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SUMMARY

1. Nutrient and fish manipulations in mesocosms were carried out on food-web
interactions in a Mediterranean shallow lake in south-east Spain. Nutrients controlled
biomass of phytoplankton and periphyton, while zooplankton, regulated by planktivorous
fish, influenced the relative percentages of the dominant phytoplankton species.

2. Phytoplankton species diversity decreased with increasing nutrient concentration and
planktivorous fish density. Cyanobacteria grew well in both turbid and clear-water states.
3. Planktivorous fish increased concentrations of soluble reactive phosphorus (SRP). Larger
zooplankters (mostly Ceriodaphnia and copepods) were significantly reduced when fish
were present, whereas rotifers increased, after fish removal of cyclopoid predators and
other filter feeders (cladocerans, nauplii). The greatest biomass and diversity of
zooplankton was found at intermediate nutrient levels, in mesocosms without fish and in
the presence of macrophytes.

4. Water level decrease improved underwater light conditions and favoured macrophyte
persistence. Submerged macrophytes (Chara spp.) outcompeted algae up to an experi-
mental nutrient loading equivalent to added concentrations of 0.06 mg L' PO,-P and
0.6 mg L™" NO3-N, above which an exponential increase in periphyton biomass and algal
turbidity caused characean biomass to decline.

5. Declining water levels during summer favoured plant-associated rotifer species and
chroococcal cyanobacteria. High densities of chroococcal cyanobacteria were related to
intermediate nutrient enrichment and the presence of small zooplankton taxa, while
filamentous cyanobacteria were relatively more abundant in fishless mesocosms, in which
Crustacea were more abundant, and favoured by dim underwater light.

6. Benthic macroinvertebrates increased significantly at intermediate nutrient levels but
there was no relationship with planktivorous fish density.

7. The thresholds of nutrient loading and in-lake P required to avoid a turbid state and
maintain submerged macrophytes were lower than those reported from temperate shallow
lakes. Mediterranean shallow lakes may remain turbid with little control of zooplankton
on algal biomass, as observed in tropical and subtropical lakes. Nutrient loading control
and macrophyte conservation appear to be especially important in these systems to
maintain high water quality.
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temperate lakes (Scheffer et al., 1993; Perrow et al.,
1997; Drenner & Hambright, 1999; Mehner et al., 2002)
and have contributed greatly to a general understand-
ing of the functioning of these systems. Comparable
information on tropical and subtropical lakes remains
restricted, however (John, 1986; Lazzaro, 1997; Talling
& Lemoalle, 1998; Bachmann, Hoyer & Canfield,
1999), and is virtually lacking from semi-arid and
Mediterrranean areas (Galanti, Guilizzoni & Libera,
1990; Beklioglu, Ince & Tuzun, 2003). Climate and
hydrological regimes are likely to affect lake commu-
nities differently in warmer regions (Jeppesen et al.,
2003). For example, high annual temperatures influ-
ence fish growth and predation rates on zooplankton
(Bachmann ef al., 1996). In tropical lakes, fish may
maintain a quasi-permanent size-selective predation
pressure on zooplankton, which leads to reduced
abundance of large-bodied herbivorous crustaceans
(Lazzaro, 1997).

Compared with cooler systems, subtropical and
tropical lakes tend to have very small zooplankters
(Fernando, 1994), which in addition to reduced
competition from large zooplankton taxa, can be
physiologically better adapted to higher temperatures
(Atkinson, 1994; Moore, Folt & Stemberger, 1996).
Therefore, in warmer lakes, zooplankton may have
weaker control of algal biomass (Fernando, 1994;
Lazzaro, 1997, Benndorf ef al., 2001). Furthermore,
high zooplanktivore biomass and small-bodied zoo-
plankters may enhance nutrient cycling and algal
growth (Fernando, 1994; Lazzaro, 1997; Lazzaro et al.,
2003). Greater amounts of solar energy impinging on
lakes and higher temperature may further favour
primary production (Camargo & Esteves, 1995; Tal-
ling & Lemoalle, 1998), in accordance with empirical
evidence that cyanobacteria more often dominate
phytoplankton communities at low latitudes (Komar-
ek, 1985; Pollingher & Berman, 1991; Talling &
Lemoalle, 1998).

