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stress induced by drifting algal mats

Alf Norkko®* Erik Bonsdorif

Husé Biological Station & Department of Biology, Abo Akademi University, FIN-20520 Abo, Finland

ABSTRACT: In the large archipelago area of the northern Baltic Sea, increasing occurrences of drifting
benthic macroalgae have been recorded in the subtidal zone. Their role as a structuring factor on the
zoobenthic community has been altered from inducing occasional small-scale disturbances to inducing
large-scale mortality of macrobenthic populations. A controlled field experiment was conducted on a
sandy bottom in order to test for temporal responses of benthic invertebrate populations to severe stress
imposed by the algal mats. Algae corresponding to amounts recorded in the field were enclosed in net-
bags and attached to the bottom. Population abundance of the zoobenthic species under algae were
compared with control plots for 5 wk with weekly sampling. Massive die-offs of benthic populations
were recorded in both the experiment and under natural occurrences of drift algal mats. The commu-
nity dominants in abundance {mudsnails Hydrobia spp.) and biomass (bivalve Macoma balthica) ex-
hibited strong population reductions after 9 d of algal stress. Within 5 wk, population crashes were
recorded for the sedentary polychaetes Manayunkia aestuanina and Pygospio elegans, while popula-
tions of the errant polychaete Nereis diversicolor and tubificid oligochaetes remained stable under the
algal mats. Initial short-term recovery after the algae were removed was rapid and dominated by
Hydrobia spp. The strong negative effects on key species such as M. balthica may have severe effects

on entire food-web dynamics in Baltic coastal ecosystems.
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INTRODUCTION

Eutrophication has been recognized as a major
threat to coastal marine ecosystems (Rosenberg 1985,
Nixon 1990, Gray 1992, Pearl 1995, Bonsdorff et al.
1996), and in sheltered coastal areas the increased
growth of benthic macroalgae has often been attrib-
uted to the concurrent elevations in nutritional load
(Rosenberg 1985, Hull 1987 Raffaelli et al. 1991, Gray
1992, Isaksson & Pihl 1992, Kolbe et al. 1995). The
occurrence of attached algae on tidal flats and other
shallow coastal areas has received considerable atten-
tion (Perkins & Abbott 1972, Nicholls et al. 1981,
Reise 1983, Hull 1987 Isaksson & Pihl 1992, Thybo-
Christesen et al. 1993, Everett 1994, Peterson et al.
1994, Kolbe et al. 1995).
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Dnfting macroalgae
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A phenomenon ecologically somewhat different to
these attached algal mats are the drifting forms of
algae which occur in the sublittoral after fragmenta-
tion, detachment and transportation from the littoral.
These accumulations have not received much atten-
tion, as they are not easily observed. Depending on the
topographical features of the bottom and local hydro-
dynamical conditions, algal mats are formed on previ-
ously uncovered soft bottoms, and may remain station-
ary for days to weeks. These mats have a potentially
important, underestimated, effect on sublittoral ben-
thic communities (especially along rocky coasts), as
described for Ireland (Thrush 1986), the Californian
coast (Vetter 1994, 1995) and the Baltic Sea ('Olafsson
1988, Bonsdorff 1992, Norkko & Bonsdorff 1996a, b). In
the northern Baltic Sea drifting algal mats, i.e. con-
glomerates of several species of threadlike annual
brown, green and red algae, have become an increas-
ing problem due to escalating eutrophication (Bons-
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dorff 1992, Bonsdorif et al. 1995, 1996, Norkko & Bons-
dorff 19964, b). The macroalgal mats induce structural
changes to the habitat. Beneficial influences to the
community dominate when the algae occur at low den-
sities, in small patches and for restricted periods of
time, increasing habitat complexity and causing inter-
mediate disturbance (sensu Connell 1978). Negative
influences to the community dominate when the algae
occur at high densities and as larger mats over longer
periods of time. Algal respiration and bacterial activity
induce oxygen deficiency and anoxia in the interstitial
(Reise 1983, Hull 1987) as well as at the algal-sediment
interface (Sundbéck et al. 1990, Lavery & McComb
1991, Norkko & Bonsdorff 1996a, b). Drifting algal
mats affect the benthic community recruitment by fil-
tering of settling pelagic larvae ('Olafsson 1988, Bons-
dorff 1992, Bonsdorff et al. 1995), by affecting preda-
tor-prey relationships (Norkko & Bonsdorff 1996a), and
by scverely depleting the infaunal community (Bons-
dorff 1992, Norkko & Bonsdorff 1996b). The shallow,
sandy bottoms of the northern Baltic Sea are character-
ized by low species and functional diversity (Elmgren
1984, Blomqvist & Bonsdorff 1986). Many species in
the food-web have a broader role in community struc-
ture and function in comparison to fully marine sys-
tems. Losses of key species, such as the bivalve
Macoma balthica, might induce fundamental changes
to community function and food-web dynamics by
altering energy flow in the community.

