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ABSTRACT: The bedrock of La Solana (NE Spain) stream is a thick calcareous cyanobacterial crust 
with a layered structure similar to a stromatolite. Different algal patches, which appear along with sea- 
sonal changes (especially discharge, temperature and light), characterize the stromatolite. This struc- 
ture has a great capacity for organic matter utilization, as indicated by the high extracellular enzymatic 
activities (P-glucosidase, P-xylosidase and phosphatase) measured in the stromatolibc algal patches 
over an annual cycle. However, each patch showed a particular ability in the use of organic matter 
since a different hydrolytic potential capacity was measured. The highest P-glucosidase and P-xylosi- 
dase activities were measured in the mixed community (cyanobacterial crust with a sparsely developed 
overstorey), indicating that the understorey of this stromatolitic crust is highly active. In the Zygnema- 
Spirogyra community, autotrophic activity might enhance P-glucosidase activity in spring, whilst in the 
diatom bloom (which appeared in May-June), polysaccharides released by algae and mucilagenous 
material from the diatom stalks might regulate the ectoenzymatic activities. The adaptation of the Rivu- 
laria community to oligotrophic condi.tions occurring in summer, autumn and winter is shown by the 
extremely high phosphatase activity, related to the low phosphorus concentration in stream water. The 
appearance and progressive substitution of the different patches can be interpreted as the adaptive 
response to the most available organic matter source, as well as a way of surviving the drastic environ- 
mental changes characteristic of Mediterranean streams. 
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INTRODUCTION 

Microbial mats are dense benthic communities of 
microorganisms which can give rise to laminated rocks 
known as stromatolites (Stal 1995). Stromatolites are 
formed through lithification processes such as binding 
and trapping of sediment particles, precipitated miner- 
als (e.g. calcite) and accumulation of incompletely min- 
eralized organic matter (Chafetz & Buczynski 1992). 
Bacteria, and especially cyanobacteria, play a signifi- 
cant role in producing stromatolites (Abdelahad & 

Bazzichelli 1989, Chafetz & Buczynski 1992). Extracel- 
lular polysaccharides released by diatoms are also 
involved (Winsborough & Golubic 1987). Algae and 
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cyanobactena living in microbial mats are distributed 
heterogeneously and change their pigment composi- 
tion in response to the incident light, temperature, and 
water current (Stal et al. 1985, Hawes 1993, Pinckney 
et al. 199513). Cyanobacteria-dominated microbial mat 
communities are restricted to oligotrophic environ- 
ments. At high nutrient levels diatoms may be compet- 
itive dominants (Pinckney et al. 1995a). 

Microorganisms living in stromatolitic microbial 
mats have high metabolic activities (Cohen & Rosen- 
berg 1989). The photoautotrophic and the heterotro- 
phic communities of microbial mats are closely linked, 
showing high rates of photosynthesis and organic mat- 
ter utilization (Canfield & Des Marais 1993, Paerl et al. 
1993), although a higher production to respiration ratio 
was observed in a stromatolitic mat (Pinckney et al. 
1995b). 
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Our aim was to investigate organic matter utilization 
in a stromatolitic cyanobacterial crust which devel- 
oped in a Mediterranean stream. La Solana bedrock 
shows distinct patches characterized by different dom- 
inating groups of taxa which follow a seasonal succes- 
sion (Guasch & Sabater 1994). Each algal patch has a 
characteristic photosynthetic behaviour (Guasch & 
Sabater 1995). We hypothesize that organic matter 
degradation processes may also be particular to each 
algal patch and that their temporal dynamics in the 
stream are related to different abilities in organic mat- 
ter use. The capacity to break down organic matter 
was studied by analyzing potential ectoenzymatic 
activities. Extracellular enzymatic hydrolysis of macro- 
molecules is the first step in microbial degradation of 
macromolecular organic compounds in aquatic envi- 
ronments (Marxsen & Witzel 1990, Chr6st 1991). 
Microbial ectoenzymes (those bound to the cell sur- 
face) act outside the cell, converting high-molecular- 
weight molecules to low-molecular-weight molecules 
which are readily utilizable by heterotrophic microbes 
(Chr6st 1990). We analyzed the ectoenzymatic activi- 
ties of P-glucosidase, P-xylosidase and phosphatase of 
each patch monthly during an  annual study. These 
enzymes are involved in the degradation of polysac- 
charides (cellulose, hemicellulose) and orthophos- 
phoric monoesters which are plant and/or animal poly- 
mers originating in rivers from both autochthonous and 
allochthonous sources. Electron transport was also 
measured and used as a general estimate of the respi- 
ratory activity of each stromatolitic patch. 