Macrophytes can play an important role in the
stabilisation of a clear-water state (Scheffer, 1998),
because they may counteract increases in algal
turbidity by various mechanisms (Jeppesen et al.,
1997). In warm shallow lakes these effects of
macrophytes may be even more effective in main-
taining water quality, because of the persistence of
aquatic plants all the year round and the effective
competition between plants and phytoplankton
(Mazzeo et al., 2003; Meerhoff et al., 2003). Apart

from higher annual water temperatures than in
temperate lakes, Mediterranean shallow waterbodies
also have significant seasonal water level fluctua-
tions and smaller seasonal changes of light and
temperature. Lowering of summer water levels may
improve light conditions for macrophytes, which in
combination with the higher temperatures and
incident solar radiation facilitate over wintering of
submerged plants and could stabilise macrophyte
dominance and clear-water phases. Overall, data on
the ecology of warm shallow lakes are still needed
(see review Jeppesen et al., 2003).

By manipulating nutrient availability and fish
density in two mesocosm experiments carried out in
a shallow Mediterranean lake, we addressed the
following questions: (i) is the threshold of nutrients
causing eutrophication problems (i.e. phytoplankton
blooms) in shallow Mediterranean lakes lower than
has been reported from temperate lakes, (ii) can
water-level decreases in summer favour macrophyte
maintenance and stabilises clear-water phases, (iii)
would cyanobacteria dominate phytoplankton com-
munities in both clear and turbid water phases, and
(iv) can zooplanktivorous fish influence zooplankton
community structure by enhancing the abundance of
smaller species and by more strongly affecting algal
composition than algal biomass?

Materials and methods
Study site

Experiments were carried out in a shallow, 0.5 ha
lake, Lake Xeresa, located in the wetland of Xeresa,
65 km south of Valencia on the east Spanish Mediter-
ranean coast (39°06'N, 0°12'W). They were part of a
series of comparable experiments carried out at six
European locations, collectively called the Interna-
tional Mesocosm Experiment (IME). The lake is
mainly fed by groundwater and rainfall. Minimum
water levels occur during summer because of evapor-
ation and water withdrawal for use in agriculture.
Maximum depths are reached during autumn-winter
as a result of short, but intense rainfalls. The lake is
completely covered by submerged macrophytes,
mainly Chara hispida L., together with Chara vulgaris
var. vulgaris L. and Chara aspera Deth. ex Willd. and
the shores are surrounded by a belt of Phragmites

australis (Cav.) Trin. ex. Steud. Nutrient and
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chlorophyll a concentrations in the lake at the start of
the experiments were low and similar during the two
experimental years: soluble reactive phosphorus
(SRP) was below the detection limit of 0.001 mg L
total  phosphorus (TP) 0.02mg L7},

0.0016 mg L™", and chlorophyll a 3-11 pg L™".

nitrate

Experimental design and sampling

The IME used the same randomised block design and
methods at all six sites (Stephen et al., 2004a). The 1998
experiment lasted 6 weeks (8 June to 14 July) and that
in 1999, 7 weeks (14 June to 29 July). Thirty-six
mesocosms were made from polyethylene film
(125 pm wall thickness) supported at the top and
bottom by circular plastic hoops, 1 m in diameter. The
bottom hoops were buried in the sediment of the lake,
giving polyethylene cylinders open to the atmosphere
and to the lake bottom with its plant community. The
top hoops with the mesocosms were supported by a
frame of wood and plastic tubing.

In 1998, three fish-density (0, 4 and 20 g fresh
mass m ) and four nutrient-loading (N-P in mg L™":
0-0, 1-0.1, 5-0.5 and 10-1) treatments were applied. In
the 1999 experiment, the fish-density treatments
were the same as in 1998, and six nutrient treat-
ments covering a narrower range were used (N-P in
mg L™": 0-0, 0.3-0.03, 0.6-0.06, 0.9-0.09, 1.5-0.15, 3-
0.3). Nutrient loadings were designated NO (control)
to N3 in 1998 and NO to N5 in 1999. Nutrients were
added as mixtures of calcium nitrate and potassium
dihydrogen phosphate at weekly intervals. Adjust-
ments were made in amounts added to account for
drops in water level so as to keep concentrations
achieved broadly in line with those in other experi-
ments of the IME.

The fish species used was the mosquitofish, Gam-
busia holbrooki Girard (ex Agassiz), which is an
ovoviviparous predator
widely distributed in the lake, as well as in other
Spanish shallow lakes (Blanco ef al., 2003). In 1998,
fish comprised only males, while in 1999 males and
females were used. During the experiment, the
enclosures were visually checked twice a week and
dead fish replaced, although this was infrequent after
the first week. Samples in the mesocosms, and an
additional sample from the open lake, were taken at
weekly intervals. Sampling started a week before fish
and nutrients were added to monitor initial condi-

visual on zooplankton,
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tions. There were no significant differences (one-way
ANOVA) in water chemistry, planktonic communities
and macrophyte coverage among the mesocosms at
the start of the experiments.

