
d a rk  a n d  in  th e  ligh t a re  also p re sen ted . N ote th a t Pg is no t e q u a l to  Pn + Rd, 
b e ca u se  th e  re sp ira tio n  ra te  in  th e  ligh t is m u ch  h ig h er th a n  R d. no t app licab le

Accumulation of inorganic nutrients in the sediment

P, Pn Rd —  0 2 d e p th  m m  —  
D ark  Light

B are  sed im en t 
C o v ered  sed im en t 
M acro a lg ae

18.7 ± 8.4 
0

32.9 ± 19.3

11.0 ± 4 .4  
-2 .6  ± 1.9 

3.9 ± 2.6

2.5 ± 0.9 
0.3 ± 0.3 
1.1 ± 0.7

0.6 ± 0.2 
0.5 ± 0.5

2.5 ± 0.4 
1.0 ±0 .5

Concentrations of freeze-lysable inorganic nutrients 
in the bare sedim ent changed considerably during the 
year (Fig. 9A-D). M aximum concentrations in the 
upper 1 mm of bare sedim ent w ere observed in sum ­
m er and autumn. The general pattern  reflected m axi­

mum concentrations at the sediment 
surface and a steep decrease with 
depth  in the upper 2 mm, both in bare 
sedim ent and in the presence of 
m acroalgae. Ammonium was the dom ­
inant species of inorganic nitrogen in 
the upper millimetres of bare sedi­
ment, it ranged betw een 319 and 
1209 pM. The nitrate concentration 
changed  from 18 to 84 pM, and the 
nitrite concentration, from 2 to 7 pM. 
Phosphate ranged from 34 to 118 pM.

M acroalgae increased the content of 
inorganic nutrients in the sediment. The 
effect of macroalgae on every inorganic
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Fig. 6. (A) G ross p rim ary  p ro d u c tio n  (Pg) of m ac ro a lg ae  
(+ m acroalgae) a n d  in  b a re  sed im en t (control). (B) 0 2 ex ­
ch an g e  a t th e  s e d im e n t-w a te r  in te rface . □: n e t p rim ary  p ro ­
duction  of b a re  sed im en t in  th e  light; ■: d a rk  re sp ira tio n  of 
b a re  sed im ent; O, • :  sed im en t re sp ira tio n  b e low  th e  m ac ro a l­
gal canopy  in  th e  lig h t a n d  in  th e  dark , respectively . D a ta  a re  

m ean s ± SD (error bars) (n = 4)

nutrient was quantified as the difference betw een the 
concentration in the sedim ent covered with macroalgae 
and the concentration in the bare sedim ent for every 
depth and season (Fig. 9E-H). The effect of macroalgae 
decreased with depth; the maximum differences w ere 
observed in the upper 2 mm of sedim ent for nitrate and 
phosphate during summer and autumn. Particularly, 
very large nitrate concentrations w ere observed in au ­
tumn. M acroalgae had major effects on the ammonium 
and nitrite values m easured in summer and autum n as 
well. However, maximum differences w ere observed b e ­
low the sediment surface, at a depth of 2 to 3 mm for am ­
monium and 5 to 6 mm for nitrite (Fig. 9).

DISCUSSION 

Limitations of the experimental design

The experim ental design includes (1) an unreplicated 
experiment for each season, since only a control and 1 set 
of treatm ent enclosures were used for each season due to 
logistic limitations, and (2) a replicated experiment on an
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Fig. 7. A n n u a l m ean s of (A) to ta l carbon , (B) to ta l n itro g e n  an d  
(C) th e  C:N  ra tio  of th e  sed im en t in  th e  ab sen ce  (control) an d  
in  th e  p re sen c e  of m ac ro a lg ae  in  2 lay ers of sed im en t (0 to  2.5 

a n d  2.5 to 5 m m). E rror b a rs  a re  SD (n = 12)

annual scale because the same experiment was indepen­
dently repeated  4 times during the year in randomly se­
lected plots at our study site. Therefore, inferential statis­
tics can legitimately be applied to annually averaged 
data, but not to the seasonal trends. Statistics w ere used 
in the latter case only to better describe the differences 
betw een both enclosures and to take into account the 
spatial heterogeneity  w ithin each enclosure.

