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ABSTRACT The response of epilithic microphytobenthos to in situ nutrient enrichments was studied 
in the Kiel Fjord, Western Baltic Sea. For this purpose an experimental setup with continuous nutrient 
supply was designed and installed. Experiments followed the colonization of artificial substrates and 
the responses of benthic algae to different concentrations and combinations of nitrogen and phosphate. 
They revealed nitrogen limitation of epilithic microflora from late spring to autumn, such that there was 
higher biovolume with increasing nitrogen concentrations. Diatoms became dominant in all experi- 
ments except one in which the rhodophyte Ceramium stricturn prevailed. Species composition was 
altered by nutrient treatments; one to several species were highly favoured by nutrient enrichment. 
Consequently, diversity was negatively correlated with final yield. These findings support the hypo- 
thes~s that competition is an important factor structunng rnicrophytobenthic communities. 
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INTRODUCTION 

Benthic microalgae.play an important role in littoral 
production (Cadee 1980, Daehnick et al. 1992), but 
studies dealing with benthic algal ecology are rare 
compared to those done on phytoplankton. During the 
Dutch Ems-Dollart project the response of benthic 
diatoms to several abiotic stress parameters, including 
temperature, desiccation, high sulfide and ammonia 
concentrations, anoxia, and high light intensities, was 
tested (Admiraal 1984 and references therein). The 
investigations revealed that these organisms have high 
levels of tolerance, which correspond to their harsh 
tidal environment. Generally, biotic interactions have 
been thought to be less important, so even fewer stud- 
ies have taken competition or grazing into account. 

Nutrient enrichment, however, has been shown to 
stimulate microphytobenthic biomass (Sundback & 
Snoeijs 1991, Pinckney et al. 1995), with distinct dif- 
ferences in the responses of different higher taxa. 
To date, experimental analysis of different nutrient 

regimes has been done primarily in freshwater sites, 
using nutrient-diffusing agar-plates (Pringle & Bowers 
1984, Pringle 1987, 1990) or agar-filled clay pots (Fair- 
child et al. 1985). However, the nutrient supply via dif- 
fusion out of these substrata decreases exponentially 
with time, which is not optimal for competition ex- 
periments (Tilman 1982, Fairchild e t  al. 1985, Sommer 
1996). In plankton research, continuous or semicontin- 
uous culture techniques with constant nutrient supply 
rates have been successfully used for competition 
experiments (e.g. Tilrnan 1977, Sommer 1985, 1994). 
Therefore, we designed an in situ experimental setup 
in which a continuous supply of nutrients was dis- 
pensed through an artificial stone substrate. We used it 
to identify the yield-limiting nutrient and to study the 
influence of changes in the nutrient supply on the 
taxonomic outcome of competition. 

MATERIAL AND METHODS 

Experimental setup. Two types of in situ experiments, 
colonization and enrichment, were conducted in the 
Kiel Fjord, Western Baltic Sea (Fig. 1) .  Darkened 10 1 
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I 11 Location of in situ experiments I 

Fig. 1. Map of Western Baltic region showing experimental 
area 

bottles were installed on top of the pier of the Institute 
of Marine Science in Kiel, Germany (Fig. 2) and filled 
with media. The rned~a were made from seawater 
taken near the pier. Seawater was filtered (0.2 pm cel- 
lulose acetate filters) and enriched with different con- 
centrations of nitrogen (as NaN03) or phosphate (as 
KH2P04) (Tables 1 & 2). Concentrations of the other 
nutrients were not changed (cf. Fig. 7). This liquid 
media flowed through silicon tubes (inner diameter 4 
mm) and trickled out through an artificial substrate 
consisting of a porous stone (aquarium air stone; 50 X 

25 X 25 mm; material: infusorial earth, kieselguhr). 
With a precise mechanical regulation device, designed 
for intravenous infusion (Angiokard AK 5505), the flow 
rate was adjusted to 1 (20.1) 1 d-'. Twice per week the 
supply bottle was refilled, and the flow rate was mea- 
sured and readjusted if necessary. 

The harvesting of substrates was performed differ- 
ently for the 2 types of experiments. In the colonization 
experiments, all 12 treatments received the same 
nutrient concentrations (Table 1). By sampling 1 stone 
per week, we were able to follow the colonization 
process. Each sampled stone was replaced by a new 
one and at the end of the experiment all treatments 
were harvested again. In this way 2 series of samples 
were obtained. In the first series, the different incuba- 
tion times had the same starting points but different 
harvesting points. In the second series (replacement 
stones) the starting points were different, but the har- 
vesting points the same. 

