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ABSTRACT
Effects of a dry period on the limnological characteristics of a Mediterranean high mountain lake

This investigation assesses the effects of a drought period on the physical and chemical properties and on the plankton commu-
nity of a Mediterranean high mountain lake (Rio Seco, Sierra Nevada, Spain). The study was performed over two consecutive
years, 2005 and 2006. Both years were characterised by strong differences associated with rainfall patterns. The first year
was extremely dry and had rainfall values far below the mean annual average of 813 mm that has been observed over the
previous twenty years. The results of the study confirm that the dissolved inorganic nitrogen:soluble reactive phosphorus ratio
(DIN:SRP) showed notable differences throughout both study years, with a greater nitrogen limitation during 2005. The ra-
tio of total biovolume of autotrophic to heterotrophic organisms (A:H) also presented interannual differences. The A:H ratio
was generally below 1 during 2005, whereas it was above this value in 2006. Therefore, the main plankton component was
mesozooplankton in 2005 and phytoplankton in 2006. Ciliates and bacteria showed a mean biovolume significantly higher in
2005, whereas the biovolume of heterotrophic nanoflagellates was similar during both years. These results indicate a prevalent
“top-down” control by zooplankton during the dry year and, on the contrary, a predominant “bottom-up” control during the
wetter year as a consequence of the nutrient limitation of primary production.

Key words: High mountain lakes, drought, plankton community, nutrients.

RESUMEN
Efectos de un periodo de sequia sobre las caracteristicas limnol6gicas de una laguna mediterranea de alta montafia

En este trabajo se evallian los efectos de un periodo de sequia sobre las propiedades fisicas y quimicas y las comunidades
planctonicas de una laguna mediterranea de alta montafia (Rio Seco, Serra Nevada, Espafia). El estudio se extendio durante
los meses estivales de 2005 y 2006. Ambos afios mostraron marcadas diferencias en cuanto al nivel de precipitaciones, es-
tando €l primero caracterizado por una pronunciada sequia, con valores de precipitacion muy inferiores a los valores medios
anuales de 813 mm registrados en los Ultimos 20 afios. Los resultados obtenidos mostraron como la disponibilidad de nutri-
entes en el agua, expresada a través de la razon entre nitrégeno inorganico disuelto y fosforo soluble reactivo (DIN: SRP),
experimentd notables diferencias entre los dos afios de estudio, mostrando una limitacion por nitrégeno mas acentuada du-
rante el verano de 2005. La razbn entre biovolumen total de organismos autbtrofos y heter6trofos (A:H) también mostro
diferencias entre ambos afios. Esta razon fue generalmente inferior a uno en 2005 y superior a este valor en 2006, siendo
el mesozooplancton el componente principal del plancton en 2005 y el fitoplancton en 2006. Ciliados y bacterias mostraron
un biovolumen medio significativamente mayor en 2005, mientras que el biovolumen de heterbtrofos nanoflagelados fue
pré&cticamente constante en ambos afios. Estos resultados, indican un predominio del control de tipo “ top-down” del zoo-
plancton en el afio mas seco, mientras que el control fue predominantemente de tipo “ bottom-up” en el afio méas hiimedo, a
consecuencia de una mayor limitacion de nutrientes.

Palabras clave: Lagunas de alta montafia, sequia, comunidad plancténica, nutrientes.



6 Garcia-Jurado et al.

INTRODUCTION

The growth of the human population is caus-
ing environmental changes on local and global
scales. High mountain areas have generally been
uninfluenced by agricultural and forestry prac-
tices, and they remain relatively unaffected by
human impacts. However, recent studies have
shown that even areas removed from human
influence in Europe are undergoing important
changes (see, e.g., Battarbe et al., 2001; Agusti-
Panareda & Thompson, 2002; Catalan et al.,
2002; Rose et al., 2002).