Biomass and chemical composition of macroalgae

Seasonal variability in standing stocks, grow th rate 
and chemical composition of m acroalgal biomass has
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been extensively studied (Valiela et al. 1997). In our 
study, m acroalgal biomass was in the low range of 
reported values for coastal environm ents, w here the 
so-called 'g reen  tides' frequently reach <500 g DW n r 2 
(Valiela et al. 1997). In the Sancti Petri Channel, the 
low m acroalgal biomass seems to be in correspon­
dence with low concentrations of inorganic nutrients in 
the w ater column (Fig. 2). The chemical composition of 
this biomass changed seasonally (Fig. 3). Maximum 
tissue contents of C and N w ere m easured in spring. 
During this season, the C:N ratio was at its lowest, sug­
gesting more active growth. However, maximum con­
tents of inorganic N w ere found at the end of autumn, 
w hen m acroalgal biomass was lowest. The decrease in 
C:N during spring w as coincident w ith an increase in 
biomass after the w inter and a decrease of stored inor­
ganic nitrogen. Growth during this phase might have 
been partially supported by stored N, since dissolved

inorganic nitrogen in the w ater column was low during 
spring (Pedersen & Borum 1996). In addition, rapid 
uptake of inorganic nitrogen m ineralised in the sedi­
m ent has been  shown to support the grow th of 
m acroalgal blooms (Sundbäck et al. 2003).

Oxygen concentration and net metabolism at the 
sedim ent-water interface

The intertidal bare sedim ents of the Sancti Petri 
C hannel w ere inhabited by a net autotrophic micro­
benthic community in every season (Fig. 6B). M eta­
bolic rates of m icrobenthos (Pg, Pn and Rd) w ere in 
accordance with previous studies including different 
techniques (Revsbech et al. 1981, M acIntyre et al.
1996). M aximum Pn and Pg rates w ere m easured in 
spring, although the seasonal differences w ere not 
statistically significant, probably due to the high 
spatial heterogeneity  of the sediment.

The m acroalgal mat on the sedim ent increased the 
complexity and heterogeneity  of the benth ic-pelag ic  
interface w ith respect to bare sediment, leading to 
irregularly shaped oxygen profiles due to (1) micro­
scale spatial differences in the physiological state of 
m acroalgae, w hich could lead to local differences in 
gross photosynthesis and respiration rates w ithin the 
mat, and (2) the existence of channels and voids within 
the m acroalgal m at allowing the advective transport of 
oxygen w ith the w ater flow. This was evident in many 
of our profiles, w here we observed microzones within 
the mat in w hich 0 2 concentration was constant with 
depth. These channels w ere sometimes detected 
betw een 2 consecutive m acroalgal fronds or betw een 
the m acroalgal m at and the sedim ent surface. Very 
little is known about how w ater flow through the 
m acroalgal mats in nature might affect its net m etabo­
lism and nutrient exchange w ith the w ater column 
(Krause-Jensen et al. 1999). C hanges in the w ater tu r­
bulence and the physical structure (e.g. thickness, 
compactness) of the mat are likely to change the re la ­
tive contributions of molecular diffusion and advective 
transport (Krause-Jensen et al. 1999, D alsgaard 2003). 
This has methodological implications: the calculation 
of Pn and Rd from the m icroelectrode profiles at the 
DBL betw een the m acroalgal mat and the w ater col­
um n would seriously underestim ate the real rates, 
since the mass transfer betw een the mat and the w ater 
column does not occur exclusively by molecular diffu­
sion. The methodological limitations could be similar 
to those applying to perm eable sedim ents (Huettel & 
W ebster 2001). However, the application of the 
lig h t-d a rk  shift technique to m easure Pg w ithin the 
m acroalgal mat is likely to be less problematic. Our 
results w ere only about 40% lower than those mea-
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heterogeneity  in the photosynthesis and 
respiration rates within the m acroalgal mat 
(Fig. 4).