In the enrichment experiments, incubation times 
were equal between all 13 different stones of one 
experiment. The different treatments received differ- 
ent nutrient concentrations (Table 2) ;  all substrates 

were sampled once at the end of the experiment. The 
duration of the experiments was fixed according to 
earlier observations of the seasonal differences in the 
duration of colonization. In preliminary experiments, a 
maximum in total biovolume was established after 5 
wk in summer and 9 wk in wlnter. The treatments 
were arranged in a gradient of nutrient supply rates 
rather than replicating single treatments. 

Immediately after collecting, the biomass was 
scraped off until no pigment colour could be detected 
on the stones. The biomass was suspended in organ- 
ism-free filtered seawater (0.2 pm cellulose acetate 
filters). Subsamples were taken for counting (fixed with 
Lugol's iodine: 10 g K1 + 5 g I per 100 ml), determina- 
tion of particulate carbon, nitrogen and phosphate 
(filtered on Whatman GF/C filters; filters for CN-analy- 
sis were heated to 545°C before use), and for tax- 
onomic identification. Samples from the surrounding 
water of the pier were taken by making a simple scoop 
at surface water levels; the samples were frozen for 
nutrient analysis or fixed for counting. 

P flow regulator 

t float 

silicon tube 

weight 
porous stone 

Fig. 2. Scheme of one experimental setup installed at the pier 
of the Institute of Marine Science, Kiel 

Table 1 Treatments of colonization experiments conducted In 

the ffiel Fjord, listing expenment name, exact durat~on with 
date and in days (d);  nutrients IN and P) are given in pm01 1-' 

Autumn 96 series l/:! 26 Sep-l2 Dec 1996 77 150 10 
Spring 97 series 3/4 11 Feb-6 May 1997 84 150 
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Table 2 Treatments of enrichment experiments in the Kiel Fjord, listing experiment name,  exact duration with date and in days 
(d) .  Numbers 1 to 13 denote the different treatments; nutrient concentrations (n )  are  given In pm01 I - '  The  Excl (excluded) 

column l~s t s  treatments not taken Into account 

I Experiment Duration d n 1 2  3 4 5 6 7 8 9 10 11 12 1 3 E x c l . I  

Spring 30 Apr- 19 J u n  N 0 15 45 150 450 0 0 0 0 15 45 150 450 1 96 1996 50 P 0 0 0 0 0 1 3 1 0 3 0  1 3 1 0 3 0  4 ,  

Late summer 13 Aug-23 Sep N 0 15 45 150 450 0 0 0 0 15 45 150 450 l 96 1996 P 0 0 0 0 0 1 3  l 0 3 0  1 3  1 0 3 0 8 ' 1 2 1  

30 Sep-15 Nov N 0 15 45 150 450 0 0 0 0 15 45 150 450 
1996 46 P 0 0 0 0 0 1 3 l 0  30 1 3 l 0  30 

Late sprlng 7 Apr-26 May 49 N 0 0 5 10 25 50 100 150 300 450 700 450 45 l 97 
1997 P 0 10 10 10 10 10 10 10 10 10 10 0 0 1 

Chemical and biological analysis. Particulate car- 
bon and nitrogen were measured with a Fisons CN- 
analyzer (NA 1500N). Particulate phosphate was 
determined after first heating the filters to 545°C for 
12 h,  then transferring them into Pyrex test tubes, fill- 
ing them with 5 m1 H 2 0  (Suprapur) and 0.1 m1 H2SO4 
(4 M) and heating them to 96°C in a heating block for 
1 h. The liquid was thoroughly whirled and the par- 
ticles were allowed to settle. The supernatant was used 
to measure particulate P as orthophosphate according 
to Grasshoff et al. (1983). Soluble nutrients of amblent 
seawater were measured with a Continuous Flow Ana- 
lyzer using the methods of Grasshoff et  al. (1983) to 
determine phosphate, nitrate, ammonium and silicate. 
All nutrient values in this text are  given in molar units. 