This study is the first to examine the responses at the
population level in order to be able to evaluate species-
specific responses to the drifting algae and their conse-
quences for community function. We test the temporal
responses of benthic populations to the exposure of
algal mats in a controlled field experiment on a shallow
(7.5 m) sandy bottom in the northern Baltic Sea, and
the pattern of short-term (5 d) recolonization, after ter-
minated algal stress, in relation to exposure.

MATERIALS AND METHODS

Study site. The field experiment was conducted
in the outermost Aland archipelago in the non-tidal
northern Baltic Sea (60°17'N, 19°49'E) The locality,
covering an area of approximately 6 ha, is a semi-
exposed, 5 to 10 m deep sound between 2 rocky islets.
The sediment consists of medium to fine sand (median
grain sizes 0.125 to 0.250 mm; loss on ignition =0.45 %).
Between May and August temperature varies from 6 to
17°C and salinity from 5.9 t0 6.2%,. Dominating macro-
fauna are the bivalve Macoma balthica (L.), gastropods
Hydrobia spp., polychaetes Pygospio elegans Clapa-
réde, Manayunkia aestuarina (Bourne), Nereis diversi-
color O. F. Miiller, and oligochaetes. The littoral vege-

tation is dominated by Cladophora glomerata (L.)
Kuetz., Enteromorpha spp., Pilayella littoralis (L.) Kjell-
mann and Fucus vesiculosus L. Since the beginning of
the 1990s the frequency of occurrence of drifting algal
mats has increased (Bonsdorff et al. 1995). During a
6 wk period (July through mid-August) in 1993 a
natural drift algal mat covered 2 ha of the bottom. The
biomass was estimated at 440.4 + 15.8 g dry wt m™2

Experimental set-up and sampling. The accumula-
tions of drifting macroalgal mats and their impact on
the zoobenthic populations were studied at a depth of
7.5 m during 34 d (from August 11 to September 14,
1993). The locality chosen represented a homogenous
area which had not been subjected to long-term expo-
sure by drifting algal mats, although some short-term
exposure could not be ruled out due to the unpredict-
able movements of the algal mat. The drift algal mat
was comprised of a conglomerate of several species of
mainly thread-like algae (e.qg. Pilayella littoralis, Ecto-
carpus siliculosus, Stictyosiphon tortilis, Dictyosiphon
foeniculaceus). A detailed account of species composi-
tion and relative biomasses of the drift algal species
may be found in Norkko & Bonsdorff (1996b)

Algae were collected with an Ockelmann sledge and
were carefully rinsed with seawater in the laboratory
to remove macrofauna. An amount of =510 g wet wt
(2050 g wet wt m™ = 440 g dry wt m™) was sewn into
30 cotton net-bags measuring 50 x 50 cm (mesh size:
1.5 cm). The net-bags were placed on the bottom and
anchored with galvanized wire in 2 rows, 50 cm apart,
covering an area of 22.5 m™% The design was chosen in
order to facilitate sampling by SCUBA diving. The net-
bags were loose enough for the algae to form an algal
mat which behaved naturally. During the experiment
the benthic macrofauna were sampled under the algae,
by removing the net-bags over time (on 5 occasions)
and comparing the response with ambient control situ-
ations (6 occasions, Fig. 1). Before the removal of algae,
water samples were taken with a syringe underneath
the algae for measurements of temperature and oxygen
concentration (Winkler titration). On each occasion, 6
replicate net-bags with algae were randomly removed
and macrofauna were sampled in the center of the
underlying sediment surface. Similarly, 6 replicate
control samples were semi-randomly taken from the
ambient area (within a 5 m radius of the algal plots),
using a benthic core-sampler (4.7 cm diameter, 10 cm
into the sediment). After the removal of algae and the
benthic samples, the plots were marked with thin
painted iron rods and revisited after 5 d to take sam-
ples for initial faunal recovery. The recovery samples
were taken from a fixed position well away from the
iron rods in order to avoid possible effects of rust and
altered hydrodynamical conditions. All macrofauna
samples were fixed in 4% buffered formalin, sieved
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ing the onset of fall and gradual reduction of
light intensity and primary production. At the
end of the experiment slightly higher tem-
peratures were recorded under the algal plots
(13°C) compared to the free bottom water
(11.5°C). Oxygen content decreased to mod-
erately hypoxic conditions (~2 mg 1"!) and
hydrogen sulphide was noted under the algal
plots already after 9 d of exposure (Norkko &
Bonsdorff 1996b). The free bottom water was
normoxic (~10 mg 1"!) throughout the experi-
ment.