High mountain lakes have traditionally been
of particular research interest because, apart from
their isolation from anthropogenic influence, they
are subjected to extreme meteorological condi-
tions (Schindler et al., 1990). Thus, small high
mountain lakes subjected to severe physical con-
ditions have long been recognised as unigque
and valuable inland-water ecosystems. In these
ecosystems, interactions between local and re-
gional features, and between abiotic and biotic
variables, make it difficult to identify the key
factors that control the lake response (Morales-
Baquero et al., 2006a). Indeed, physical and hy-
drological properties are directly influenced by
meteorological forces. This fact produces conse-
guences for the abundance and succession of the
organisms that inhabit such lakes (Straile, 2000).
Furthermore, properties linked to a fluctuat-
ing climate are responsible for their relatively
simple biological communities.

Because climatic models predict more fre-
quent and intense droughts for Europe (Planton
et al., 2008), additional research on the effects
of drought on the dynamics and composition of
plankton in aquatic systems is required. For this
purpose, it is necessary to improve the knowledge
of the physical and chemical environment and,
moreover, to refine current descriptions of plank-
ton community structure in response to hydro-
dynamic changes associated with extreme phys-
ical conditions (Garcia-Jurado et al., 2007). In
this context, the high mountain lakes of Sierra
Nevada National Park (southern Spain) have suf-
fered three severe drought periods in the last
twenty years (1995, 1999, and 2005). The main

purpose of this study was to assess the effects of
a dry period (2005) in contrast to a wetter hy-
drological year (2006) on physical and chemical
features and also on the plankton community of
Rio Seco, a high mountain lake.

METHODS

Study site

Rio Seco is a small (0.4 ha) high mountain lake
located in the Sierra Nevada mountains (south-
ern Spain) at 3020 m a.s.l on siliceous bedrock.
The lake is glacial in origin and is generally cov-
ered by ice from October-November until May-
June. It is located in a watershed covered by
alpine meadows and with temporary inflows that
drain water from the basin (Pulido-Villena et al .,
2005). It is considered an oligo-mesotrophic lake
(Pérez-Martinez et al., 2007) and has tradition-
ally been limited by nitrogen (Morales-Baguero
et al., 2006b). The inputs of allochthonous nu-
trients take place in the ice-melt period (Cruz-
Pizarro & Carrillo, 1996) and by atmospheric de-
position throughout the year (Morales-Baquero
et al., 2006b). It is an open lake that receives
water from a small superficial flow and in-
cludes a small spillway. These features disap-
pear as summer progresses.

The plankton community of the lake is simple.
Like other mountain aquatic systems, it is charac-
terised by reduced biological diversity (Morales-
Baquero et al., 1992). The phytoplankton com-
munity is dominated by nanoplanktonic species
(Morales-Baquero et al., 2006a) that can colonise
easily, for example, Korshikoviella gracilipes
(Sanchez-Castillo et al., 1989). The zooplankton
community is dominated by the calanoid cope-
pod Mixodiaptomus laciniatus and the cladoceran
Daphnia pulicaria (Pérez-Martinez et al., 2007).
Rio Seco also exhibits littoral vegetation composed
of bryophytes. Fish communities are absent.

Field sampling

Field samples were collected each month dur-
ing the ice-free period of two consecutive years,
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2005 and 2006. During this period, lake depth
was registered with a portable HONDEX PS-7
depth gauge. Historical water depths were com-
piled from the literature (Morales-Baquero et al.,
1995; 1999; 2006a; Pérez-Martinez et al., 2007;
Pulido-Villena et al., 2003; 2005), and rainfall
data were provided by the Cetursa company.
Samples for determination of physicochemical
and biological variables (bacterial, heterotrophic
nanoflagellates, pico-nanophytoplankton, ciliates
and large phytoplankton) were taken at the deep-
est point of the lake and at 0.5 m intervals with a
2 L Van Dorn bottle. At the same point, pelagic
zooplankton samples were collected from ver-
tical tows with a plankton net of 63 um mesh
size. In addition, at each sampling date, measure-
ments of pH, conductivity and dissolved oxygen
were performed with a multiparametric Yellow
Spring Instruments probe. The thermal structure
was monitored by thermistor chains (HOBOg,
H20-001) located at different and representative
sites in the lake during ice-free periods of 2005
and 2006. These thermistors collected data con-
tinuously and averaged hourly values. Fluores-
cence data were recorded with a field fluorome-
ter (Aquafluor Turner Design) and later converted
to chlorophyll-a concentration with a calibration
curve previously obtained in situ.