MATERIALS AND METHODS 

Study site. La Solana, located in NE Spain, is an  
undisturbed second-order stream draining a calcare- 

ous basin (Marti et al. 1994). The calcareous bedrock of 
La Solana is covered by a lithified layer of cyanobacte- 
ria and diatoms, creating a crusted structure similar to 
a stromatolitic microbial mat. The distribution of differ- 
ent algal patches on the cyanobacterial crust changes 
during the year, due to variations in discharge and 
light (Guasch & Sabater 1994). High photosynthetic 
and respiration rates were observed in La Solana 
(Guasch & Sabater 1994, 1995), which may require 
high rates of heterotrophic carbon utilization. 

This Mediterranean stream is subject to drastic sea- 
sonality, and large fluctuations in discharge (minimum 
0 1 SS' in summer, maximum 99.9 1 S-' in autumn) and 
temperature (minimum 0.2OC in winter, maximum 
24.1°C in summer) have been observed (Marti et al. 
1994, Marti & Sabater 1996). The riparian vegetation is 
not well developed, with only a sparse canopy. Light is 
not limiting, being maximum in summer (maximum 
value of 910 pE m-* S-'). The nutrient content is very 
low, especially for soluble reactive phosphorus (5 to 
10 pg 1-l) (Table 1). 

Sampling. Samples of the stromatolitic crust were 
collected monthly from January 1994 to February 1995. 
The calcareous cyanobacterial crust is permanent over 
the year and the different algae developing over the 
crust characterize the visually different algal patches: 
the Rivularia community, the Zygnerna-Spirogyra 
community, the diatom bloom and the mixed community 
(Guasch & Sabater 1995). Each patch, consisting of an 
understorey (the permanent crust) and an overstorey, 
was defined when appearing in the stream over more 
than 10 % of the streambed surface. The algal cover on 
the stream surface was evaluated by several transects 
along a 100 m reach. Relative density of algal cover was 
established from 0 to 100% in the area defined by an 
underwater viewer (0.16 m*), which was used to visual- 
ize the relative densities along each transect. 

Table 1. Physical and chemical characteristics of La Solana stream during the study period. Values are seasonal means, except 
summer values which correspond to early July, when water was only in small pools. From then until the end of August the stream 

was totally dry. Values in brackets are the standard deviations of the mean (n = 6 but n = 3 in summer and autumn 1994) 

Winter Spring Summer Autumn Winter 
1994 1994 1994 1994 1995 

Discharge (I S '  ' ) l 0  (2.1) 12 (3.3) 0 (0) 26 (12) 18 (3.2) 
Temperature ("C) 0.7 (0.3) l l .6 (3.9) 24.8 (4.6) 8.6 (4.2) 2.9 (2.8) 
Llght (PE m-2 S-') 140 (35) 496 (301) 710 (387) 188 (122) 112 (27) 
Conductivity (pS cm-') 470 (16) 400 (23) 606 (53) 405 (48) 408 ( l  8) 
PH 8.3 (0.1) 8.2 (0.1) 7.7 (0.2) 8.0 (0.3) 8.5 (0.6) 
Oxygen (mg 1-') 10.9 (3.6) 8.0 (3.3) 1.5 (0 8) 11.0 (3.7) 11.8 (0.1) 
NO3-N (pg I-') 181 (51) 71 (65) 269 (63) 187 (83) 202 (116) 
NH4-N (pg I-') 35 (1.3) 24 (13) 2939 (1040) 27 (17) 29 (15) 
SRP (pg I-') 1.6 (0.5) 2.1 (2.6) 65 (51) 4.7 (0.9) 1.3 (1.1) 
D1N:SRP 465 (214) 764 (1130) 49 (20) 102 (49) 116 (83) 
DOC (mg 1- l )  1.8 (0.3) 6.9 (5.5) 128 (9.6) 5.7 (2.9) 4.7 (1.0) 
DIC (mg I - ' )  62.8 (5.1) 59.6 (4.1) 40.1 (4.8) 47.4 (5.4) 48.0 (3.1) 
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On each sampling date, pieces of each patch (0.5 to 
1 cm thick) were placed in sterile glass vials with 
stream water. Samples were kept cold (on ice) and in 
the dark for transport. Samples from July and August 
1994 (dry period) were transported wrapped in alu- 
minium foil. The analyzed samples were approxi- 
mately 1.1 cm2 in surface area. Samples for chlorophyll 
analysis were frozen and kept in the dark until pig- 
ment extraction. For bacterial cell counts, samples 
were placed in sterile glass vials with 2 %  formalin. 
Activity measurements (extracellular enzyme analy- 
ses, photosynthetic activity and respiratory activity) 
were measured on the same day, 2 to 3 h after sam- 
pling. 