Water chemistry

The physico-chemical variables measured were tem-
perature, pH, total alkalinity, total suspended solids
(TSS), TP, SRP, nitrate and ammonium. Alkalinity and
TSS were measured in 1998 only. Zooplankton and
phytoplankton samples were taken with a tube
sampler integrating over the whole water column.
Two zooplankton sub-samples were preserved: 3 L of
water were passed through a 25-um mesh for rotifers
and nauplii, and 7 L were passed through a 50-pm
mesh for copepods and cladocerans. Water used for
analysing phytoplankton was not passed through a
mesh screen.

Planktonic chlorophyll a was extracted from GF/F
filtered samples into 90% ethanol and measured
spectrophotometrically. Three periphyton samples
were randomly taken in each enclosure in the
pretreatment week and at the end of the experiments.
Periphytic algae attached to submerged plants were
detached by shaking. Periphytic chlorophyll a was
extracted and determined with similar method than
phytoplanktonic chlorophyll 4. After removing
periphyton, plants were dried and weighed. At the
end of the experiments, all the macrophytes from
within the mesocosms were cut at the sediment
surface, identified and dried and weighed.

Three samples of zoobenthos were randomly taken
in each enclosure in the pretreatment week, and at the
end of the experiment in 1998, with a 5-cm diameter
tube sampler. Total biomass of the benthos was
determined before preservation and subsequent
counting.

Data analysis

Pretreatment data sets were analysed by one-way
ANOVA. Time-weighted averages were calculated
from the time data series and tested by two-way
ANOVA. Where significant differences were found,
Tukey’ tests was used to illuminate specific differ-
ences between treatments. Weighted averaging gives
greater emphasis to data points obtained with increas-
ing time after the start of the treatments. Further
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details on the methodology and statistical analyses
can be found in Stephen et al. (2004a,b).

Results
Physico-chemistry

Water depth gradually changed in the lake and
mesocosms, from 80 to 58 cm during 1998 and from
78 to 26 cm during 1999. In both years, rates doubled
during July compared with June (2-4 cm per week in
June and 6-8 cm per week in July).Water temperature
ranged from 26 to 34 °C during the experiments, with
means among sampling weeks in 1998 of 26-32 °C
and in 1999 of 27-32 °C. Conductivity increased as
summer advanced, from 1.5 to 3 mS cm™" in 1998 and
from 2 to 3mS cm™' in 1999. It rose more in the
mesocosms than in the lake (1.5-2 mS cm™ in 1998
and 1.5-2.4 mS cm™" in 1999). Lake water had a high
alkalinity, around 3 meq L7!, and it increased in the
mesocosms to 4-5 meq L' and even slightly higher in
the highest nutrient treatments (Table 1). Nitrate and
phosphorus concentrations in the water column
increased in relation to the fertilisation levels (Ta-
ble 2). SRP concentrations showed only a moderate
increase with fertilisation, owing to biological uptake

and co-precipitation of phosphates with carbonates.
None of the chemical variables analysed was affected
by planktivorous fish density, except SRP in 1998 with
a positive effect (Table 2).

Primary producers: phytoplankton, periphyton and
macrophytes

Phytoplankton composition and biomass from control
mesocosms in both experiments were not significantly
different from those in the lake (t-test for matched
pairs, P > 0.05). Therefore, our experimental meso-
cosms appeared to reproduce reasonably well the
natural lake conditions. The total planktonic algal
biomass was significantly related to nutrients in both
years (Table 2). Phytoplankton biomass increased
with nutrient levels. A chlorophyll a threshold of
100 pg L™ was attained around an added external
nutrient concentration between 1 and 1.5 mg L™ N
and 0.1 and 0.15 mg L™" P (Fig. 1). Turbid states in the
experiments were well marked by this threshold.
Densities of planktivorous fish affected phyto-
plankton biomass to a lesser extent than its compo-
sition (Table 2). In 1999, there was a significantly
higher presence of non-heterocystous filamentous
cyanobacteria in mesocosms without fish (P < 0.001;