Chemical Analysis

Samples for total phosphorus (TP) and total ni-
trogen (TN) were directly analysed from unfil-
tered water samples according to APHA methods
(1995). Subsamples were filtered for the analy-
sis of dissolved phosphate (SRP, Murphy & Riley
1962), nitrate (NO3, APHA 1995), nitrite (NO3,
Shinn 1941) and ammonia (NH;, Rodier 1989)
and for the volumetric determination of the total
alkalinity (Metrohm 716 DMS). Dissolved inor-
ganic nitrogen (DIN) was calculated as the sum
of the concentrations of NO3, NO3, and NH;.

Plankton abundance and biovolume

The counts and volume measures of bacteria
and heterotrophic nanoflagellates (HNF) were
performed in samples fixed with glutaraldehyde

(2% f.c.), which were stained with DAPI
(0.1 ug mL™* f.c.), filtered onto 0.2 um pore-size
polycarbonate filters and analysed by epifliu-
orescence microscopy (Porter & Feig, 1980).
Five images per sample were taken and pro-
cessed using the free image processing system
UTHSCSA Image Tool 3.00. Individual biovol-
ume was calculated according to Massana et al.
(1997). Unstained subsamples were cryogenised
and processed with a Coulter Elite flow cytome-
ter to analyse the autotrophic pico-nanoplankton.
Larger phytoplankton and ciliates were preserved
in situ with Lugol (2 % f.c.) and analysed using
an inverted microscope with image analysis tech-
niques following Utermohl (1958).

Zooplankton samples were fixed in situ with
formaldehyde (4 % f.c.) and analysed in the labora-
tory with a stereomicroscope equipped with a Leica
digital camera. Biovolume was estimated from
approximately cylindrical, elliptical or spherical
forms by means of two-dimensional parameters
obtained by image analysis of the recorded pictures.

Statistical Analysis

Data for statistical analysis were tested for homo-
geneity of variance (Kolmogorov-Smirnov test).
When necessary, data were log transformed to
satisfy the normality assumption. To explore the
relationships between abiotic and biotic vari-
ables, a Pearson correlation was performed. A
Kruskal-Wallis test for data having heteroge-
neous variance and a t-test were used to detect
significant differences (p < 0.05). All statistical
analyses were performed using STATISTICA 7.0.

RESULTS

Physicochemical variables and nutrient
availability

During the last twenty years, high mountain lakes
of the Sierra Nevada National Park have experi-
enced three severe droughts, in 1995, 1999 and
2005. In 2005, the first year of our study, an-
nual accumulated rainfall was less than 400 mm
(Fig. 1a). However, the second study year (2006)
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Figure 1. Interannual variability of (a) accumulated annual
rainfall and (b) maximum water depth in Rio Seco. Scatterplot
of maximum lake depth and accumulated rainfall for the pe-
riod 1986-2006 (c). Variabilidad interanual de (a) precipitacion
anual acumulada y (b) profundidad méxima de Rio Seco. Cor-
relacion entre la profundidad méxima del lago y la precipita-
cion anual acumulada en el periodo 1986-2006 (c).

was characterised by an annual accumulated rain-
fall value (786.3 mm) similar to the average re-
ported for the area over the last twenty years
(812.9 mm). Contrary to expectation, Rio Seco
exhibits only slight changes in the water col-
umn depth during such dry periods. In fact, over
the last decade, a reduction in depth of only 1 m
was observed (Fig. 1b). Accordingly, annual accu-
mulated rainfall and maximum depth were not sig-
nificantly correlated (r = 0.57; p > 0.05) (Fig. 1c).
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Data obtained from thermistors showed no dif-
ferences in water temperature during the study
period between surface and bottom, so no ther-
mal stratification occurred (Fig. 2). Oxygen con-
centrations were high throughout the study pe-
riod, with values close to saturation (mean
saturation percentage of 80 % and 100 % for
2005 and 2006, respectively). Conductivity val-
ues ranged from 12 and 22 uScm= and al-
kalinity from 0.2 and 0.5 meq L™, represent-
ing a considerable bicarbonate buffer capacity
(pH ranged between 6.8 and 6.9).