On each sampling date, temperature, pH, dissolved 
oxygen and conductivity were measured in the field. 
Incident light was measured with a LiCor quantum 
sensor (Li-192SB). Water velocity was measured in the 
field by recording the increase in conductivity with 
time after a slug injection of a concentrated chloride 
solution to the stream water, approximately 50 m 
upstream from the sampling point (Gordon et al. 1993). 
Discharge was calculated by mass balance from inte- 
gration of the concentration hydrograph (Triska et al. 
1989). 

Filtered (precombusted Whatman GF/F filters) water 
samples (3 replicates for each analysis) were taken in 
order to analyze inorganic nutrients (nitrate, ammo- 
nium and soluble reactive phosphorus), as well as dis- 
solved organic carbon (DOC) and dissolved inorganic 
carbon (DIC). Nitrate was analyzed by ion chromatog- 
raphy (Kontron) with an IC-Pack anion column (4.5 X 

50 mm) and an ultraviolet detector. Ammonium and 
soluble reactive phosphorus were analyzed spectro- 
photometrically following the procedure of Grasshoff 
et al. (1983). The DIN:SRP ratio was calculated as the 
molar ratio of dissolved inorganic nitrogen (DIN, am- 
monium plus nitrate) to soluble reactive phosphorus. 
DIC and DOC were measured with a total organic car- 
bon analyzer (Shimadzu, TOC-5000). In summer 1994 
the stream dried out; July water samples were col- 
lected from some pools and no water was collected in 
August. 

Activity measurements. The ectoenzymatic potential 
activities of P-D-glucosidase (EC 3.2.1.21), P-D-xylosi- 
dase (EC 3.2.1.37) and phosphatase (EC 3.1.3.1-2) 
were determined spectrofluorometrically using MUF 
(methylumbellifery1)-substrate analogues (4-MUF P- 
D-glucoside, 4-MUF P-D-xyloside, and 4-MUF phos- 
phate from Sigma-Aldrich). Samples (5 replicates) and 
formaldehyde-killed controls (2 replicates) for each 
patch were incubated with 2 m1 of each substrate 
(0.3 mm01 I-', saturation conditions) in the dark with 
continuous shaking for 1 h at ambient stream tempera- 
ture (Sabater & Romani 1996). Two blanks of filter-ster- 

ilized stream water were also incubated. After addition 
of 0.05 M glycine buffer, pH 10.4, fluorescence was 
measured at  455 nm under 365 nm excitation (Kontron, 
SFM25). 

Primary prod.uction was measured as HI4CO3 incor- 
poration. Samples (3 replicates) and formaldehyde- 
killed controls were incubated at 150 PE m-2 S-'. Dark 
replicates were included. Incubation was perfomed in 
a shaker for 2 h at ambient stream temperature, inject- 
ing 1 pCi of NaH1"C03 into each tube (Sabater & 
Romani 1996). Radioactivity was measured in a 
Packard Tri-carb 1500 liquid scintillation analyser. Pri- 
mary production was only analyzed in the mixed com- 
munity. 

Respiratory activity (Electron Transport System, 
ETS) was assayed by measuring the reduction of the 
electron transport acceptor INT (2-(p-iodopheny1)-3- 
(p-nitropheny1)-5-phenyl tetrazolium chloride) into 
INT-formazan (iodonitrotetrazolium formazan) (Blenk- 
insopp & Lock 1990). Five replicates and 2 killed con- 
trols for each patch were incubated in 0.02 % w/v INT 
solution in a shaker at ambient stream temperature for 
10 to 12 h in the dark (Sabater & Romani 1996). 