M acroalgae suppressed microphytoben- 
thic photosynthesis likely by shading, 
changing the net metabolism of m icroben­
thos from net autotrophic to fully heterotro- 
phic. Under these conditions, m acroalgae 
becam e the photoautotrophic component 
of the benthic community. Gross primary 
production almost doubled in the presence 
of m acroalgae. Similar results have been 
obtained by others w ith different experi­
m ental approaches. M acroalgae increased 
Pg 2- to 7-fold w ith respect to bare  sedi­
m ent in a field study w ith benthic cham ­
bers (Hubas & Davoult 2006), 4- to 12-fold 
in a laboratory study using a flow cham ber 
(Dalsgaard 2003) and 4- to 7-fold in out­
door microcosm incubations (McGlathery 
et al. 2001). Although m acroalgae in ­
creased Pg, both Pn and Rd w ere much 
lower than in bare sediment. But even 
assum ing the underestim ation of Pn, the 
m acroalgal mat was always net auto­
trophic, since Pn was always positive in our 
study. On the contrary, Hubas & Davoult 
(2006) found that m acroalgal mat Pn was 
always higher than that of bare  sediment, 
except in summer. In this season, benthic 
community respiration was highest, while 
Pg of m acroalgae was lowest, leading to a 
heterotrophic P:R ratio (Hubas & Davoult 
2006). However, in our study, Pn of the 
m acroalgal mat was always positive, sug­
gesting that our database does not include 
the senescence phase of the m acroalgal 
bloom, w here respiratory activity by the 
m acroalgae them selves and the associated 
biota must be higher than photosynthetic 
0 2 production. N evertheless, even in 
healthy m acroalgae, our da ta  dem onstrate 
on a microscale the existence of a diel cycle 
in 0 2 concentration and a considerable 
degree of m icroheterogeneity w ithin the 
m acroalgal mat. W hen m acroalgae ap ­
proach the senescence phase and the P:R 
ratio decreases, the frequency and ex ten­
sion of hypoxic or anoxic microzones 
w ithin the mat would increase. It has been
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sured using benthic cham bers, w here it is 
assum ed that respiration rates in the light 
and in the dark are the same (Hubas & 
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suggested that hypoxic or anoxic conditions, created 
inside the m at during the night or below the m at's 
photic layer, might trigger the collapse of a bloom 
(Valiela et al. 1997, N edergaard  et al. 2002).

In the presence of m acroalgae, the aerobic resp ira­
tion rate (Rd) in the sedim ent was lower than  that in the 
bare sedim ent (Fig. 6B, Table 1). This is explained by a 
decrease in 0 2 availability below the m acroalgae, 
caused by a combination of several processes: inhibi­
tion of photosynthetic activity of the m icrophytoben­
thos, reduced m ean w ater velocity below the m acroal­
gae, the aerobic respiration of the m acroalgae in the 
dark and an increase of organic m atter input into the 
sediment. These effects would favour an increase in 
anaerobic processes like sulphate reduction. We 
detected  H2S in the sedim ent below the m acroalgal 
mat, while it was not found in the control enclosures 
(Fig. 4). The balance betw een photosynthesis and res­
piration rates in the m acroalgal canopy was a determ i­
nant for the 0 2 balance in the sediment. In the light, 
the photosynthetic 0 2 production by healthy m acroal­
gae largely exceeded their own respiration, being an 
im portant source of oxygen for the sedim ent microbial 
community. This photosynthetic supply of oxygen alle­
viated its limiting effect upon the sedim ent aerobic re s­
piration rate, increased the 0 2 penetration in the sedi­
m ent and reduced the H2S concentration within the 
sedim ent in the light (Figs. 4 & 6B, Table 1). However, 
we never detected  H2S inside the m acroalgal canopy 
(N edergaard et al. 2002, Lomstein et al. 2006), likely 
because the m acroalgal biomass w as relatively low 
and it was net autotrophic during all seasons.