Table 1 Overall treatment mean values of time-weighted averages of water chemical parameters measured in mesocosm during

experiments in 1998 and 1999

Fish addition N enrichment P enrichment TP SRP NOs-N  NH,-N  Alkalinity TSS
Year (g dry mass m2) (mg L™ (mg L™ (mg L™ (mg L™ (mg L™ (mg L™ (meq L™ pH (mg L™
1998 0 0.203 0.013 0.101 0.250 4.86 8.81 29.0
4 0.180 0.021 0.161 0.297 5.04 873 246
20 0.175 0.021 0.165 0.337 4.49 876 214
0 0 0.024 0.002 0.001 0.086 4.73 793 10.6
1 0.1 0.088 0.004 0.014 0.263 4.26 8.11 224
5 0.5 0.564 0.051 2.183 0.290 4.31 948 377
10 1 1.020 0.272 14.485 0.542 5.9 954 425
Lake control Lake control Lake control  0.015 0.004 0.001 0.050 3.01 8.69 12.0
1999 0 0.067 0.001 0.002 0.026 8.63
4 0.067 0.001 0.003 0.027 8.79
20 0.067 0.001 0.002 0.025 8.76
0 0 0.023 0.001 0.001 0.027 8.41
0.3 0.03 0.042 0.001 0.001 0.028 8.45
0.6 0.06 0.061 0.001 0.001 0.024 8.58
0.9 0.09 0.069 0.001 0.001 0.031 8.84
1.5 0.15 0.103 0.001 0.002 0.021 8.99
3 0.3 0.209 0.002 0.025 0.025 9.10
Lake control Lake control Lake control  0.031 0.001 0.001 0.014 7.76

Data from the open lake are also included.

TP, total phosphorus; SRP, soluble reactive phosphorus; TSS, total suspended solids.
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Table 2 ANOVA summary of time-weighted averages of the
main variables measured in 1998 and 1999

Nutrients

Fish (F) MN) FxN
Dependent variable 1998 1999 1998 1999 1998 1999
TP ns. ns. ***  *¥* ns ns
SRP * n.s. AN E * 3%
NO;s-N ns. ns. *¥* ¥ ng ns.
NH4-N ns. ns. *** ns. ns. ns.
Alkalinity ns. n/a * n/a ns. n/a
pH ns. ns. ** n.s.
TSS ns. n/a ** n/a ns. n/a
Planktonic chlorophylla  * ns. ** ¥ ns ns.
Total phytoplankton ns. ns. B ns. ns.
Total cyanobacteria ns. ns. o * ns. ns.
Chroococcal cyanobacteria n.s. n.s. **  ** ns. ns.
Filamentous cyanobacteria n.s. ** ** ns  ns. ns.
Chlorophyceae ns. ns. ¥ ns ns.
Cryptophyceae n.s. n.s. n.s. ns.
Bacillariophyceae ns. ns. * ns. ns. ns.
Dinophyceae ns. ** ns. ¥ ns. ns.
Euglenophyceae ns. ns. ns. ns. NS NS
GALD <50 pm ns. ns. ¥ ¥* ng ns.
GALD >50 um ns. ¥ ¥ ns. ns. ns.

Phytoplankton * ns. ns. ** ns. ns.
diversity index
Periphytic chlorophyll a ns. ns. ns.

** o ns. ns.

Total zooplankton R ¥EOH ns. ns.

Rotifera R ns. ¥ n.s.

Cladocera <500 pm ¥ P ns. NS, NS, ns.

Cladocera >500 pm *** n/a ns. n/a ns. n/a
HkN kN *%

n.s. n.s. n.s.

Cyclopoid Copepoda

Calanoid Copepoda ns. ** ns. ns. NS, NsS.

Nauplii S (KRS (KR (K-
Raptorial zooplankters R *** ns. ns. ns.
Open-water filterers ns. ns. ** ns. ¥ n.s.
Total zoobenthos ns. n/a * n/a ns. n/a
Chironomidae ns. n/a ns. n/a ns. n/a
Oligochaeta ns. n/a ns. n/a ns. n/a

*P < 0.05, **P < 0.01, **P < 0.001, n.s. = not significant, n/a =
not applicable.

TP, total phosphorus; SRP, soluble reactive phosphorus; TSS,
total suspended solids.

Values for phytoplankton groups are biovolumes. Values for
zooplankton are biomasses, and those for benthic invertebrates
are numbers per square metre.