Algal biomass and bacterial density. Chlorophyll a 
was measured (3 replicates) after extraction in 90% 
acetone for 12 h in the dark at 4°C. To ensure total 
chlorophyll extraction, samples were sonicated for 
4 min at the end of the extraction period. Chlorophyll 
concentration was determined spectrophotometrically 
after filtration (GF/F Whatman) of the extract, follow- 
ing Jeffrey & Humphrey (1975). The ratio of chloro- 
phyll to carotenoids and/or chlorophyll degradation 
products was measured as the quotient of the optical 
densities at  430/665 nm (Margalef 1983). Algal compo- 
sition and community structure were determined for 
all patches. Bacterial density was estimated in tripli- 
cate after sonication (90 S plus 90 S). After appropriate 
dilution, fixed samples were stained for 5 min with 
DAPI (2 pg ml-l), filtered through 0.2 pm irgalan black 
stained polycarbonate filters and counted using a fluo- 
rescence microscope. The different bacterial morpho- 
types were also observed. 

Organic carbon, nitrogen, and organic matter bio- 
film content. The stromatolite was completely dried 
(2 d in the oven at llO°C) and then ground. Each sam- 
ple was treated with hydrochloric acid (2 N) to elimi- 
nate inorganic carbon, placed under vacuum for total 
drying, and analyzed for carbon and nitrogen with a 
C/N Analyzer 1500 Carlo Erba using vanadium pent- 
oxide as the oxidation catalyzer. 

On the first sampling date (January 1994), the 
organic matter content of the Rivularia community, the 
Zygnerna-Spirogyra community, and the mixed com- 
munity was measured as ash-free dry weight (AFDW), 
after 4 h at  45OoC, and was expressed as mg cm-2. 
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Data analysis. The fivularia community, Zygnerna- 
Spirogyra community and the diatom bloom were com- 
pared with the mixed community on each sampling 
date using a 2-tailed t-test. One-way analysis of vari- 
ance was performed for each variable in the different 
patches. Differences between patches were analyzed 
by Tukey's multiple comparison test. Correlation 
analyses (Pearson coefficient) were performed with 
biological and environmental variables. 

RESULTS 

Physical and chemical characteristics 

Minimum temperature and light levels occurred in 
winter (Table 1). Maximum oxygen, nitrate and ammo- 
nium levels in the flowing stream water were mea- 
sured in winter and autumn. Soluble reactive phospho- 
rus (SRP) concentration was in general very low, with 
the minimum values measured in winter. The maxi- 
mum DOC was found in spring and autumn. During 
the drought period (July and August 1994), some water 
remaining in small pools contained a high nutrient 
concentration and low pH and oxygen. Although some 
rain occurred during August (30 mm), water in the 
stream did not flow again until September. 

Description of patch community 

The patches of the stromatolitic cyanobacterial crust, 
embedded in calcareous material, consist of an under- 
storey (the permanent crust) and an  overstorey (algae 
and cyanobacteria covering the permanent crust). 
The understorey showed distinct layers. The upper 
layer (1 to 3 mm thick), green in colour, was com- 
posed mainly of Rivularia biasolettiana Menegh. and 
some filamentous cyanobacteria (Schizothrix peni- 
cillata [Kiitz] Gom., S. affinis Lemm. and Homeothrix 
sp.) .  The green algae Mougeotia sp., Spirogyra sp. 
and Zygnema sp. and the diatom Cymbella sp. 
were also present in this layer. The second layer (2 to 
6 mm thick), green-yellowish in colour, was exclu- 
sively made up of R. biasolettiana (with more empty 
sheaths and less heterocysts) and filaments of S,  peni- 
cillata. The bacterial community within this structure 
was mainly composed (80 %) of cocci and coccobacilli 
(0.2 to 0.4 pm diameter), but chains of rod-shaped 
bacteria embedded in a mucilagenous material and 
filaments were also observed. Some fungal hyphae 
were interspersed in the structure. The organic 
carbon content of this structure ranged between 3.2 
and 1 7 . 2 % ,  while the organic nitrogen was 0.24 to 
1.08%. 

The differences in the 4 patches were attributable to 
differences in the overstorey. In the mixed community, 
small spots of R. biasolettiana and Zygnema sp. or 
Mougeotia sp. were found over the permanent crust. 
The mixed community covered 40 to 80% of the 
streambed area over all the study period but only 10 to 
15% during the diatom bloom in spring 1994. Chloro- 
phyll a in this community fluctuated during the study 
period, ranging between 8.4 to 22.4 pg cm-' (Fig. l a )  
and the high OD430/OD665 ratio revealed a remark- 
able proportion of carotenoids (Fig. 2). Bacterial den- 
sity showed 2 phases, being between 6.6 and 8.3 X 

10' cells cm-2 in winter and spring 1994 and decreas- 
ing after the drought to 1.8-3.9 X log bacteria cm-2 
(Fig. lb) .  Organic matter content was 53.12 + 18.64 mg 
AFDW cm-2, significantly higher than in both the Rivu- 
laria (20.74 + 9.05 mg AFDW cm-2) and the Zygnema- 
Spirogyra (34.9 k 8.9 mg AFDW cm-2) communities 
(ANOVA, p < 0.0001). 