Algal cells were counted under an inverted micro- 
scope (Leitz DMIRB) at 400x magnification with stan- 
dard Utermohl counting chambers (Hydrobios). Up to 
1000 cells were counted per sample in triplicate to min- 
imize unevenly distributed subsamples. The better 
mixed pelagic samples were counted once (50 ml). 
Taxonomy follows the nomenclature of Round et  al. 
(1990) and Snoeijs (1993-1996), with additional use of 
Kuylenstierna (1989-1990), Krammer & Lange-Bertalot 
(1986-1991) and Pankow (1990). 

To compare the different species, which span several 
size classes, area integrated biovolume was calculated 
by fitting nearest geometric models, e.g. cuboid, round 
or elliptic cylinders, or wedge-shaped 'cymbelloids' (C. 
D.  Diirselen & H. Hillebrand unpubl.). As a simple 
measurement of community structure, diversity (in- 
formation theory index according to Shannon-Weaver; 
H ' )  and evenness (H'lln S with S = species number) 
were calculated (see Valiela 1995 for formula and 
constraints). For comparison of benthic and pelagic 
species composition a cluster analysis was performed. 
Therefore data were transformed to abundance classes 
(1: < l % ;  2: 1-10%; 3: 10-25%; 4: 25-40%; 5: >40% of 

biovolume); Euclidean distances were computed and 
merged by complete linkage (Statistica 5.0). 

RESULTS 

Functioning of the experimental setup 

Flow-rate readjustment was necessary only after 
several weeks, when the stones were heavily colonized 
and flow resistance became higher. Treatments with 
irregular flow (>10% deviation for more than 1 wk) 
or with microalgal growth in the tubes (indicated in 
Tables 1 & 2) were excluded from the analysis. 
Repeated nutrient analyses of media in the bottles 
showed that nutrient concentrations were fairly con- 
stant (max, difference from expected concentrations: 
6.7 %) throughout several days before the next refill- 
ing; bacterial consumption of nutrients in the darkened 
balloon flasks was therefore negligible. 

Although the substrates were suspended in the 
water column to minimize grazing impact, the attached 
algae were of true benthic origin and different from 
plankton communities examined at the same time 
(Fig. 3) .  

Taxonomic inventory of 
microphytobenthic communities 

More than 180 species were identified in benthic and 
plankton samples during this study, but more than 
80% of the total biovolume of microphytobenthos was 
contributed by fewer than 20 species throughout 
the year. Tube-dwelling diatoms (Berkeleya rutilans, 
Haslea crucigera and Navicula grevillei) were highly 
dominant in spring, accompanied by the diatoms Melo- 
sira nummuloides, Tabularia fasciculata and Prosch- 
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Fig. 3. Dendrogram for cluster analysis calcu- 
lated with Euclldean distances and amalgamated 
w ~ t h  complete linkage procedure. In addition to 
the experiments discussed in the text, monthly 
samples of unenriched substrates were used 
as benthic data (marked with B-month-year); 

pelagic samples are marked P-month-year 

kinia complanata, and the filamentous chlorophyte Colonization of artificial substrates 
Ulothrix flacca. These were succeeded in summer by 
filamentous phaeophytes (Ectocarpus siliculosus and Colonization of artificial substrates was faster at 
Pilayella littoralis) and rhodophytes (Ceramium stnc- higher temperatures. A plateau of total biovolume was 
tum sensu Harvey and Aglaothamnion byssoides) and reached after 6 wk during the spring colonization 
the large centric diatom Melosira moniliformis. In series at temperatures around 10°C and after 9 wk in 
autumn and winter M, moniliformis was common autumn series 2 at temperatures around 5°C (Fig. 4; 
together with Odontella aurita. see also Fig. 7).  After only 1 wk unicellular algae, 

biovolume (1 0"m3 mm-? 
400 1 I biovolume (1 O6 pm3 mm-') 

250 1 
350 - spring - 
300 - series 3 
250 - 
200 - 
150 I 

autumn - 
series 1 

spring - 
series 4 

autumn - 
series 2 

150 

0 "0 1 2 3 4 5 6 7 8 9 1 0 1 1  

time [wk] 

4 6 8 10 
time [wk] 

Berkeleya rutilans Haslea crucigera 
m Melosira nummuloides Navlcula grevlllei 
m Odontella aurfta Tabulana fasciculata 

other species 
other species Melosira moniliformis 
Melosira nummuloides Ceramium stricturn 
Aglaothamnion byssoides m Coscinodiscus granii 
Achnanthes longipes Odon tella aun'ta 

Fig. 4 .  Colonization of experimental substrata (as biovolume 
per unit area) in weekly intervals during autumn 1996 and 

spring 1997 
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mostly diatoms, were abundant and the first fila- ness decreased during the autumn experiments, as a 
mentous algae were recorded after 3 to 4 wk. At the result of the higher dominance of Melosira monili- 
beginning of each colonization series, the micro- formis (Fig. 6). In the spring experiment, diversity 
phytobenthic community was similar to a random and evenness were quite stable throughout the 
sample of the benthic species suspended in surround- experiment, reflecting the similar contribution of the 
ing seawater, but at the end the dominant species tube-dwellers. 
were the same in the 2 series of each experiment 
(Figs. 4 & 5). 