C and N contents of the sediment

M acroalgae significantly increased the m ean annual 
contents of C and N of the sediment. However, the C:N 
ratio decreased due to a relatively higher increase in 
nitrogen. Similar results w ere observed during a 3 yr 
study in the Swedish Skagerrak, but differences in C 
and N contents betw een sedim ent covered by algal 
mats and bare sedim ent w ere larger than in our study 
(Pihl et al. 1999). These increases in C and N below the 
m acroalgal mat w ere likely to be the result of m acroal­
gal production itself. Ephem eral g reen  m acroalgae are 
highly productive, and a substantial fraction of their 
production can be incorporated into the sedim ent 
(Owens & Stewart 1983).

The input of organic m atter into the sedim ent under 
the m acroalgal mat is likely to be higher than that in 
bare sediments, and, in addition, its degradation rate 
might be lower. The presence of m acroalgae might 
alter the decomposition rate of organic m atter within 
the sediment, since they reduce the oxygen availability

in, and the oxygen penetration depth  into, the sedi­
ment, decreasing the fraction of organic m atter being 
aerobically m ineralised. Although controversial, the 
anaerobic decomposition of organic m atter has been 
shown to be less efficient and to occur at a lower rate 
than aerobic decomposition, leading to a higher 
degree of organic carbon preservation w ithin anoxic 
sedim ents (Hartnett et al. 1998). Furtherm ore, it is 
likely that differences in the stoichiometric C:N ratio 
betw een m acroalgae and m icrophytobenthos also play 
a role in the observed increase of C and N contents of 
the sedim ent below the m acroalgal mat. The annual 
m ean C:N stoichiometric ratio of the m acroalgal bio­
mass was about 9.5, but higher values have frequently 
been  reported  for g reen  m acroalgae (Corzo & Nieli 
1991, D uarte 1992). In general, degradability of 
organic m atter is inversely related  to its C:N ratio, and 
therefore m acroalgal detritus is more refractory than 
that of microphytobenthos (Enriquez et al. 1993).

The effect of m acroalgae on the C and N contents 
and the C:N ratio of the sedim ent changed seasonally 
(Fig. 8). In spring, the content of C and N in bare 
sedim ent was higher than  below the m acroalgal mat, 
likely due to a higher m icrophytobenthos biomass. The 
chlorophyll a concentration was higher in bare  sedi­
m ent than below the mat in spring (results not shown). 
In this season, m icrophytobenthos Pn was at its highest 
as well (Fig. 6B). In addition, m acroalgae might 
remove C and N from the sedim ent w ith respect to the 
control, using C 0 2 and other inorganic nutrients (e.g. 
N, P) released from the sedim ent during the m inerali­
sation of organic matter. It has been suggested that in 
this w ay the production of ephem eral g reen  m acroal­
gae could be self-regenerating (Lavery & McComb 
1991, Sundbäck et al. 2003).

Accumulation of inorganic nutrients in the sediment

The freeze-lysable inorganic nutrient fraction m ea­
sured in the sedim ent contains both the nutrients d is­
solved in the pore w ater and the intracellular nutrients 
released due to cell b reakage (Lomstein et al. 1990, 
Sayam a 2001, Ferguson et al. 2004). The intracellular 
pool has been shown to represent most of the freeze- 
lysable fraction in the upper layer of the sedim ent (0 to 
2 mm), declining sharply w ith depth  (Lomstein et al. 
1990, Sayama 2001). The nutrient profiles m easured in 
our study seem  to agree w ith this pattern. In bare sed­
iments, most of the freeze-lysable fraction of inorganic 
nutrients probably originated from m icrophytobenthic 
cells (Lomstein et al. 1990).