The colonies of Rivularia biasolettiana had a differ- 
ent appearance in winter 1994 (clear green colonies) 
than in summer and autumn (dark green colonies). In 
May 1994 there were no colonies of R, biasolettiana 
due to the development of the diatom bloom. In winter 
1995 the Rivularia community did not appear. Chloro- 
phyll a densities in this community were similar to the 
mixed community, except for July 1994 when it was 
significantly lower (Fig. la) .  Bacterial density ranged 
between 6.2 and 17.3 X log cells cm-', being signifi- 
cantly higher than the mixed community in January 
and July 1994 (Fig. lb) .  The Rivularia community had 
the highest bacterial density and the highest 
OD430/OD665 ratio of all the patches (Fig. 2). 

The Zygnema-Spirogyra community developed in 
spring 1994 and winter 1995 and its overstorey was 
dominated by Zygnema, Spirogyra and Mougeotia 
taxa, some diatoms being part of its periphyton (Cyclo- 
tella cf. kutzingiana, Cymbella cf. helvetica, Achnan- 
thes minutissima Kiitz. Epithernia sp.) .  This community 
became desiccated during the dry period (summer 
1994) and sloughed off in autumn when discharge 
increased. The community appeared again in winter 
1995. Chlorophyll a and bacterial density were not sig- 
nificantly different from those in the mixed community 
on any sampling date (Fig. l a ,  b). In terms of annual 
averages, chlorophyll was higher than in the Rivularia 
and mixed communities (Fig. 2). 

The diatom bl.oom appeared in spring 1994. It was a 
white-grey mucilagenous material, which covered 
nearly 80% of the cyanobacterial crust. It was mainly 
composed of the stalked diatoms Cymbella affinis 
Kutz. and C. helvetica Kutz . ,  but also of Cyclotella cf. 
kutzingiana, Fragilana capucina Desmazieres, Syne- 
dra ulna (Nietzsche) Ehr. and Achnanthes minutissima. 
The diatom bloom disappeared in July when, due to 
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Fig. 1. Temporal variation of (a) chlorophyll a density, (b) bacterial cell density, and (c) respiratory (electron transport system, 
ETS) actlvity in the different algal patches. M: mixed community; R R~vulana community; Z :  Zygnema-Sp~rogyra community; D .  
diatom bloom. Error bars represent standard errors of the mean, n = 3 in (a)  and (b),  n = 5 in (c). Significant differences between 
the R,  Z or D con~munity and the M community on a given sampling date are indicated ' p  < 0.05, "p < 0.01, " 'p < 0.001 (t-test) 

the drought, the mucilaginous material became totally 
dry. Chlorophyll a content was ca 32 1-19 cm-2 (Fig. l a ) ,  
significantly higher than in the mixed community 
(Fig. l a ) .  However, bacterial density (ca 4.2 X log  bac- 
teria cm-2) was significantly lower than in the mixed 
comnlunity (Fig. lb ) .  Organic carbon and nitrogen in 
the diatom bloom were significantly higher than in the 
other patches, but the molar ratio between organic car- 
bon and organic nitrogen was not (Fig. 2). 

1994. However, values in winter 1995 were similar to 
those in spring-summer 1994. 

ETS activity in the mixed community was lowest in 
July 1994 and increased in September 1994 (Fig. lc) .  
The Rivularia community showed a high peak in ETS 
activity in June, while values in the Zygnema-Spir- 
ogyra community were not significantly different from 
those in the mixed community (Fig. l c ) .  When compar- 

Table 2. Photosynthetic activity (pg C cm-' h-') in the m ~ x e d  
community of La Solana stream during the study period. Val- 

Primary production and respiration ues are seasonal means and standard dewations 

Photosynthetic activity, only measured in the mixed 
comnlunity, had an annual average of 8.18 1-19 C cm-2 
h-'. It was maximum in spring 1994 and increased 
again in winter 1995 (Table 2). Primary productivity 
increased up to 374-fold between winter and spring 