Table 2). Cyanobacteria were the main algal group
during 1999. There was a general trend for chroo-
coccal cyanobacterial species to become dominant
towards the end of the 1999 experiment, especially
with increasing nutrient levels (Table 2; Figs 2 & 3).
In the thus
appeared to feed on the abundant edible Chroococcus

fishless mesocosms, zooplankton
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Fig. 1 Changes in phytoplanktonic chlorophyll a concentrations
at different nutrient loadings during mesocosm experiments in
1998 and 1999. Week zero refers to samples taken before nutrient
and fish additions. Values represent overall treatment mean. The
horizontal line shows the chlorophyll a value of 100 pg L™".
Vertical lines indicate standard errors.

spp., which may have selected in favour of filamen-
tous cyanobacteria. Consequently, changes in phyto-
plankton size distributions during 1999 were mostly
related to changes in these two main cyanobacterial
groups, and larger algae with a Greatest Axial or
Linear Dimension (GALD) >50 uym were more prom-
inent in the zero fish treatment (Table 2). In 1999,
fish presence also influenced the abundance of
dinophytes (Table 2). Peridinium umbonatum Stein,
the predominant dinophyte, was small (GALD =
35 um), and was significantly more abundant in
mesocosms with fish (Table 2). During 1998, there
was also an increase, although less important, of
chroococcal cyanobacteria during the experiment,
while filamentous cyanobacteria were significantly
more abundant in the mesocosms at higher nutrient
levels (N2 and N3) and again in the fishless meso-
coms (Table 2; Fig. 2). In 1998, other algal groups
co-dominated with cyanobacteria. In both years,
phytoplankton species diversity decreased with
increasing nutrient concentrations, although it was
only significant in 1999 (Table 2). In 1998, phyto-
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Fig. 2 Percentage biovolume of the main phytoplankton groups at different nutrient loadings and fish densities in mesocosms during
the experiment in 1998. Bars represent overall treatment mean values.

plankton diversity also decreased at the highest fish ~ biomass declined significantly at nutrient additions

density (Table 2). above 0.6 mg L' N and 0.06 mgL™" P (P <0.05
Periphytic algal biomass was significantly related to ~ Fig. 4), despite improved light availability through
nutrients in 1999 (Table 2), when periphytic chloro-  increasingly lowered water levels. In both experi-

phyll a increased exponentially while charophyte  ments, the initial macrophyte biomass in the pretreat-
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(Fig. 4), but the turbid phase was rapidly reached at
the highest nutrient levels after the first week of
fertilisation (N2 and N3; Fig. 1), and macrophytes
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1998 and 1999. Macrophyte biomass is expressed as dry mass of Chara spp. per Kornijow sample. Periphyton biomass is given as mean
chlorophyll a per gram of charophyte dry mass. Bars are treatment means and vertical lines are +1 SE.

disappeared before the end of the experiment (Fig. 4).
Fish did not significantly influence macrophyte or
periphyton biomass (Table 2).

Secondary producers: zooplankton and
macroinvertebrates

Zooplankton biomass was slightly higher in 1999 than
in 1998, and composition slightly different between
experiments. The general trends of zooplankton
dynamics and species composition were comparable
between the lake and control mesocosms during the
experiments. Initial zooplankton biomass was similar
in both years (average of 62.5 ug L™ in pretreatment
mesocosms), but composition differed. In 1998, rotifers
accounted for 6%, cladocerans for 9% and copepods
for 85% of the initial biomass, whereas corresponding
percentages in 1999 were 27, 1 and 72%. In 1999, the
relative biomass of rotifer species that can be associated
to aquatic plants (Lecane, Lepadella, Colurela, Cephalod-
ella) rose greatly in both the lake and mesocosms as the
water level gradually dropped. Cyclopoids dominated
at the start of both experiments, whereas calanoid
copepods were scarce (Table 3). Acanthocyclops robus-
tus Sars was the main cyclopoid species in both years.
Cladocerans were mainly represented, by the medium-

Table 3 Time-weighted averages of calanoid biomass (ug L™")
during mesocosm experiments in 1998 and 1999

Nutrient Fish density level
enrichment

Year level FO F1 F2

1998 NO 35 0.0 0.1
N1 4.0 2.5 0.01
N2 0.2 0.3 0.2
N3 0.1 0.0 0.0

1999 NO 1.5 0.2 0.0
N1 0.01 0.0 0.0
N2 0.8 0.0 0.0
N3 0.3 0.1 0.0
N4 24 0.1 0.0
N5 0.0 0.4 0.0

The time-weighted averages in the lake were 13 pg L™ in 1998
and 1 pg L™ in 1999, and the mean values for all 36 mesocosms
during the pretreatment sampling were 17 and 2 pg L™ in 1998
and 1999, respectively.

sized Ceriodaphnia reticulata Jurine in both years, but in
1998 cladocerans, such as the large Simocephalus vetulus
Miiller and the small Chydorus sphaericus Miiller were
also abundant (Fig. 5). The rotifers were mainly repre-
sented by the planktonic genera Polyarthra, Hexarthra,
Trichocerca, Anuraeopsis and Proalides, but there were
also species that are typically plant-associated.