M acroalgae clearly increased the concentration of 
inorganic nutrients in the upper layer of the sediment 
(Fig. 9). In this case, an im portant contribution of
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microphytobenthos to the freeze-lysable fraction 
below the m acroalgal mat is unlikely, since we showed 
that photosynthetic activity in the sedim ent below the 
m acroalgae w as inhibited. In addition, we observed 
a decrease in the abundance of microphytobenthos 
below the m acroalgal mat during the same study 
(Corzo et al. 2005b). Intracellular inorganic nutrients of 
heterotrophic bacteria might contribute to the freeze- 
lysable fraction of sedim ents as well. However, most 
bacteria lack vacuoles and, therefore, are unable to 
store inorganic nutrients in large amounts. Only in 
sedim ent w ith abundant nitrate-accum ulating sulphur 
bacteria, like Beggiatoa spp., w hich are able to store 
large amounts of nitrate in their vacuoles, has the 
intracellular pool been  shown to be an im portant frac­
tion of the freeze-lysable nitrate (Sayama 2001).

G reen m acroalgae are known to store large amounts 
of nitrate, ammonium and phosphate in their vacuoles 
(Corzo & Nieli 1992). Therefore, m acroalgae might 
represent a source of inorganic nutrients for the sedi­
m ent (Table 2). In the Sancti Petri Channel, m acro­
algae stored 5.68 ± 1.53 mmol nitrate n r 2, 7.95 ± 
0.76 mmol ammonium n r 2 and 7.39 ± 3.87 mmol phos­
phate n r 2. The steep decline in sedim ent nutrient con­
centrations w ith depth  clearly indicated that they were 
being incorporated into the sedim ent at the surface. 
The increase in inorganic nutrients was, in general, an 
order of m agnitude lower than w hat would have been 
expected from the intracellular contents of m acroalgae 
and their biomass (Table 2). A notable exception was 
the exceptionally high nitrate concentrations m ea­
sured in the sedim ent in autumn. These high nitrate 
concentrations w ere likely to have been  caused by a 
very recent input of m acroalgal detritus to the sedi­
ment. Decomposition of m acroalgal detritus induced a 
quick and transient increase in nitrate in the sedim ent 
during a microcosm experim ent (Garcia-Robledo et al. 
2008). The mass transfer from m acroalgae to the sedi­
m ent is expected to change with the physiological sta­

tus of m acroalgae. During the senescent phase, the 
collapse of the bloom is likely to transfer, in a short 
period of time, large amounts of C, N and P to the sed­
iment in the form of m acroalgal debris (Garcia-Rob- 
ledo et al. 2008). Healthy m acroalgal mats might sus­
tain a certain flux of debris to the sedim ent as well. The 
incorporation of this m acroalgal debris, containing 
inorganic nutrients, to the sedim ent surface could ex ­
plain the large am ounts of freeze-lysable inorganic 
nitrogen and phosphate m easured in the sediment 
below m acroalgal mats. Likely, this explains the 
observed increases in total C and N as well.

The m ineralisation of the bloom detritus and the 
grow th of m acroalgae could be closely connected due 
to the reutilization of released inorganic nutrients, as 
shown in the conceptual model p resen ted  in Fig. 10. 
During the first phase of degradation in the w ater col­
um n or at the sedim ent surface, soluble inorganic 
nutrients can be quickly released to the w ater column 
(Garcia-Robledo et al. 2008). In nature, intracellular 
nutrients directly released from decaying m acroalgal 
debris to the w ater column could sustain the grow th of 
the healthy m acroalgae involved in the bloom. The 
degradation of particulate m acroalgal detritus, once 
settled in the sediment, releases inorganic nutrients 
from the particulate fraction, increasing their concen­
tration in the pore water. This increase induced a net 
nutrient efflux to the w ater column in the presence of 
decaying m acroalgal detritus (Garcia-Robledo et al. 
2008). A large fraction of rem ineralised nutrients in the 
sedim ent would be released to the w ater column w hen 
the m icrophytobenthos photosynthesis and grow th is 
limited (Lorenzen et al. 1998, D alsgaard 2003, Garcia- 
Robledo et al. 2008). The increase of inorganic nitro­
gen in the pore w ater and the sim ultaneous inhibition 
of m icrophytobenthos dem and, besides enhancing the 
efflux of inorganic nitrogen to the w ater column, might 
affect other microbial activities in the sediment, like 
nitrification and denitrification (Strauss & Lamberti