At the level of life forms, erect species became Enrichment experiments 
dominant during the first few weeks and remained 
dominant (Fig. 5). Species numbers increased at the Total biovolume increased with nutrient enrichment 
beginning of colonization and remained constant in most of the experiments (Table 3), but the response 
after some weeks. Therefore, no exclusion of species to nutrient treatments differed seasonally. Increases in 
could be determined, but some of the early dominant total biovolume depended on ambient seawater condi- 
species decreased during the last weeks of the series tions (Figs. 7 & 8).  In late summer and autumn 1996 as 
(in spring Navicula grevillei and Melosira nummu- well as in late spring 1997, only substrates supplied 
loides, the latter also in autumn). Diversity and even- with N had increased biovolume (Table 3, Fig. 8). Dur- 

ing these experiments ambient nutrient 

autumn series 1 

loo  1~ 
autumn series 2 ratios indicated a surplus of P relative to N 

(N:P 16) (Fig. 7). In spring 1996, ambient I N:P decreased from 50 to 12 (Fig 7) and a 
response to treatments receiving P-enrich- 
ment only was visible (Fig. 8). In early 
spring 1997, nutrient enrichment had no 
conspicuous effect on total biovolume 
(Table 3). 

The dominant taxa showed quite distinct 
reactions to nutrient treatments (Table 4). 

A, Most of the species abundant in summer 

- - 20 - were stimulated only by increased nitrogen 
concentrations. These included Ceramium 

5 stricturn (Fig. 9a) and Melosira moniliformis 
- m L .  . 7 0- 
C 1 3 5 7 9 1 1  

(Fig. 9b), as well as Tabularia fasciculata 
1 3 5 7 9 1 1  

+ (Fig. 9c) and Navicula grevillei (Fig. 9f). M. 
spring series 3 spring series 4 nummuloides increased at low nitrogen 

100 
0 .- l o o  7 enrichment, but was replaced by other 

species at  higher concentrations (150 or 
80 450 pm01 1-l) (Fig. 9d). A similar reaction 

was shown by Haslea crucigera (Fig. 9g). 
Berkeleya rutilans occurred during all 

60 seasons, but it dominated in spring and 
showed greatest abundances when both N 

40 and P were added (Fig. 9e). Proschkinia 
:omplanata was the only species highly 
favoured by P treatments (Fig. 9h)-re- 

20 gardless of whether the N:P ratio of ambi- 
ent seawater indicated P limitation or not. 

Dominant spring species increased their 
0- 0 8 

2 4 6 8 10 12 1 3 5 7 9 12 biovolume through nitrogen treatments 
time lwkl 5- to 10-fold at  maximum, while summer 

. A  

species showed a much higher augmenta- 
0 ¤ I tion, probably because of the lower concen- 

erect apacies benthopelagic species epiphyton epipelon plankton 
trations of nitrogen in seawater. 

Fig. 5. Contribution of different life forms to blovolume during colonlzatlon Increasing nutrient supply led to decreas- 
of experimental substrata, experiments in autumn 1996 and spring 1997 ing diversity of microphytobenthic com- 
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DISCUSSION 
1 

evenness 

0.0 I I l I I I l , I I l 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

time [wk] 

+autumn series 1 +-autumn series 2 
+spring series 3 +spring series 4 

Method 

The use of artificial substrates has been critizised, 
because they bias the benthic microflora with regard 
to attachment ability (Snoeijs 1991). Instead of glass 
or other smooth surfaces we used kieselguhr stones 
with a highly structured microtopography, which 
allowed even filamentous and gelatinous species to 
attach. These groups are often missing or underrep- 
resented in studies with smooth substrates (Snoeijs 
1991). The dominant species in our experiments have 
been mentioned as common in the Kiel Bight or 
Western Baltic in several floristic works (Karsten 
1899, Simonsen 1962, Edsbagge 1966, Kuylenstierna 
1989-1990, Wendker 1990), and some of them occur 
in mass blooms. Because of the benthic identity of the 
community sampled (Fig. 3) and the similant~es to 
species lists from nearby natural sites, porous stones 
like the ones used are a reliable substrate for eco- 
logical research. 