B

Fig. 1. Experimental design of the field experiment. The graph illustrates

Observations from the study site

the treatments, their durations, and the sampling sequences. "Reference

samples (n = 5) from bare sand and under natural drifting algal mats at

Day 0

through a 0.5 mm mesh sieve and sorted under a
preparation microscope (15x magnification). The ani-
mals were identified to species where possible. The
experiment consisted of 15 treatments (Fig. 1): 6 con-
trol treatments (C1 to C6), 5 algae treatments {Al to
Ab), and 4 recovery treatments (Recl to Rec4). In addi-
tion to these treatments, reference macrofauna sam-
ples were taken under naturally occurring drifting
algal mats (Ref. algae) and from a nearby uncovered
bottom area (Ref. sand) on Day 0 (start of the experi-
ment).

Data analysis. Even after transformation, analysis of
the macrofaunal data revealed non-normality of distri-
bution {Shapiro-Wilk W-test) and heterogeneity of
variances (Bartlett's test). The statistical analysis was
therefore performed using the non-parametric Kruskal-
Wallis H-test (Sokal & Rohlf 1981). In order to test for
the differences between treatments, pairwise compar-
isons of the mean ranks were made using the formula
described in Sachs (1982) which corrects for unequal
sample size. When considering recovery after algal
stress, the pattern of recovery is directly linked to
the situation after the termination of algal stress, and
therefore the non-parametric Wilcoxon signed-rank
test for dependent samples was performed. All data
are presented as mean values = standard error per m?

RESULTS
Hydrographical conditions
During the experiment average temperature in the
bottom water declined from ca 16 to 11°C, and the

chlorophyll a content from 12 pg 1! at the start to
1.6 ug 1"! towards the end of the experiment, illustrat-

The natural occurrences of drifting algal
mats exhibit high faunal diversity compared
to the adjacent bare sand sediment commu-
nity; we have recorded 23 invertebrate species/taxa
and 3 fish species associated with the algae. The most
dominant faunal components are molluscs Hydrobia
spp., Mytilus edulis L. and Theodoxus fluviatilis (L.),
annelids (tubificid oligochaetes and the polychaete
Nereis diversicolor O. F. Muller), the nemertean Pros-
toma obscurum Schultze, turbellerians and crus-
taceans (the isopod Idothea baithica Pallas and gam-
marid amphipods). These species rapidly colonized the
experimental algae.

After 9 d (A2, Fig. 1) the sediment surface under the
algal plots was completely black, adult Macoma
balthica were noted on the sediment surface and some
clams had migrated into the algal mass. The same phe-
nomena were observed under natural accumulations
of algae. After 16 d (A3) the algae in the net-bags
showed clear signs of deterioration with a gradual for-
mation of mats of sulphur bacteria (Beggiatoa spp.).
Towards the end of the experiment (A5; 29 d) all algal
net-bags were completely covered with bacteria. When
removing algae during the experiment, epibenthic
predators such as gobiids and brown shrimps Crangon
crangon (L.) were observed to accumulate in the vicin-
ity of the exposed plots, possibly exploiting stressed
infauna at the sediment surface. At the end of the
experiment, adult N. diversicolor were observed (indi-
viduals and burrows) under the algal treatments A4
and AS.