Winter Spring Summer Autumn Winter 

0.013 15.30 11.20 
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ing annual averages, ETS activity was significantly 
higher in the Rivulana community and in the diatom 
bloom than in the mixed and Zygnema-Spirogyra com- 
munities (Fig. 2).  

summer months (Fig. 3a). Values in the Zygnema-Spir- 
ogyra community were also lower in January and 
March 1994 but significantly higher in May (Fig. 3a). P- 
Glucosidase activity in the diatom bloom increased 
from May to June, but values were significantly lower 
than in the mixed community (Fig. 3a). Concerning 
annual averages, P-glucosidase activity was the high- 
est in the mixed community and the lowest in the 
diatom bloom (Fig. 2). 

P-Xylosidase activity in the mixed community was 
lowest during spring and early summer and increased 
during the drought, maintaining the high values until 
winter 1995 (Fig. 3b). The Rivulana community and the 
Zygnema-Spirogyra community showed a significantly 
lower P-xylosidase activity than the mixed community 

Extracellular enzymatic activities 

P-Glucosidase activity in the mixed community 
reached maximum values during the drought, and 
minimum values were measured in winter (1994 and 
1995) and spring 1994 (Fig. 3a). In the Rivulana com- 
munity, P-glucosidase was significantly lower than in 
the mixed community in January, March and June 
1994, but no significant differences were found in the 

M R Z D  M R Z D  M R Z D  

M R Z D  M R Z D  M R Z D  

M R Z D  M R Z D  M R Z D  

Flg. 2. Annual averages and standard errors of the mean (error bars) in the different algal patches. M: mixed community; R: Rivu- 
l a n d  community; Z. Zygnema-Spirogyra commun~ty; D: diatom bloom. Letters a, b,  c show significantly different groups found by 

Tukey's multiple cornpan.son test (p  0.05) 
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Fig. 3. Temporal variation of ectoenzymatic (a) P-glucosidase, (b) P-xylosidase, and (c) phosphatase activities in the different algal 
patches. M: mvted community; R: kvularia community; Z: Zygnerna-Spirogyra community; D: diatom bloom. Error bars repre- 
sent standard errors of the mean, n = 5. Significant differences between the R, Z or D community and the M community on a given 

sampling date are indicated: ' p  < 0.05, "p < 0.01, "'p < 0.001 (t-test) 

during winter and spring (Fig. 3b). In the Rivularia values of between 100 and 150 nmol cm-' h-' (Fig. 3c). 
community, P-xylosidase was positively correlated to The highest activities were measured in winter (1994 
p-glucosidase (r = 0.96, p = 0.002, n = 6). P-Xylosidase and 1995), and the lowest in autumn 1994. Phos- 
activities in the diatom bloom were also lower (Fig. 3b). phatase activity in the avularia community was 
Concerning annual averages, P-xylosidase activity was extremely high in January and June 1994, whilst in the 
significantly higher in the mixed community than in Zygnema-Spirogyra community, values for this ectoen- 
the other patches (Fig. 2). 

The P-xylosidase :P-glucosidase ratio 
Table 3. P-Xy1osidase:P-glucosidase ratio in the Wferent algal patches. Values are 

was around 0'5 except for the mixed seasonal means and standard error of the annual mean. M: muted community; 
community in winter lgg4 3). R: Rivularia community; Z: Zygnerna-Spirogyra community, d: diatom bloom 
Few variations in this ratio were de- 
tected in the Rivularia community over 
the study period. The Zygnema-Spiro- 
gyra community and the mixed com- 
munity had higher seasonal fluctua- 
tions (Table 3). 

Phosphatase activity in the mixed 
community had spring and summer 

Algal Winter Spring Summer Autumn Winter Mean * SE n 
patch 1994 1994 1994 1994 1995 

M 1.53 0.53 0.43 0.81 0.68 0.71 ? 0.10 11 
R 0.40 0.39 0.40 0.55 - 0.42 * 0.03 6 
Z 0.90 0.34 - 0.53 0.50 0.49 ? 0.10 6 
D - 0.63 - - 0.63 * 0.33 2 
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zyme were not significantly different than for the 
mixed community (Fig. 3c). Lowest phosphatase activ- 
ity was found in the diatom bloom. Comparing the 
annual averages between the patches, phosphatase 
activity was significantly higher in the Rivularia com- 
munity than in the other communities (Fig. 2). 