By using a gradient of treatment levels rather than 
replicates of a single treatment level, more informa- 
tion was gained on the quantitative response of ben- 
thic microalgae to nutrient enrichment. The continuity 
of the response was shown by regression analysis 
(Table 3) and by Spearman rank correlation (Table 4 ) .  

Fig. 6. Diversity and evenness in weekly intervals during The colonization experiments showed that biomass 

colonization of artificial substrata, experiments from autumn had reached a plateau a t  the time enrichment e x ~ e r i -  
1996 and spring 1-997 ments were harvested. 

munities, 
creasing 
(Fig. 10) 
diversity 
ness), it 

showing a significant de- Table 3. Linear regression of loglo-transformed biovolume dependent on log,,- 
trend with total biovolume transformed nutrient concentrations. The log-transformation is substantiated 

, Splitting the aspects of by the non-linear increase of nutrient concentrations between treatments The 
table llsts the experiments, the ennched nutrlent and the results of the linear 

(species number and even- regress~on (slope, regression coefflclent r2 and significance level, i .e ' p  < 0 05; 
becomes clear that the '"p i 0 001) 

enhanced dominance of single or few 
species was the cause of the decrease 
of diversity rather than changes in 
species number. 

The C:N ratios of biomass were quite 
constant throughout the treatments in 
all experiments, with values higher 
than the Redfield ratio 6.6 proposed by 
Goldman et al. (1979) for optirnally 
growing microalgae (Fig. 11). Cellular 
N:P ratios were lower than 15 (except 
in some treatments in the early spring 
experiment), but showed a positive 
correlation (p  < 0.0001) to N:P ratios of 
the supplied media (Fig. 11). This is 
still significant (p  < 0.05) if the outlier 
treatment is deleted. 

Experiment Enrichment Slope r2 Significance 

Spring 1996 N 0.188 0.6099 0.219 
P 0.243 0.6349 0.1065 

N+P (15:l) 0.331 0.7674 0.0514 

Summer 1996 N 0.609 0.8553 0.0245 ' 
P 0.422 0.5648 0.2485 

N+P (15: l )  0.691 0.9773 00114 '  

Autumn 1996 N 0.564 0.7993 0.0408 ' 
P -0.047 0.023 0.8484 

N+P (15:l) 0.449 0.9272 0.0311 ' 

Early spring 1997 N -0.035 0.2317 0.5187 
N (+ 10 pM P) 0.02 0.0339 0.6352 

Late spring 1997 N 0.218 0.995 0.0448 ' 
N (+ 10 pM P) 0.189 0.9107 0.0001 "' 
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The advantages of the present experimental 
setup were the continuous supply of nutrients to 
the benthic community and the constancy of the 
nutrient supply rates, in addition to the fact that 
the setup was simple and inexpensive. However, 
there are disadvantages: each treatment can only 
be harvested once and the algal community is 
exposed to ambient nutrient concentrations as 
well as to media concentrations, so the final nu- 
trient regime is dependent on both. Neverthe- 
less, the constant supply rate makes this experi- 
mental design superior to those with diffusing 
substrates with exponentially declining rates, in 
which the nutrient regime constantly changes 
during the experimental period (see Flothinann 
& Werner 1992). Herbivores (mainly nematodes 
and copepods) were present on stones in low 
abundances and were not systemat~cally corre- 
lated to algal biovolume or nutrient treatment 
(insignificant Spearman rank correlation). 
Therefore they are not considered a possible 
cause for the changed community composition in 
the treatments. 