Changes at community level

The zoobenthic community consisted of 16 infaunal
and epibenthic invertebrate species (Table 1). The 7
dominant species/taxa (Macoma balthica, Hydrobia
spp.. Pygospio elegans, Manayunkia aestuarina, Ne-
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reis diversicolor, Prostoma obscurum and oligo-
chaetes) comprised between 96.7 and 98.8% of the
total abundance and had a 100% frequency of occur-
rence in the control treatments (C1 to C6). The other
species with low abundances, especially the crusta-
ceans, had a stochastic occurrence in the community.
Under the experimental algae an initial increase in
species numbers, abundance and biomass was fol-
lowed by a significant decline after 16 d, whereas
abundance was already reduced after 9 d of algal
stress (Norkko & Bonsdorff 1996b; Table 1). After an
initial overshoot, community biomass under the algae
was reduced towards the end of the experiment
(between 23 and 29 d of algal stress, e.g. A4 and AS);
see Norkko & Bonsdorff (1996b) for other zoobenthic
community attributes. Towards the end of the experi-
ment, the pattern under the experimental algae was
highly similar to the situation recorded under natural
occurrences of drift algal mats (Day 0). This commu-
nity had been exposed to algae for a period of approx-
imately 4 wk.

The response in biomass was different due to the
inherently large variability in size of the Macoma bal-
thica individuals. A significant difference was recorded
between Ref. sand and Ref. algae. After only 3 d of algal
cover significantly higher biomass values were recorded
under algal cover than in the control. This was even
more pronounced after 9 d with 361 + 154 g wet wt m™?
under algae and 99 = 60 g wet wt m~? in the control. This
may be explained by large adults, initially too deep in
the sediment for accurate sampling, emerging closer to
the sediment surface. After this, biomass rapidly de-
clined and in the last 2 algal treatments biomass was
0 and 25 + 25 g wet wt m™2 Due to 1 large individual
(12 mm) in A5 no significant differences were recorded
between C5 and A5 (Figs. 2 & 3). No significant differ-
ences were recorded between A4 and A5 and Ref. algae.
In the field M. balthica were observed to successively
emerge to the sediment surface under the algal plots,
with a climax after 9 d of algal cover. An examination of
M. balthica size distribution showed the control popula-
tions to have smaller mean size than those under algal

Responses to algal cover-dominating 2000 1—
species

Baltic clam Macoma balthica. The
importance of M. balthica in the benthic
community studied is illustrated by the

fact that it was responsible for 98.6 % of
the variation in total biomass. M. bal-

thica was relatively abundant in all the
control treatments (C1 to C6), ranging
between 750 and 1550 ind. m~? and con-
stituting between 2.5 and 5.5% of the
total abundance (Table 1). Over time
(C1 to C6) a significant increase (p <

0.001) in abundance took place (Fig. 2).
After 9 d of algal cover (A2; Fig. 1) a

significant (p < 0.001) decline from 1250
to 380 ind. m? was registered. After
23 and 29 d the population exhibited a
complete crash with 0 and 96 ind. m2,
respectively, remaining under algal 1000

cover (Fig. 2). This was also illustrated
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Fig. 3. Macoma balthica. Comparison of average length of

the population under algal cover and in control. The larger

clams under algae possibly illustrate the size-dependent
mortality of juveniles exposed to algal cover

cover (Fig. 3). The total average length of all recorded M.
balthica in the control treatments was 5.5 + 0.6 mm
(71 examined individuals), whereas total average length
in the algal treatments was 9.6 + 1.1 mm (26 examined
individuals). This was not the case in the reference treat-
ments at Day 0, where average length in Ref. sand was
5.3+0.9mmbutonly 2.4 + 1.0 mm in Ref. algae (Fig. 3).

Mudsnails Hydrobia spp. The mudsnail species re-
corded [H. ventrosa (Montagu) and H. ulvae (Pennant)]
were not separated to species in this study as this
should preferably be done with live specimens (Hylle-
berg 1976). Mudsnails dominated in abundance;
91.2% of the total variation in abundance was ex-
plained by Hydrobia spp. During the experiment (C1 to
C6) a significant increase (p < 0.001) in abundance of
Hydrobia spp. occurred, densities ranging between
10000 and 25000 ind. m~? (Fig. 2). Hydrobia spp. also
constituted between 52.6 and 76.6 % of the total abun-
dance in the control treatments (Table 1). After 9 d of
algal cover (A2) a significant (p < 0.001) reduction was
recorded compared to the control (C2; Fig. 2). After A2
a sharp decline in abundance followed, from = 12 500 to
1150ind. m™2 (A2 to A3; Fig. 2). Towards the end of the
experiment the population crashed with only 460 and
190 ind. m™? remaining under algal cover (A4 and A5;
Fig. 2). The relative contribution of Hydrobia spp. to
community abundance declined from 572.8% in A2 to 0
and 1.8% in A4 and A5, respectively (Table 1). No sig-
nificant differences were recorded when abundances
under natural occurrences of drift algae (Ref. algae),
and the last 3 treatments of experimental algal cover
(A3 to AS5) were compared. A significant difference (p <
0.001) was recorded between Ref. sand and Ref. algae.
No significant differences were recorded between A3,
A4 and AS and Ref. algae, illustrating the similarity be-
tween experimental algal plots and natural algal cover