2005

Temperature (°C)
P
N

10

— Surface Thermistor
--- Bottom Thermistor

5 D oD o 9 v D D 2 a a9 o a9 a Qg
-—,33333330}0)0)0)0)0)0
2$23 332339606940
N +d 1 4 © 4 © 4 1w o 1w o | o W
I = N N ™ - = N N ™

Temperature (°C)

2 — Surface Thermistor
--- Bottom Thermistor

S 5 © D D D ©» 2 o o a8 8 8 B8
2 3 3 3 S 3 2 0 o o 8§ 8§88
; T 2 2T 2 T B 6 0 B C >
o © h | f g 3 4 o b
4 N N O © M O 1 MmO I~
- N ™ - N o < = o

Figure 2. Diel variations in lake water temperature during the
ice-free period (from July to October 2005 and 2006) in Rio
Seco. Solid line: temperature registered by the surface thermis-
tor. Dashed line: temperature registered by the bottom thermis-
tor. Variaciones diarias en la temperatura del agua del lago du-
rantelos periodos libres de hielo (desde julio a octubre de 2005
y 2006) en Rio Seco. La linea continua indica la temperatura
registrada por €l termistor de superficie y la linea discontinua
la temperatura registrada por € termistor de fondo.
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Intra- and interannual variations in integrated nu-
trient concentrations in the water column are
shown in figure 3. Higher values of TN were
reached in 2005 than in 2006. Especially low
DIN values were measured during the first study
year (4 % of TN), whereas DIN represented an
average of 37 % of TN in 2006. During the en-
tire study period, NO; was the only fraction con-
tributing to DIN. Highest values of TP were reg-
istered in July and September 2005 and July
2006. SRP represented an increasing fraction of
TP during summer 2006, whereas it was fairly
constant during 2005. TN:TP mass ratio did not
show significant differences between years (t-
test; p < 0.05), with mean average values close to
19 and 13 during the ice-free periods of 2005 and
2006, respectively (Fig. 4). DIN:SRP ratio varied
strongly between years and showed significantly
higher values in 2006 than 2005 (t-test; p < 0.05;
DIN:SRP = 15.3). In fact, DIN:SRP was lower
than 3 in 2005, a value that indicated N deficiency
of the phytoplankton communities (Fig. 4).

24
22
20
18
16
14
12

N:P

o N b O @

Jul-05 Oct-05 Jun-06 Jul-06 Aug-06  Sep-06
Figure 4. Nitrogen: phosphorus mass ratio in Rio Seco during
2005 and 2006. Razbn masica de nitrogeno: fosforo en Rio Seco

durante 2005 y 2006.

Plankton community

Mean chlorophyll-a concentration was 0.22 ug
L1 (+0.07) in 2005 and 0.26 ug L™ (+ 0.05)
in 2006 and exhibited higher values near the
lake bottom until midsummer, whereas a sub-
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Figure 5. Intra- and interannual variation in the abundance (vertical bars) and biovolume (plots) of (a) bacteria; (b) protozoans
(HNF plus ciliates); (c) phytoplankton and (d) zooplankton in Rio Seco during summers of 2005 and 2006. Variaciones intra
e interanuales en la abundancia (barras verticales) y biovolumen (puntos) de (a) bacterias; (b) protozoos (HNF méas ciliados);
(c) fitoplancton y (d) zooplancton en Rio Seco durante |os veranos de 2005 y 2006.
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superficial maximum was observed during the
late period of the season (data not shown). No
differences in chlorophyll-a concentration be-
tween years were observed (t-test; p < 0.05).
Temporal changes in the abundance and bio-
volume of bacterioplankton, protozoans [het-
erotrophic nanoflagellates and ciliates], phyto-
plankton and zooplankton are shown in figure 5.
During the ice-free period of 2005, the abun-
dance of bacteria reached maximum values in
July. The abundance of protozoans was high-
est in June and July. Phytoplankton abundance
reached its highest values in early summer and
decreased over the ice-free period.
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Figure 6. Percentage of Mixodiaptomus laciniatus (white),
Daphnia pulicaria (lined) and other zooplankton species (gray)
in terms of abundance (&) and biovolume (b). Porcentaje de
Mixodiaptomus laciniatus (blanco), Daphnia pulicaria (rayado)
y otras especies de zooplancton (gris) en términos de abundan-
cia (a) y biovolumen (b).