T able  2. Ino rgan ic  n u trie n t con ten ts in  th e  tissue  of m ac ro a lg ae  p e r  u n it su rface  a rea  (mmol n r 2), an d  th e  in c rease  in  n u trie n t con­
ten ts  in  th e  first m illim etre  of sed im en t b e low  th e  m acro a lg a l m at (mmol n r 2). T he con ten ts of in o rg an ic  n u trien ts  in  th e  m ac ro a l­
gae  p e r  u n it su rface  a re a  w e re  ca lcu la ted  from  th e  seaso n al in trace llu la r n u trie n t con ten t a n d  biom ass. T he in c reases  in  in o rgan ic  
n u trien ts  in  th e  first m illim etre  of sed im en t in  th e  p re sen c e  of m ac ro a lg ae  w e re  ca lcu la ted  from  th e  in c reases  in  n u trien ts  in  th e  
p o re  w a te r  (m acroalga-contro l; Fig. 9), ta k in g  in to  accoun t a  m e a n  w a te r  con ten t in  th e  sed im en t of 60 % (765 m l p o re  w a te r  in  a

sed im en t lay e r of 1 m 2 a re a  an d  1 m m  th ickness)

--------------N itra te ----------  A m m o n iu m --------   N itr ite ------------   P h o sp h a te ------------
M acro a lg ae  S ed im en t M acro a lg ae  S ed im en t M acro a lg ae  S ed im en t M acro a lg ae  Sed im en t

Sum m er 2002 3.65 0.36 7.78 -0 .3 1  0.031 0.007 6.95 0.68
A u tu m n  2002 6.70 4.44 6.95 0.49 0.013 0.002 2.15 0.28
W inter 2003 7.03 0.71 8.55 1.11 0.031 0.003 9.42 0.05
Spring  2003 5.36 0.32 8.52 0.38 0.026 0.002 11.03 0.01

M ean  ± SD 5.68 ± 1.53 1.46 ± 1.99 7.95 ± 0.76 0.42 ± 0.58 0.025 ± 0.008 0.003 ± 0.002 7.39 ± 3.87 0.26 ± 0.31
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2000, Sundbäck & Miles 2002, D alsgaard 2003, Ris- 
gaard-Petersen 2003). Oxygen availability and oxygen 
penetration depth  might determ ine w hat fraction of 
m ineralised inorganic nitrogen w ithin the sedim ent 
will be released to the w ater column and w hat fraction 
will be used for nitrification and denitrification. At least 
part of the nutrients that are released to the w ater col­
um n would be incorporated again by actively growing 
m acroalgae, contributing to the self-regeneration of 
the bloom. This could be one of the m echanisms by 
which m acroalgae are able to form dense blooms. 
What fraction of the inorganic N and P released from 
the sedim ent is captured by the m acroalgae to sustain 
their growth? This is a difficult question to answer, 
since it will depend  on the physiological state of 
m acroalgae, the hydrodynam ic conditions in situ and 
the proximity of m acroalgae to the sedim ent surface, 
which changes w ith the tidal cycle. Sundbäck et al. 
(2003) estim ated that the benthic efflux of regenerated  
inorganic nutrients could supply up to 55-100%  of the 
nitrogen dem and of m acroalgae and up to 30-70%  of 
the phosphorus dem and.
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