Tubificid oligochaetes. The oligochaete species re-
corded in the study area [Clitellio arenarius (Miiller)
and Limnodrilus sp.], were not separated in this study.
No significant differences were recorded between Ref.
sand and Ref. algae (Fig. 2). Despite Initially lower
densities (p < 0.001) of oligochaetes under algal cover
(Al and AZ), densities Increased significantly from
A2 to A3. Hereafter oligochaetes seemed indifferent
to algal cover with no significant differences recorded
between control and algal treatments. The same pat-
tern was seen for biomass. The relative importance of
oligochaetes successively increased under algal cover,
constituting between 74.2 and 85.5 % of the total abun-
dance in the last 3 treatments compared to between 9.4
and 23.0% in the control treatments (Table 1).

High densities of oligochaete egg-capsules were
recorded under algal cover from A2 onwards. With the
exception of A5, the abundance of capsules was sig-
nificantly higher in A3, A4, and A6 than in the control
treatments. These capsules ranged in abundance
between 700 and 3000 m™? in algal treatments com-
pared to between 100 and 670 m~? in the control treat-
ments (Fig. 4).

Errant polychaete Nereis diversicolor. Because of
high variability in numbers, no differences in abun-
dance between control and algal treatments of N. di-
versicolor were recorded throughout the experiment.
In both control and algal treatments N. diversicolor
increased (non-significantly) in abundance over exper-
imental time (Fig. 2). The relative contribution of .
diversicolor to community abundance increased under
algae (from 1.3 to 9.8%) compared to the control
(Table 1). Several large worms and burrows were
observed under the algal plots. No significant differ-
ences in biomass were recorded between control and
algal treatments, although a significant increase (p <
0.001) in biomass under algae was recorded over time
(Al to AS5). This is also reflected as increasing indi-
vidual weights of the N. diversicolor found under algae

& Oligochaete egg-capsules
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Fig. 4. Oligochaetes. Enhanced occurrence to tubificid egg-
capsules under algal cover compared to control
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Fig. 5. Nereis diversicolor. Mean individual weight of the
polychaete under algal cover compared to control

from Al to A5 (Fig. 5). Although not significant, aver-
age size (mean weight) of the N. diversicolor found
under algae was larger than in the control.

Sedentary polychaetes Pygospio elegans and Man-
ayunkia aestuarina. The spionid polychaete P. elegans
exhibited large variability in the control treatments,
varying in abundance between 960 and 3074 ind. m™2
(Fig. 2), and contributing between 3.1 and 9.5 % to com-
munity abundance (Table 1). A significant decline in
abundance occurred under algae (Fig. 2) with no P, ele-
gans presentin A4 and AS. This is illustrated by the rel-
ative contribution to community abundance as P. elegans
declined in dominance from 14.8 to 3.2% (Al to A3;
Table 1). No significant differences were recorded
between Ref. algae and A4 and AS5. The same decline
under algae was apparent in biomass. The control
population exhibited a temporary re-
duction in abundance before increasing