Enrichment experiments 

duration of experiments 

The observed biovolume increase due to nutrient 
enrichment showed nutrient limitation in the unen- 

colon~zat~on experiments: autumn 96 spring 97 - l  
lhmltat~on experiments: l - -- I spring 96 late summer l autumn 96 early l late sprtng 971 

temperature ["C] light [prnol m-2 S-l] 
20 I I 2500 

- temperature 
m Irradiance -S- 2000 

m 

silicate; nitrate [FM] phosphate; ammonium [FM] 
70 18 

nitrate -16 60- + ammonlum 

50 - + slllcate 
-14 

..e.. phosphate -12 
40 - - 10 

30 - 8 

20 - 6 
Colonization process 4 

10 -' 2 
The colonization series were marked by an o o 

increased dominance of erect species with time w c D w ~ w w w w c D w r . r . r . l . r . l .  
m m m m m m m m m m m m m m m m  

(Fig. 5). Hudon & Bourget (1981) and others z ? ? : : z ? z z z ? : z z ? ?  
h m a - s o c o z k L r  
a m a, describe a shift in dominance from adnate to 
' - ~ ~ Z ~ ~ P ' ~ m ' 0 0 6 8 c g  k b < ~ ~ $ ~ p ; 7 Y z I ~ f  

erect species during colonization of free sub- 
skates. This upper story is thought determine Fig. 7. Duration of experiments (indicated by horizontal bars in the 
the community structure and response of ben- top panel) in comparison to abiotic conditions at the pier of the Insti- 
thic communities to nutrient treatment (Paul & tute of Marine Science, Kiel. Middle panel: water surface tempera- 

Duthie 1989), The next stage is established ture and irradiance at  12:00 h MEST (Middle European Summer 
Time). Lower panel: nutrient concentrations of ambient seawater 

through colon~zation of erect species by epi- 
phytes, resulting in a high level of structural 
complexity. The stable diversity in the spring coloniza- riched treatments. During late spring, summer and 
tion series and the constant species numbers do not autumn, nitrogen was limiting (Table 3) .  In spring 1996 
correspond to previous findings. Highest diversity is a colimitation of nitrogen and phosphate can be 
usually associated with mid-successional stages deduced from the simultaneous biovolume increase 
(Valiela 1995 and references therein), with low diver- after nitrogen or phosphate enrichment. Nutrient limi- 
sity at early succesional stages due to few pioneering tation seemed to be strongest in our summer and 
species and at later stages due to species competitive autumn experiment with the highest biomass stimula- 
exclusion. In the present study the previously tion (i.e. highest slopes in Table 3) compared to the 
described structural variability and the nearby pres- control. In early spring the nutrient treatments failed to 
ence of a source-pool of species for new- or re-colo- produce higher biovolume yields than the control 
nization may have reduced species exclusion. (Table 3).  We assume that low light conditions (irradi- 

ance and daylength) and low temperature in contrast 
to high ambient seawater nutrients (Fig. 7) precluded 
nutrient limitation during winter and early spring 
(Cadee & Hegeman 1974, Admiraal & Peletier 1980, 
for freshwater phytoplankton see Sterner 1994). The 
changing importance of nutrient conditions during 



Mar Ecol Prog Ser 160: 35-46, 1997 

biovolurne (1 O6 pm3 
600 

500 a 

400 

300 

treatment (conc. in pmol I-') 

biovolume (106 pm3 mm-2) 
600 

500 I d  n 

treatment (conc. in prnol I-') 

I Melosira rnoniliformis I Tabularia fasciculata 
I Berkeleya rutilans O Haslea crucigera 
I Navicula grevillei I Melosira numrnuloides 
I Proschkinia cornplanata Cerarniurn stricturn 
4 Other species 

Fig. 8. Total biovolume at the end of enrichment experiments and contribution of dominant species. Experiments from (a) spring 
1996, (b) late summer 1996, (c) autumn 1996, (d) early spnng 1997 and (e) late spring 1997. Nutrient concentrations are given 

in pm01 I-' (e.g. N45P3 means 45 pm01 1-' N and 3 pm01 I-' P) 

seasonal succession is well understood for freshwater 
phytoplankton (Sommer et al. 1986) and further re- 
search should be done to reveal the influence of nutri- 
ents, grazing, and abiotic conditions on microphyto- 
benthos throughout the year. 

Epilithic microalgae are dependent only on nutrients 
from the water column and recirculation within the 
biofilm, but sediment-inhabiting microalgae also 
receive pore-water nutrients. Therefore, a direct appli- 
cation of our results to microphytobenthos on sedi- 
ments is not possible. However, together with results 
from marine and freshwater habitats revealing bio- 
mass stimulation due to nutrient enrichment (Fairchild 

et al. 1985, Sundback & Snoeijs 1991, Rosemond et al. 
1993, Coleman & Burkholder 1994, Nilsson 1995), the 
conclusion has to be drawn that nutrient limitation is 
often present in microphytobenthic communities of 
different substrate specification. 