DISCUSSION 

Ectoenzymatic and respiratory activities measured 
in La Solana stromatolitic algal patches were much 
higher than in epilithic stream biofilms studied else- 
where (Marxsen & Witzel 1990, Blenkinsopp et al. 
1991, Sinsabaugh et al. 1991, Jones & Lock 1993, 
Chappell & Goulder 1994). However, values were not 
higher than in biofilms growing on wood surfaces 
(Sinsabaugh et al. 1991). The specific conditions of La 
Solana stream (calcareous watershed, low nutrient 
content, subject to th.e Mediterranean climate) led to 
the formation of this unusual streambed with a devel- 
oped stromatolitic cyanobacterial crust. The high enzy- 
matic and respiratory activities observed in La Solana 
may be related to the accumulation of organic matter 
within this thick stromatolite, as indicated by the high 
organic carbon and nitrogen content. 

There is a general pattern of optimization in organic 
matter use that arises from the total ectoenzymatic ac- 

tivities in the streambed. When the potential ectoenzy- 
matic activities for each patch are referred to their 
respective surface area of streambed covered, and con- 
verted to the sum of all the different patches, a mean- 
ingful picture is obtained (Fig. 4).  The variation of the 3 
ectoenzymatic activities in the streambed context shows, 
(1) the existence of a seasonal pattern and a rather 
extended plateau of maximum values throughout the 
hydrologic period and (2) the occurrence of an upper 
threshold of potential activities (that is seldom surpassed; 
a maximum in February is common for the 3 enzymes). 
In other words, the potentialuse of different organic mat- 
ter sources is associated to a maximum but is however 
smoothed of extreme pulses of activity (either lower or 
higher), from a whole-stream perspective. This modula- 
tion is obvious when the total activity values (Fig. 4 )  are 
compared with those of the respective patches (Fig. 3). 

The different patterns of variation among the en- 
zymes (Fig. 4 )  might be an expression of their respec- 
tive abilities to use specific high-molecular-weight 
compounds (Chrost 1990), as well as of the availability 
of substrates. The phosphatase degrades phospho- 
monoesters (Jansson et al. 1988); the P-glucosidase 
cleaves cellobiose molecules and is involved in the 
degradation of cellulose (Deshpande & Eriksson 1988); 
and the P-xylosidase degrades xylobiose molecules 
(Lachke 1988) and is involved in the degradation of 
hemicellulose. 
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The highest glucosidase and xylosidase potential 
activities and organic matter content were character- 
istic of the mixed community (Fig. 2). This community 
is permanent over the entire study period and occu- 
pied 60 to 80% of the streambed surface area. There- 
fore the potentially high capacity for the cleavage of 
polysaccharide molecules in this patch is extremely 
relevant for the organic matter use at the stream 
ecosystem level. The few algae and cyanobacteria 
constituting the overstorey of this patch indicate that 
the understorey of this stromatolitic crust is highly 
active. The activity in the permanent crust (under- 
storey), along with the organic matter accumulated 
within it, is the basis for its key role as transformer of 
organic matter in the stream. This community may 
mainly use the organic matter accumulated in the 
stromatolite, such as extracellular polysaccharides 
and cyanobacterial sheaths (Lange 1976, Decho 1990). 
Glycolate excreted by the cyanobacteria (Bateston & 
Ward 1988, Friind & Cohen 1992) may be the major 
source of organic carbon in microbial mats, together 
with organic compounds from fermentation (Stal 
1995). The lower importance of autotrophy in the 
overstorey of this patch and the accumulation of 
allochthonous organic matter such as leaf fall and 
decaying plant material could enhance P-xylosidase 
activity (Jones & Lock 1993), especially in autumn and 
winter (Table 3). 

In the diatom bloom, algal excretion might regulate 
the lowest ectoenzymatic activities (Fig. 2). The 
monomeric compounds released by the diatoms, easily 
assimilable by bacteria, can repress extracellular enzy- 
matic activities (Chr6st 1990). The diatom bloom 
showed high chlorophyll a content with the lowest 
OD430/OD665 ratio (Fig. 2), suggesting its potential 
for high photosynthetic activity (Gotschalk & All- 
dredge 1989) that would lead to important algal excre- 
tion. The accumulation of mucilage, mainly from the 
diatom stalks (Hoagland et al. 1993), and abundant 
algal excretion are revealed by the high organic car- 
bon content (Fig. 2). However, the availability of DOC 
within the mucilaginous material (Decho & Herndl 
1995) might be responsible for the high respiratory 
activity found in this patch (Norrman et al. 1995). The 
enzymatic activities were not very variable throughout 
the duration of the diatom bloom, except for P-glucosi- 
dase which increased from May to June, coinciding 
with the aging of the mucilage (Herndl 1992, Middel- 
boe et al. 1995) (Fig. 3a). This increase in P-glucosidase 
activity could be related to the greater proportion of 
substrate available for this enzyme after other enzymes 
(such as endoglycosidases) had degraded the mucilage 
to lower-molecular-weight molecules (Decho & Herndl 
1995). Although the high respiratory activity in this 
algal patch expressed high organic matter use, the 