Immediate short-term recovery after terminated
algal stress

We have chosen to describe the immediate recovery
pattern after terminated algal stress, exemplified with
the 2 quantitatively most important species/taxa,
Hydrobia spp. and tubificid oligochaetes, and the bio-
mass dominant, Macoma balthica. Samples were taken
5 d after the algal net-bags had been removed, from
treatment A2 onwards (Fig. 1). The recovery of macro-
fauna was directly linked to the conditions after algal
stress; therefore the Wilcoxon signed-rank test was per-
formed as a statistical analysis. M. balthica exhibited a
random recovery pattern; abundances in Recl, Rec2
and Rec3 were not significantly different compared to
their respective algal treatment (A2, A3 and A4) and
also failed to reach control values (Fig. 6). Only after
the last algal treatment (A5) did a significant (p < 0.05)
recovery (Rec4) occur. Rec4 failed to reach control-
values (C6). The poor short-term recovery rate 1is
reflected in the relative contribution of M, balthica to
the recovery treatments (0.6 to 2.0% of community
abundance; Table 1). The recovery of Hydrobia spp.
was rapid and characterized by overshoots in abun-
dance in the recovery treatments compared to both
algal and control treatments (Fig. 6). The short-term
recovery process in the community was completely
dominated by Hydrobia spp., which is illustrated in
Table 1. Their relative contribution varied between
63.6 and 90.8% of total community abundance. In the
treatments Recl and Rec3 abundance values were sig-
nificantly higher (p < 0.05) than background control
levels, indicating aggregation on the previously
stressed plots. Tubificid oligochaetes had a random
recovery pattern which followed the pattern of devel-

M. balthica Hydrobia spp.

again (Fig. 2), 20001I 60000 -, i
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aestuarina had a stochastic occurrence in -~ § 4900 | W ‘% [

the control treatments, whereas a steady *E { | 20000 _[ S .. =

decline was registered for the M. aestua- 500 " 7 I /

rina exposed to algae (Fig. 2). The rela- & [oJEL NS 0 J,- . SN S G

tive importance of M. aestuarina deterio- 2 0O 5 10 15 20 25 30 35

rated from 9.8 to 1.8% between Al and S 15000 ¢ Days

A5 (Table 1). Biomass for M. aestuarina g 16000 J O  Reference sand

was not measured. Q ° Reference algae
Prostoma obscurum. The control pop- < T Eggte?lalgae
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Fig. 6. Immediate recolonization of the community dominants during a 5 d
period after the removal of algal cover. Arrows illustrate recovery from the
respective algal treatment. Shaded area indicates background control levels
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opment under algae (Fig 2). This pattern was broken
in the last recovery treatment (Rec4) after algal stress
from A5, with an overshoot in abundance compared to
both control and algal treatments (Fig. 6). The relative
contribution of oligochaetes was relatively high in the
last recovery treatment, 31.2% (Table 1). The individ-
uals in the last recovery treatment (Rec4) were domi-
nated by small individuals, which is possibly coupled
to the availability of egg-capsules under algae (Fig. 4),
and to the loss of egg-capsules in Rec4 (290 ind. m™)
compared to A5 (2100 ind. m™%.

DISCUSSION
Population responses to algal stress

The effects of the drift algae on the community are
dramatic {Norkko & Bonsdorff 1996bj and similar to
those occurring during organic enrichment and hypoxia
(Pearson & Rosenberg 1978, Diaz & Rosenberg 1995).
Hypoxia and anoxia in the bottom water or sediment
induce behavioural responses in the benthos. Depend-
ing on mobility and tolerance, the species affected
experience either migration or death. The general
response of infaunal species is to emerge at the sedi-
ment surface in their attempt to reach oxygenated
water (Jorgensen 1980, Rosenberg et al. 1991). The
species-specific responses of the benthos to algal stress
are more complex than to mere hypoxia. In addition to
the hypoxic/anoxic (and H,S) conditions in the sedi-
ment as well as under the algal mat, the benthic popu-
lations also have to cope with the physical structure
(Raffaelli et al. 1991) as well as possible toxic exudates
from the algae (Aneér 1987). Therefore the species-
specific responses to hypoxia in general will not be
valid when algae interact in the structuring with
hypoxia. This is exemplified by Macoma balthica,
which exhibits more rapid escape responses when
exposed to algal mats compared to exposure of
hypoxia only, probably due to both the physical cover
of algae disturbing the stretching out of siphons as well
as the combined effects of hypoxia and H,S (Norkko &
Bonsdorff 1996a).