However, zooplankton abundance reached its
maximum value in September. The biovolume
of these groups showed a trend similar to that
of abundance, except that protozoans reached
higher values in September owing to the pres-
ence of large-sized ciliates. In summer 2006, the
abundance and biovolume of bacteria were con-
stant over the summer with the exception of July,
when minimum values were observed (Fig. 5).
Protozoans exhibited maximum values of abun-
dance and biovolume in August. Phytoplankton
and zooplankton abundances decreased through-
out the summer, but biovolume did not fit this pat-
tern owing to the presence of very large individ-
uals during the ice-free period. During the period
studied, the zooplankton community was domi-
nated by two species, the calanoid copepod Mixo-
diaptomus laciniatus and the cladoceran Daph-
nia pulicaria. This community was numerically
dominated by the copepod M. laciniatus. This
species represented more than 70 % of the total
abundance, especially during the early and late
summer of 2005 and 2006 (Fig. 6). However, in
terms of total biovolume, D. pulicaria (8% big-
ger than M. laciniatus) dominated the zooplank-
ton community during the early and late summer
of both years and represented more than 50 %
of total zooplankton biovolume. Other zooplank-
ton species such as Diaptomus cyaneus, Acantho-
cyclops vernalis and Chydorus sphaericus also

Table 1.  Autotrophic:Heterotrophic ratio (A:H) and percent-
age of biovolume of bacteria (B), phytoplankton (Phy), zoo-
plankton (Zoo), heterotrophic nanoflagellates (HNF) and cili-
ates (Cil) with respect to the total biovolume. Razon biovolu-
men autotrofos: biovolumen heter6trofos (A:H) y porcentaje de
biovolumen de bacterias (B), fitoplancton (Phy), zooplancton
(Zoo), nanoflagelados heterotrofos (HNF) y ciliados (Cil), re-
specto al biovolumen total.

% Total Biovolume
AH %B %Phy %Zoo %HNF %Cil

jun-95 038 2.6 27.6 64.7 1.7 35
jul-05  0.03 3.4 3.0 88.4 11 4.1
sep-05 016 1.2 13.6 77.6 0.5 7.0
oct-05 054 27 35.0 55.7 1.0 5.6
jun-06 121 0.3 54.8 44.8 0.1 0.0
jul-06 088 0.1 46.9 52.9 0.0 0.1
aug-06 396 1.8 79.8 14.3 41 0.0
sep-06 105 1.0 51.2 473 0.5 0.0
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made noteworthy contributions to total zooplank-
ton biovolume in September 2005 and June 2006.

The ratio of total biovolume of autotrophic
to heterotrophic organisms (A:H) showed dif-
ferences among years (Table 1). The A:H ratio
was always less than 1 during the ice-free pe-
riod of 2005 but was much greater than 1 during
the summer of 2006 (average values of 0.2 and
1.8, respectively), except in July 2006. Plank-
tonic fractions having major biovolume were
mesozooplankton for 2005 and phytoplankton
in 2006. Ciliates and bacteria exhibited signifi-
cantly higher mean biovolume in 2005, whereas
HNF biovolume was similar during both study
years (t-test; p < 0.05).