© 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1593-1607



Nutrient and fish effects on the food web in a shallow Mediterranean lake 1601
200 - 20 20
FO F1
R 1998 =mmm Simocephalus F2
T, 150 151 === Small cladocera 15
2
@ 100 10 10
(2]
©
§
3 501 5 S
o 0 ﬁ—‘- 0 m . .—- .
NO N1 N2 N3 NO N1 N2 N3
1000 10
F1 F2
£~ 800 Small cladocera 8
-
g 600 6
[
S 400 4
£
S
@ 200 2
NO NI N2 N3 N4 NS NO NI N2 N3 N4 NS NO NI N2 N3 N4 N5

Nutrient level

Nutrient level

Nutrient level

Fig. 5 Response of Cladoceran biomass to nutrient and fish additions in mesocosm experiments in 1998 (up) and 1999 (down). Bars
represent time-weighted averages of biomass for each nutrient and fish treatment. Vertical lines are +1 SE.

In both experiments, there were significant effects
of fish on zooplankton biomass and community
structure (Table 2). The effect was negative for crus-
taceans, whereas rotifer biomass increased with
increased fish densities. Small and medium-sized
cladocerans were essentially restricted to the fishless
mesocosms in both years, as was the larger Simo-
cephalus (Fig. 5). Similarly, in both experiments, cy-
clopoid adults and copepodites were almost absent
and numbers of nauplii were much reduced at the
highest fish density (Fig. 6). In 1998, a slightly higher
proportion of nauplii was present at the intermediate
fish density than in mesocosms without fish. Calanoid
copepods were also depressed in mesocosms with fish
in both years, although not significantly so in 1998
(Tables 2 and 3). Rotifer biomass increased in the
enclosures with fish, and more so at the highest fish
density (Figs 6 & 7). An inverse relationship was
observed between planktonic rotifers and cyclopoid
biomass, especially adults and copepodites (Fig. 6).
Cyclopoids may prey upon rotifers and nauplii
compete with rotifers for resources.

Nutrient addition had a positive significant effect
on total zooplankton biomass, except at the highest
nutrient level in 1998. There were marked differences
among separate groups (Table 2). Nutrients had no
significant effect on calanoids or cladocerans (Ta-
ble 2). Calanoids were also more abundant in the lake
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during the experimental period and in the pretreat-
ment sampling (Table 3). In 1998, a negative effect on
calanoid biomass was observed with nutrient addition
in the fishless mesocosms (Table 3).

Cladoceran biomass responded to intermediate
nutrient additions (Fig. 5). Nutrient levels of 0.9-
1.5 mg L™' N and 0.09-0.15 mg L™' P had a positive
effect on Ceriodaphnia, and Simocephalus attained a
maximum biomass at 5mg L™' N and 0.5 mg L™ P
(Fig. 5). Similarly, cyclopoids in all their stages
showed a general trend of increases at intermediate
nutrient levels (Fig. 6). Their response was significant
in 1998 when they were dominant and very abundant
(Table 2), but in 1999 nutrient addition only influ-
enced their biomass in the fishless mesocosms (Fig. 6).
A significant interaction effect of fish and nutrients on
planktonic rotifer biomass was noted in 1998 (Ta-
ble 2), perhaps owing to the aforementioned inverse
relationship between planktonic rotifer and cyclopoid
biomass, reaching peaks at intermediate nutrient
levels (Fig. 6). Rotifer species normally classified as
plant-associated exhibited an opposite trend to that of
the planktonic species. In 1999, plant-associated spe-
cies were dominant in the plankton samples and
nutrient additions significantly increased their bio-
mass in all mesocosms, especially in those with fish
(Fig. 7). In 1998, an increase with nutrients was only
observed at the highest fish density.
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Fig. 6 Response of cyclopoid copepods (nauplii and copepodites plus adults) and planktonic rotifers to nutrient and fish additions
during mesocosm experiments in 1998 (left) and 1999 (right). Bars are time-weighted averages of biomass at each nutrient and

fish treatment. Vertical lines are +1 SE.

Benthic macroinvertebrates in 1998 consisted
mainly of chironomids. Numbers of individuals in
these samples did not respond to the presence of fish,
but showed a positive relationship with nutrients,
with higher numbers at intermediate nutrient levels

(N1) (Table 2).