The patterns of species responses in our study are
similar to those from intertidal flats covered by algae
(Nicholls et al. 1981, Soulsby et al. 1982, Hull 1987, Raf-
faelli et al. 1991, Everett 1994), although fundamental
differences are expected as these algae grow attached
and may facilitate migrations up into the algae. The
contribution of Hydrobia spp. and Macoma balthica to
community abundance and biomass is evident. Both
species exhibited population crashes after 9 d of algal
cover Mobile epibenthic species such as mudsnails
might to some extent benefit from algal cover if they

have the capability to move up in the algal mat
(Nicholls et al. 1981). Mudsnails were abundant in the
algal mat and it seems clear that a part of the
population reduction under the algal mat may be ex-
plained by emigration. However, large amounts of
decomposing mudsnails were found under algal cover.
Species with restricted mobility, e.g. M. balthica, are
less successful in escaping unfavourable conditions
induced by the algae. The exposed clams successively
emerged at the sediment surface, and although M.
balthica is known to be extremely tolerant to reduced-
0O, conditions (LT5; in anoxia 500h; Dries & Theede
1974), the majority of the clams died at the sediment
surface. As we have shown earlier in a set of aquarium
experiments (Norkko & Bonsdorff 1996a) a substantial
fraction (13 to 17 %) of the population will succeed in
migrating up into the algae. This was also seen in the
field where clams were found in the algae. The re-
sponse of M. balthica is also age-dependent (Fig. 3);
juveniles are clearly more sensitive to algal stress
(Bonsdorff 1992, Bonsdorff et al. 1995, Norkko & Bons-
dorff 1996a). Species with restricted mobility, the
tubiculous polychaetes Pygospio elegans and Mana-
yunkia aestuarina, exhibited steady declines in popu-
lation abundance when exposed to algal cover over
time. The same effects for these species were found by
Bonsdorff (1992) and for P. elegans also by Nicholls et
al. (1981) and Soulsby et al. (1982). The temporary
decline in the control population of P. elegans could in
part be explained by a generation shift, with a die-off
of the senile fraction and recruitment of juveniles to the
population. The predatory nemertean Prostoma obscu-
rum was absent under algae with the exception of the
last algal treatment, but was found to be abundant in
the algae. The reasons for this remain unclear, as no
data on the tolerance and behaviour of this species are
found.

The only species that seem to benefit from algal
cover are the tubificid oligochaetes and Nereis diver-
sicolor. N. diversicolor is known to be tolerant to
hypoxia and sulfide (Vismann 1990), and so are tubifi-
cid oligochaetes (Dubilier et al. 1994), which, in addi-
tion, exhibit opportunistic life history traits. Although
not increasing in abundance, they were important to
community structure by the end of the experiment,
constituting 91 % of total community abundance (Table
1). The mean individual size of N. diversicolor was
larger under the algal mats than those in the control
community (Fig 4). This could possibly be due to
active immigration to the sediment under algae by
large individuals with better mobility than smaller
ones. Leppdkoski (1975) and Bonsdorff (1980) found N.
diversicolor to be a pioneer recolonizing species, with
large individuals of the polychaete exhibiting active
migrations to previously disturbed bottoms. Many
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nereids are known to be omnivorous, and it is likely
that the algae/detritus attracts N. diversicolor by pro-
viding a favourable food-source. N. diversicolor is also
known to function as an infaunal predator (Rénn et al.
1988), and it could be possible for the polychaete to
feed on stressed infauna or as a scavenger on carrion
under the algal mat. Tubificid oligochaetes (1.e. Tubifi-
coides benedii) have been reported as one of the few
macrofaunal species/taxa which prevail under algal
mats with high concentrations of sulfide (Reise 1985,
Dubilier et al. 1994). We also found significantly higher
abundances of tubificid oligochaete egg-capsules
under algal cover (Fig. 5), which could be a response to
reduced competition and predation, or greater food
supply. The oligochaetes are clearly favoured since no
reductions in abundance occurred and it is likely that
the conditions under algae serve as a refuge.

Functional disorder in the zoobenthos?

As different functional groups respond differentially to
algal stress, an important question regarding the conse-
quences and functioning of the system must be raised.
An analysis based on the feeding-modes (Bonsdorff &
Blomqvist 1993, Bonsdorff & Pearson unpubl.) of the
benthic species illustrates the fundamental changes in-
duced to the community. When comparing the situation
under algae with the control, the changes are apparent
(Fig. 7). Surface detritivores (Hydrobia spp., ostracods)
and suspension-feeders/surface detritivores (Macoma
balthica, Pygospio elegans) decrease in numbers,
whereas burrowing detritivores (oligochaetes) to-
gether with carnivores/burrowing detritivores (N. di-
versicolor) increase in relative numbers. The loss of sus-
pension-feeders might induce large-scale alteration of
energy flow in the community (Loo &

Rosenberg 1989, Pearson & Rosenberg
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Recovery after algal stress