Pearson correlation analysis carried out with
physical, chemical and biological variables
included in the present study revealed differ-
ences between the summers of 2005 and 2006.
In 2005, SRP and DIN were positively corre-
lated (r = 0.98; p < 0.05). Abundance of phyto-
plankton and ciliate biovolume were also sig-
nificantly and positively correlated (r = 0.86;
p > 0.05). Other significant positive correla-
tions were found between HNF abundance
and bacteria biovolume (r =0.97; p < 0.05)
and between ciliate abundance and zooplankton
biovolume (r = 0.95; p < 0.05). In 2006, bac-
terial abundance and biovolume were posi-
tively correlated with the temperature (r = 0.94
and r = 0.93; p < 0.05, respectively), and also
with biovolume of zooplankton and phytoplank-
ton (r = 0.98). On the other hand, zooplank-
ton abundance and SRP showed a negative
correlation (r = —0.99; p < 0.05).

DISCUSSION

Droughts represent extreme climatic conditions.
Relatively lower rainfall and higher-than-average
temperatures associated with droughts have dras-
tic effects on aquatic ecosystems (Villar-Argaiz
et al., 2002). In fact, climatic factors such as
temperature (Sommaruga-Wograth et al., 1997),
precipitation, and duration of ice-free periods
(Park et al., 2004) drastically affect the biotic ac-
tivity and abiotic characteristics of high moun-

tain lakes. However, despite the sharp decrease
in the annual accumulated rainfall registered for
the Sierra Nevada during 1995, 1999 and 2005,
the water column depth in Rio Seco remained
rather constant. In fact, this result is consistent
with previous findings that water storage is quite
stable over years, with maximum depth ranging
from 2 to 3 m (Morales-Baquero et al., 1995;
1999; 2006a; Pulido-Villena et al., 2005; Pérez-
Martinez et al., 2007). In contrast, a nearby lake
(La Caldera) is much more dependent on rain-
fall patterns than Rio Seco (see, e.g., Pulido-
Villena, 2004; Garcia-Jurado, 2010; de Vicente
et al., 2010a). Although La Caldera and Rio Seco
experience the same Mediterranean climate, dif-
ferences in catchment size and sill height make
Rio Seco much more independent of rainfall pat-
terns (de Vicente et al., 2010a).

The higher external nutrient loading from the
catchment area is the most important reason
for the higher trophic state of Rio Seco com-
pared to that of other nearby lakes located in
the Sierra Nevada mountains (Morales-Baquero
et al., 2006a). These authors studied the avail-
ability of nutrients in Rio Seco during years
having different climatic conditions (1986, 1996
and 1997). In their study, the DIN:SRP ratio re-
mained roughly constant despite the variability in
weather conditions among years. In the present
study, the DIN:SRP ratio in 2005 was lower
than those measured by Morales-Baquero et al.
(2006a) for previous years (Kruskal-Wallis-test;
p < 0.05), but no differences were found for 2006
(Kruskal-Wallis-test; p > 0.05). In our study, the
drought produced a drastic change in the DIN:SRP
ratio and led to a greater degree of N limitation than
any other previous study has reported in Rio Seco.

The sharp reduction in the DIN:SRP ratio dur-
ing 2005 may be explained by the decrease in the
annual precipitation values and by the resulting
reduction of the external nutrient sources in the
catchment area. Under these conditions, other ex-
ternal sources such as atmospheric inputs from
Saharan dust could assume greater importance
(Morales-Baquero et al., 2001). This source is
considered to represent a major source of nutri-
ents (especially P) for many pristine lakes having
small catchment areas (Rigler & Peters, 1995),
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as is the case for Rio Seco. In addition, sedi-
ment resuspension was very likely more intense
in Rio Seco during 2005 than during 2006 as a
consequence of the shallower water. In this re-
gard, de Vicente et al. (2010b) found that sed-
iment resuspension in Rio Seco caused a high
SRP release from sediment particles to the lake
water and thereby increased the overall SRP
availability in the water column.