The internal N:P ratios of the biomass ranged from 
1.7 to 64 and increased conspicuously if media with 
an increased N:P ratio was supplied (Fig. 11). Similar 
results were obtained by Myklestad (1977) in ex- 
periments with 2 diatoms. From this increase we can 
deduce that internal nitrogen pools were unsaturated 
in unenriched treatments (Droop 1983), supporting the 
observed biomass increase in the enriched treatments. 

Table 4. Correlation between relative biovolume (control = 100%) of dominant species and nutrient treatment. Spearman rank 
correlation was calculated for N, P and N + P treatments using the experiments from 1996, and for N + constant P treatments 
using the experiments from 1997. If the abundance of species was very low (<5% of total biovolume in a11 treatments), single 
expenments were used as indicated. The table lists species and coefficients for the respective treatment (significance. ' p  < 0.05, 

"p < 0.01, "'p < 0.001, ""p < 0.0001, ns: not significant, -: not calculated) 

Species NP (15:l) N+ const. P 

Berkeleya rutilans 
Ceramium stnctum 
Haslea crucigera 
Melos~ra moniliformis 
M. n ummuloides 
Na vicula greviUei 
Proschkinia complana ta 
Ta bularia fasciculata 

0.767 ' 
- Only late summer 1996 
ns 
- Only late summer & autumn 1996 
ns 

0.767' 
ns 

0.731 ' 
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a) Ceramiurn 
stricturn 

I 

100 N t P  
300' 

I'M 

" 5 T I  15 20  25 3'3 35 
w< 

b) Melosira rnoniliformis 
40 I 40 I I 

c) Tabularia fasciculata 
1 n I D  I N P 

d) Melosira 
nummuloides 

60 

e) Berkeleva rutilans 

grevillei 
211 1 

g) Haslea crucigera 

5 0 '0 - 
c 8 

0 6 

h) Proschkinia complanata 
7 ,  

spri?q S6 late Summer 96 amumi OS early spring 97 lale sp'"inq 97 

Â n A + * 

Fig. 9, Development of dominant species with nutrient treatments during different experiments. Biovolume is given in relation to 
control; for most species diagrams are shown for treatments enriched with N alone, P alone, N + P  in a molar 1511 ratio and N + P 
with a constant P concentration (10 pmol 1 - I )  and increasing N. All concentrations are in pmol I-'; in the N +  P enrichments the N 
concentrations are given in the second x-axis ranging from 0 to 465 pmoll" Diagrams were omitted when the respective species 

was not regularly present in the experiment 
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Fig. 10. Diversity H' (0) and evenness E (A) of final composi- 
tions of the different treatments in all experiments correlated 
to log-transformed final biovolume (B%,,). The expressions of 
the linear regressions are .H' = -0 469BV,,, + 5.372 (r2. 0.389,  

p < 0 001)  and E =  - O . l 2 1 B ~ , ,  + 1.467 (r2:  0.266; p < 0.001) 
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Fig. 11. N:P and C:N molar ratios of biomass depending on 
media N:P ratio of treatments. (A) N:P ratios, (0) C:N ratios; 
horizontal lines indicate Redfield ratios for N:P and C:N 

respect~vely 

- 2 l 0  

The dependency of cellular stoichiometry on nutrient 
limitation is not well known for benthic marine microal- 
gae. Assuming a basic physiological analogy to phyto- 
plankton, the C:N:P ratio 106:16:1 (Redfield ratio) can 
be employed as a n  estimate for algal biomass under 
optimal growth conditions (see e .g .  Goldman & Mc- 
Carthy 1978, Goldman et  al. 1979). C:N ratios are  not 
strongly affected by light and temperature conditions 
but are  strongly affected by nutrient supply (cf. Flynn 
1990). N limitation leads to a deviation of the cellular 
C:N ratios from the Redfield ratio due  to the production 
of organic matter rich in carbon and low in nitrogen 
(Conover 1975, Harrison et al. 1977) and depletion of 
internal N pools (Dortch 1982, Dortch et al. 1984). The 
cellular biomass composition in our experiments sup- 
ported the conclusion that the microflora was nitrogen 
limited in most cases. The C:N ratio was seldom lower 
than 6.6 and was as high as 13. The N:P ratio was less 
than 16 and the C:P ratio was less than 106, indicating 
a P surplus. This conclusion can still be sustained if 
the comparison is based on recent in situ data of 
slightly higher optimal C:N:P ratios in freshwater 
microphytobenthos (158:18:1) (Kahlert in press). 