The responses of populations to algal stress in the pre-
sent experiment corresponded with the situation under
naturally occurring algal mats (Fig 2). The modes of
recovery (larval settlement or adult migrations) are
dependent on the size of the disturbed patch and the
mobility of the colonizing species (Gunther 1992). The
recovery patterns in this study are strongly dependent
on the relatively small experimental patches of algae
used, and it is natural that the initial colonizers after the
perturbation are the dominants of the surrounding com-
munity. Since larval settlement may be synchronous in
time with the occurrence of algal cover, the majority of
the larvae will be filtered and never reach the sediment
(Bonsdorff 1992, Bonsdorff et al. 1995), therefore colo-
nization will depend on adult migrations. 'Olafsson et al.
{1994) concluded that post-settlement processes are of
prime importance in structuring the community. This Is
apparent in our study as the dominants in abundance,
Hydrobia spp., were the most rapid colonizers after
terminated algal stress. Hydrobia spp. exceeded natural
background values (control) in recovery indicating ag-
gregation to the previously stressed plots. POC/PON
ratios of the sedimentindicate that the nutritional value
of the plots was enhanced compared to control (Norkko
& Bonsdorff 1996b). Levinton & Bianchi (1981) showed
the deposit-feeding Hydrobia tottenito be food-limited
and individual growth rates to increase at lower popula-
tion densities (attributed to exploitation competition).
This would explain the rapid exploitation of the mud-
snails after algal stress since higher amounts of potential
food are available. As concluded by Thistle (1981)
hydrobiid snails are highly mobile, continuously moving
to fresh patches of food. Examples of a more static life
history strategy may be found for capitellids which are

Control

Under algae

1992). The community dominant, M. 109
balthica, is a food source for epibenthic .
predators (invertebrates and fish) as well RRE
as an important feeder on pelagic pro- 2
duction (Ankar 1980, 'Olafsson 1986). & 50-
With large disturbed areas severe effects g

on food-web complexity might be ex- 8 05|
pected because of the functional

changes. As illustrated in Fig 7 changes 5

in the abundance of even a few species 0
may cause dramatic alterations in the
dominance of feeding-modes, and may
therefore also alter the pattern of energy
flow in the community. Every species in
the food-web will exhibit a broad niche.
Hence, a loss of any species may also in-
duce aloss of a key function.
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adapted to grow and reproduce in a single patch (Thistle
1981). This strategy is probable for the oligochaete
species in this study. The high abundance in the last
recovery treatment (Rec4) could be explained by oligo-
chaete egg-capsules starting to hatch. The recovery
rates for Macoma balthica are slow, and only at the end
of the experiment was partial recovery detected. The
recovery for M. balthica is likely to be governed by
random redistribution through resuspension and trans-
port of the sediment (Bonsdorff et al. 1995).

Concluding remarks

The effects of the drift algal mats on benthic popula-
tions depend on the severity of the disturbance as illus-
trated by increasing exposure time to the experimental
algal patches in this study. During low levels of stress,
such as small patches of algae during a restricted pe-
riod of time, algal cover induced increased community
heterogeneity by providing an additional structure to
previously bare sand areas, enhancing habitat com-
plexity and the possibility of coexistence between
species (Norkko & Bonsdorff 1996a, b). With increased
stress, increased species-specific mortality (depending
on tolerance and mobility) is evident, followed by an in-
creased release of resources. Despite local extinctions,
the community might still exhibit large-scale stability
as undisturbed neighbouring patches serve as donor ar-
eas of invading species (‘neighbourhood stability’; Gray
1977). A large-scale, or frequent, disturbance may im-
pose large-scale structural and functional homogeneity.
Even if the algae only induce ‘intermediate’ distur-
bance, unpredictable population reductions may be
caused by the interaction between algal disturbance
and biotic factors. These interactions may create stress-
induced increases in predation pressure, negatively
affecting prey survival (Norkko & Bonsdorff 1996a).
The algae induce hypoxia, exposing a community
which has not been conditioned to hypoxic events (Diaz
& Rosenberg 1995); even short-term exposure to algal
mats may be regarded as a catastrophic event to the
macrofauna, eventually reducing the resources for
higher trophic levels. It seems obvious that drift algal
mats pose a serious threat to the coastal biodiversity in
the Baltic Sea, by altering the 3 major components of
biodiversity, i.e. the composition, structure, and sub-
sequent functioning of the community (Lamont 1995}.
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