patch made the lowest contribution towards the capac- 
ity to degrade high-molecular-weight molecules of the 
stromatolite. However, the development of the diatom 
bloom during spring leads to an accumulation of 
detritic material during the drought period, which 
might be used by the stromatolite as an organic matter 
source. 

The Zyynerna-Spirogyra community showed a shift 
in the P-xy1osidase:P-glucosidase ratio between winter 
1994 and spring 1994 (Table 3). The lower ratio in 
spring suggests the utilization of polysaccharides 
coming from algal release which mainly enhance P- 
glucosidase activity (Jones & Lock 1993). The high bio- 
mass and photosynthetic activity in spring is character- 
istic of La Solana, especially for the Zygnematales 
community (Guasch & Sabater 1994, 1995). It is likely 
that autotrophic activity does affect the organic matter 
source, leading to an increase in P-glucosidase activity. 
However, a short-term study would be required to 
prove such autotrophic-heterotrophic relationships. 
The increase in the P-xylosidase: P-gIucosidase ratio in 
winter and autumn indicates that heterotrophs also 
cleave xylobiose molecules usually found in decaying 
plant material. 

The Rivularia community was more constant in the 
use of a given organic matter source. Low variations in 
the P-xylosidase : P-glucosidase ratio were observed 
over the study period in this patch (Table 3). The high 
phosphatase and respiratory activities and OD430/ 
OD665 ratio (high carotenoid content) characterize this 
community. The extremely high phosphatase activity 
(Fig. 2) confers a resistance capacity during olig- 
otrophic conditions; organic phosphorus sources are 
used to obtain inorganic phosphorus when this is 
scarce in stream water (Jansson et al. 1988, Boavida 
1991, Whitton 1991). The highest phosphatase activity 
was measured in winter 1994, coinciding with mini- 
mum values of SRP in stream water. The genus Rivu- 
laria has a special ability to hydrolyse organic phos- 
phates (Livingstone & Whitton 1984). This gives this 
patch a competitive advantage over the other patches 
living in the phosphorus-limited La Solana (Guasch et 
al. 1995). 

The P-xylosidase : P-glucosidase ratio (Fig. 4), calcu- 
lated for the total activities in the streambed covered, 
indicates the progressive change in the source of 
organic matter used, from that of algal releases (low 
values of the ratio; spring-summer) to that of decaying 
plant material (higher values of the ratio; autumn-win- 
ter). This evolution stresses the adaptive response of 
the stromatolitic crust to the most available source of 
organic matter in the stream. Highest values in Febru- 
ary indicate the absolute predominance in the use of 
allochthonous material as the organic matter source by 
the heterotrophs in that period. 
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T h e  different regulat ion of t h e  ectoenzymatic activi- 

ties in  e a c h  patch a n d  the  thickness  of this stromatolitic 
biofilm m a y  underlie both t h e  biofilm's ability to live in  

an oligotrophic s t ream a n d  its capacity to  resist t h e  
drastic changes  i n  t empera ture ,  discharge a n d  light of 

this Medi te r ranean  s tream. Drought  caused  a drastic 

d e c r e a s e  i n  bacterial density, photosynthetic activity 

and respiratory activity i n  t h e  mixed community, bu t  

t h e s e  activities recovered i n  2 to 3 h (Romani & Saba te r  
1997). T h e  appearance  of t h e  different a lgal  patches 

dur ing  t h e  year  acts  a s  a n  additional mechanism to 

exploit all  e n e r g y  inputs  by  using t h e  adap t ive  capac- 
ity of e a c h  algal  species. A s  h a s  b e e n  observed i n  

m a r i n e  intertidal m a t s  (Paerl e t  al.  1993), this behav-  

iour optimizes carbon utilization i n  t h e  system and is a 
good  strategy for Life u n d e r  oligotrophic conditions. 
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