In 2006, Rio Seco experienced a higher nitro-
gen concentration and a concomitant increase in
the N:P ratio, and nutrient limitation was thereby
mitigated. Similar nitrogen enrichment has been
reported in other aquatic ecosystems during the
refilling phase after a drought (Stent, 1981).
However, in high mountain lakes it seems that the
main cause of the variability in nutrient availabil-
ity among years having different climatic condi-
tions is an overall control mechanism driven by
the trophic web (Morales-Baquero et al., 2006a).
Therefore, in dry years like 2005 having low
precipitation values, environmental conditions
favour internal controls on lake nutrient dynam-
ics. In this study, chlorophyll-a concentrations
did not show any difference between years (t-
test; p < 0.05), whereas, as mentioned above, nu-
trient availability differed significantly between
years. This lack of differences in chlorophyll-a
concentrations, despite variable nutrient limita-
tion, could indicate the existence of additional
controls over phytoplankton biomass, zooplank-
ton grazing, for example. In fact, variability in
zooplankton nutrient recycling is known to influ-
ence nutrient availability, phytoplankton commu-
nity structure and ecosystem dynamics (Elser &
Urabe, 1999; Elser et al., 1988; 2001).

As recognised by previous studies (Carrillo
et al., 1996; Cruz-Pizarro et al., 1998; Villar-
Argaiz et al., 2001; Pérez-Martinez et al., 2007),
the zooplankton community during the study pe-
riod was quite simple. In general, the calanoid
copepod M. laciniatus dominated the community
in terms of abundance, but D. pulicaria made
the greatest contribution to biovolume. The cope-
pod D. cyaneus appeared in lower abundance.
However, owing to its large individual size, this
species represented a significant fraction of the
total biovolume during the summer of 2005 and

early 2006. During both study years, high bio-
volume values of zooplankton were observed.
Zooplankton community composition can affect
nitrogen availability for phytoplankton produc-
tion through differential consumer-driven nutri-
ent recycling (CNR). CNR has been proposed as
a mechanism driving nutrient limitation in lakes
(Sterner et al., 1992; Sterner & Elser, 2002), and
the dominance of copepods in the lake during
this year with the accompanying high N demands
for somatic growth could account for these re-
sults (Sterner et al., 1992). Evidence exists that
cladocerans such as Daphnia have a low N:P ra-
tio, a property that results in low rates of P re-
lease (Hessen & Andersen, 1992). In contrast,
calanoids with a high N:P ratio could release
proportionally more P (Cruz-Pizarro & Carrillo,
1991). Thus, calanoid copepods M. laciniatus
and D. cyaneus comprised 85 % of the total zoo-
plankton density in 2005. On the contrary, clado-
cerans showed a higher mean abundance in 2006
than in 2005 (12 and 4 indiv L! respectively). In
this sense, Carrillo et al. (1996) observed in La
Caldera, a nearby Sierra Nevada high mountain
lake, that rates of N and P release rates by zoo-
plankton depend on M. laciniatus growth. Nau-
plii are organisms with high N demands and a
high proportion of P because of their elevated
growth rates, whereas copepodites and adults
have a much lower N:P ratio and release less
phosphorus. In Rio Seco, the mean abundance of
nauplii was higher in 2005 than in 2006 (8 and
5 indiv L2, respectively). The greater proportion
of copepod nauplii observed in Rio Seco in 2005
than in 2006 would indicate a greater release of P
relative to N by zooplankton.

This situation reflects an effective control of
zooplankton organisms over the biomass of phy-
toplankton, especially in the summer of 2005,
in which the average biovolume of bacteria
and phytoplankton was significantly lower. Thus,
in 2005 the A:H ratio exhibited values below 1.
A large part of the total biomass accumulated in
the zooplankton fraction. On the other hand, in the
summer of 2006 an A:H ratio above 1 reflected
an increase in phytoplankton biovolume. During
2005, strong shortages of N limited primary pro-
duction in Rio Seco, whereas the high zooplank-
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ton biomass produced high predation pressure on
phytoplankton. The presence of larger zooplankton
organisms during dry years was likely responsible
for controlling algal biomass and exemplified
predominant “top-down” control. However, a
predominant “bottom-up” control of primary pro-
ducers by nutrients was established during 2006.

Our results indicate that both biotically and
abiotically, Rio Seco responds differently during
drought periods and during wetter periods. Ac-
cordingly, long-term monitoring during both dry
and wet periods is needed to obtain further in-
sights into the effects of dry/wet periods on the
limnological features of Rio Seco,
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