Discussion

There were significant relationships between algae,
nutrients and water transparency, which suggests that
nutrients controlled biomass of phytoplankton and
periphyton, while zooplankton regulated by plank-
tivorous fish may have influenced the relative pro-
portions of the dominant phytoplankton species. The
threshold of nutrient levels resulting in turbid water
and loss of submerged plants was lower than that
often given for temperate northern lakes, where
reduction of algal turbidity and re-establishment of
submerged macrophytes has been suggested gener-
ally to occurs when external loading is below 0.5-
2gTP m™2 year_l, equivalent to an in-lake P summer

concentration of 0.08-0.15 mg L' (Jeppesen et al.,
1990). Benndorf (1990) proposed a P-loading thresh-
old of 0.6 g TP m 2 year ', below which top-down
effects of zooplankton on phytoplankton become
effective, but dynamics of P-reserves in macrophytes
and fish, as well as lake characteristics, may alter this
predicted threshold. For instance, Jeppesen et al.
(1990) reported that submerged macrophytes were
absent in Danish lakes >10 ha with P concentrations
of 0.25-0.3 mg L', but were still abundant at 0.65 mg
PL™" in lakes <3 ha, owing to more favourable
conditions for macrophyte growth in the smaller
lakes.

According to our results, an algal turbid state was
obtained in a few weeks with inorganic P loadings
between 0.1 and 0.15 mg L™" or TP concentrations in
the lake of 0.09-0.1 mg L™ (Fig. 1). Therefore, for
shallow hardwater lakes in Mediterranean climate
conditions, nutrient loadings equivalent to these
concentrations may represent an upper limit to avoid
shifts from clear-water to a turbid state. Furthermore,
this nutrient threshold will not generally act to
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preserve submerged macrophytes, because chara-
ceans, which are highly sensitive to eutrophication
(Blindow, 1992), started to decline in our experiments
with nutrient loadings equivalent to 0.06 mg L™" P.
This value agrees with findings by Forsberg (1964) in
experimental work with C. hispida, our dominant
species. Algal turbidity and exponential increases in
periphyton biomass with fertilisation probably in-
duced submerged macrophyte decline (Jeppesen
et al., 1997, Weisner, Strand & Sandsten, 1997). The
relationship between transparency and submerged
vegetation is evident, especially with charophytes.
Studies in The Netherlands have reported a critical
Secchi depth of about 0.4 m for the disappearance or
restablishment of charophytes (Van den Berg, Scheffer
& Coops, 1998; Van den Berg et al., 1999), while there
were two critical TP levels, 0.3 mg L7! for loss and
0.1 mg L7! for their return (Van den Berg et al., 1998,
1999). The potentially positive effect of the reduction
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in water depth on characean maintenance in our
experiments was partly compensated by higher pe-
riphyton growth and turbidity caused by phytoplank-
ton as nutrient concentrations increased. Our
observations agree with the critical value of
0.3 mg L™' P suggested by Van den Berg et al. (1999)
for stonewort loss, while for their restoration a lower
value (0.06 mg L") is probably required. This agrees
with observations in several shallow lakes in south-
east Spain, where a stable turbid state (about
100 pg L™" of chlorophyll a) corresponds well with
in-lake P concentrations >0.1 mg L™, while a stable
macrophyte-transparent state is recorded with P
values ten-fold lower (S. Romo & R. Miracle,
unpublished data). Thus, phosphate loadings giving
concentrations <0.05 mg L' are suggested as the
critical threshold to avoid algal turbid states and
maintain submerged macrophytes in Mediterranean
shallow lakes.
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Low water level led to changes in plankton com-
munity structure, for instance the succession from
filamentous to small chroococcal cyanobacterial spe-
cies, and the presence of higher numbers of plant-
associated rotifer species. Some of these results are
similar to those obtained in a shallow lake with large
water level fluctuations in the eastern Baltic region
(Noges & Noges, 1999). In our experiments, low water
levels improved light conditions, which could be an
important factor favouring chroococcal cyanobacteria.
The biomass of chroococcal cyanobacteria increased at
intermediate nutrient levels and the presence of
zooplanktivorous fish (related to abundance of small
zooplankton), while filamentous cyanophytes were
more abundant at higher nutrient levels, turbidity and
in the fishless mesocosms with presence of crusta-
ceans. According to Vanni (1987), in enriched systems,
size-selective predation by fish on zooplankton can
support maintenance of edible phytoplankton, which
provides a good food source for smaller zooplankton.
Our results also agree with those of Hurlbert, Zedler
& Fairbanks (1972) who observed dominance of tiny
blue-green algae in Gambusia pools in southern
California. Similarly, Gambusia feeding also altered P
cycling by enhancing concentrations of SRP.