Competition can be expected to play a n  important 
role a s  a consequence of the nutrient-limited situation 
which exists during most of the year. No attempt was 
made to calculate the exact nutrient ratios around the 
stone because supplied media mingled with surround- 
ing seawater concentrations. Therefore, the resource- 
ratio hypothesis cannot be applied (Tilman 1982). But 
the nutrient supply of N or P from the stones alone 
clearly shifted the N:P ratio experienced by the algae 
(see Fig. 1 l), and a comparison to the results from other 
experiments is therefore possible. In our experiments, 
diatoms were dominant in all experiments but one. In 
contrast, other studies have reported a change in 
dominance of higher taxa due to nutrient treatments. 
Cyanobacteria have become more important when 
only phosphate (lowering of N:P) was added because 
of their ability to fix N2 (Pinckney et  al. 1995). In labo- 
ratory experiments benthic algae grown with different 
nutrient ratios showed responses similar to those ob- 
served for higher taxa of phytoplankton. Diatoms dom- 
inated at  high Si:N and  Si:P ratios. At low silicate con- 
centrations, chlorophytes dominated at  high N:P and 
cyanobacteria at low N:P (Sommer 1996, see also 
above). In the experiments by Nilsson (1995) diatoms 
were only replaced at  high N+P addition without extra 
silicate and they remained dominant when Si+N+P 
were added. On the other hand, Sundback & Snoeijs 
(1991) found no domin.ance shift during N+P addition. 
They attributed this lack of response to their use of 
sediment which acted a s  a silicate-pool. Similarly, in 
our experiments the material of the stones (infusory 
earth) may have been a secondary Si-source. 

A A 
optimal N:P 

;'=At A 
A 
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While dominance of higher taxa was not changed by 
nutrient enrichment in our experiments, distinct shifts in 
dominance at the level of species were visible. The most 
abundant species differed clearly in their response to the 
supplied nutrients (Table 4) ,  leading to altered commu- 
nity composition (Fig. 8 ) .  Previously, a lack of change in 
species assemblage (Pinckney et al. 1995) as well as 
slight changes (increase of Nitzschia and Amphora 
species; Sundback & Snoeijs 1991)  have been observed. 
Rosemond et al. (1993)  ~nvestigated simultaneous 
bottom-up and top-down control in a stream and showed 
an effect of nutrients on biomass, but the species com- 
position was more strongly controlled by grazing. Dis- 
tinct dominance changes within higher taxa were de- 
scribed by Sommer (1996) .  When he used species that 
were also abundant in our in situ experiments, the 
responses to nutrient treatments were similar to those of 
the present study. Melosira nummuloides was favoured 
in his culture experiments by high silicate and a N:P 
ratio around 15.  In situ it was favoured at low nitrogen 
enrichments and similar N:P ratios. Berkeleya rutilans 
(= Amphipleura rutilans in Sommer 1996) was most im- 
portant at  high N:P ratios in the laboratory (N:P 145 : l -  

2 2 : l )  as well as in situ (Table 4 ) .  The higher nitrogen de- 
mand of this species may be due  to the unique protein 
content of its tube walls (Daniel et al. 1987) .  Tabularia 
fasciculata showed a positlve response to nitrogen en- 
richment in the culture experiments and in silu. 

The decrease in diversity with nutrient enrichment 
and increased biovolume was not due  to species loss 
because species number was quite stable within the 
experiments. Instead, decreasing evenness resulted 
from the importance of enhanced dominance of a 
single or a few species (cf. Fairchild et al. 1985 ,  Carrick 
et al. 1988) .  A decrease in diversity with nutrient 
enrichment was observed in several other studies 
(Sullivan 1976, Carrick et  al. 1988) ,  whereas others 
found no or insignificant changes in diversity (Sullivan 
1981,  Sundback & Snoeijs 1991).  

In conclusion, a nutrient limitation of the growth of 
epilithic microflora in the Kiel Fjord occurs, and is of 
seasonally varying importance. Nitrogen was the main 
limiting nutrient for most species, except for diatoms, 
which may hdve been silica deficient in summer on 
natural substrates. Nutrient-enriched treatments led 
to altered or enhanced dominance of a single or a few 
species, from which we derive that competition may 
act as one major factor determining microphytobenthic 
species composition. 
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