Experimental and field observational data have
shown that some filamentous algae are shade-adapted
and may dominate turbid eutrophic shallow lakes
(Nicklisch & Kohl, 1989; Scheffer et al., 1997). Our
experimental data support the hypothesis that Medi-
terranean shallow freshwater lakes are suitable hab-
itats for cyanobacteria in both clear and turbid phases,
and across a wide range of nutrient levels (0.02-
1 mg L™' TP; Figs 2 & 3). Although cyanobacteria may
be dominant throughout the year in some temperate
eutrophic lakes (Sas, 1989), their seasonal pattern in
cooler climates depends especially on winter condi-
tions, because cyanobacteria rarely overwinter in
large numbers at low temperatures. The mild winters
of the Mediterranean Spanish coast (average winter
water temperature of 12 °C), in contrast, allow for
their presence all the year round (Romo & Miracle,
1993a). Cyanobacteria achieve maximum growth at
higher temperatures than other algal groups (Rey-
nolds, 1984, Romo & Miracle, 1993b; Romo, 1994),
which is consistent with some observations that
cyanobacteria are better represented in tropical and
sub-tropical freshwaters (Komarek, 1985; Pollingher &
Berman, 1991; Talling & Lemoalle, 1998). Further-

more, it has been reported from some temperate lakes
that an increase in water temperature lengthened the
tenure of filamentous algal blooms (Bailey-Watts &
Kirika, 1999). Thus, temperature dependencies of
cyanobacteria appear to be a critical factor accounting
for phytoplankton deviations in responses to nutrient
enrichment in Mediterranean shallow lakes compared
with temperate shallow lakes.

Concerning top-down effects, our results indicate
that planktivorous fish markedly influence zooplank-
ton community structure in shallow Mediterranean
lakes, removing larger zooplankters and increasing
the abundance of smaller species, particularly rotifers.
This affected algal community composition more than
algal biomass. Removal of cladocerans by mosquito-
fish was complete even at the lower fish density,
whereas cyclopoid copepods were less affected by
fish, especially at intermediate nutrient levels. Escape
movements of Cladocera are less effective than those
of copepods (Drenner & MacComas, 1980; Gliwicz,
2002). Similar results have been reported in enclosure
experiments involving other fish species (Bertolo
et al., 2000).

The ratio of crustacean biomass to phytoplankton
biomass was significantly lower in our experiments
compared with other mesocosm experiments in
shallow temperate lakes carried out as part of the
pan-European IME project (Vakkilainen et al., 2004).
This result underlines the resistance of our Mediter-
ranean lake to remain in a turbid state with
zooplankton exerting only a weak control on algal
biomass, as a consequence of intense fish predation.
This finding agrees with observations for tropical
and subtropical shallow lakes (Fernando, 1994;
Lazzaro, 1997; Lazzaro et al., 2003). A higher diver-
sity and biomass of zooplankton was found in
mesocosms without fish, at intermediate nutrient
levels and in the presence of macrophytes. Our
results also indicate that when submerged macro-
phyte density is high (e.g. in 1999), zooplankton filter
feeders, such as rotifers in characean beds, can be
favoured over omnivorous and more raptorial cope-
pods, and even the overlying water can be domin-
ated by normally plant-associated rotifer species. In
1999, macrophytes also favoured a higher biomass of
Cladocera in the fishless mesocosms (Fig. 5).
Although characean beds are considered good ref-
uges for Crustacea (Lauridsen et al., 1996; Jeppesen
et al., 1997), Crustacea did not escape mosquitofish
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predation, probably owing to lower water volume
and the presence of female mosquitofish, which
appear to be highly efficient in selecting for Crusta-
cea and especially cladocerans (Blanco, Romo &
Villena, 2004).

Benthic macroinvertebrates were not significantly
affected by fish, perhaps owing to alternative prey and
the planktonic habits of mosquitofish (Blanco et al.,
2004). The response of macroinvertebrates to nutrients
was complex, maybe because of the decomposition of
macrophytes at the highest nutrient loadings in
1998 (R. Miracle & S. Romo, unpublished data).

In conclusion, the thresholds of nutrient loading
and in-lake P required to avoid a turbid state were
lower than those reported from temperate shallow
lakes. Phosphate loadings giving concentrations
<0.05 mg L™" are suggested as the threshold to avoid
algal turbid states and maintain submerged macro-
phytes in Mediterranean shallow lakes. Cyanobacteria
dominated in both clear and turbid phases, and across
a wide range of nutrient levels. Zooplanktivorous fish
influenced zooplankton community structure by
enhancing the abundance, especially of rotifers. Thus,
our mesocosms experiments on the food webs in a
Mediterranean shallow lake revealed differences in
responses to nutrient addition and the presence of
planktivorous fish compared with temperate shallow
lakes and resemble in many respects to subtropical
and tropical shallow lakes.
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