
abiertas que en las cerradas) y la razón nitrógeno inorgánico disuelto:fósforo total (DIN/TP) (a valores más altos, menos 
clorofila-a), mostraron efecto sobre los niveles de clorofila-a. Los valores del DIN, del fósforo reactivo soluble (SRP) y razones 
de nutrientes no indican diferencia en la disponibilidad de nutrientes entre lagunas abiertas o cerradas en ninguno de los 
períodos considerados. No obstante, los datos disponibles muestran que la abundancia de zooplancton es, en promedio, el 
doble en las lagunas cerradas que en las abiertas durante un periodo de deshielo completo. Estos resultados señalan que las 
pérdidas advectivas producidas por el flujo de agua pueden ser más importantes para el zooplancton que para el fitoplancton, 
interfiriendo en el acoplamiento de las cadenas tróficas. Así, parte de la producción primaria de las lagunas no puede transfe-
rirse a niveles tróficos superiores debido a las pérdidas de zooplancton.

Palabras clave: Lagos alta montaña, pérdidas advectivas, clorofila-a, fitoplancton, zooplancton, presión de herbivoría, 
control del fitoplancton
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ABSTRACT

Zooplankton advective losses may affect chlorophyll-a concentrations in fishless high-mountain lakes

Hydraulic washout of lakes and reservoirs is recognized as a major regulating factor of both, phyto- and zooplankton popula-
tions. We have analysed the changes in the chlorophyll-a concentration in 21 high-mountain lakes from Sierra Nevada. Eleven 
lakes proved to have superficial diffuse inlets and outlets (open lakes) while the other 10 have no outlets, or no permanent 
outlets (closed lakes), where the plankton losses by washout are not possible. The lakes were sampled on two occasions during 
the ice-free season: just after the spring thaw (July) and by late August, after plankton development. In July, chlorophyll-a was 
quite similar between the closed and open lakes while in August the open lakes had about three-fold more chlorophyll-a than 
did closed ones. Model selection analysis made with 12 variables than can affect chlorophyll-a indicated that, in July, chloro-
phyll-a was related mainly to the maximum depth of closed lakes although the type of lake (closed or open) had no effect. 
However, in August, the type of lake (more chlorophyll-a in open than in closed lakes) and the ratio between dissolved inorgan-
ic nitrogen and total phosphorus (DIN:TP ratio) (higher values, lower chlorophyll-a), was related to chlorophyll-a concentra-
tion. The results of DIN, soluble reactive phosphorus (SRP) and nutrient ratios did not indicate a different nutrient availability 
between open and closed lakes in either of the two periods considered. Nevertheless, the data available showed that the 
zooplankton was, on average, about two-fold more abundant in the closed lakes than in the open ones during the entire ice-free 
season. These results indicate that the advective losses caused by the water flow could be greater for the zooplankton than for 
the phytoplankton, interfering with the coupling of trophic chains. Thus, part of primary production in the open lakes could not 
be transferred to higher trophic levels because of the zooplankton losses.

Key words: High-mountain lakes, advective losses, zooplankton, phytoplankton, chlorophyll-a, grazing pressure, phyto-
plankton control

RESUMEN

Las pérdidas advectivas de zooplankton pueden afectar al contenido de clorofila-a en lagos de alta montaña sin peces

El desagüe de lagos y embalses es un factor importante que se reconoce como regulador de las poblaciones de fito y zooplanc-
ton. En este trabajo analizamos los cambios en las concentraciones de clorofila-a en 21 lagunas de alta montaña de Sierra 
Nevada, once de las cuales presentan salidas superficiales de agua permanentes (lagunas abiertos) mientras las otras diez no 
presentan salidas superficiales, o sólo en un corto periodo (lagunas cerradas), en las que la pérdidade plancton por desagüe 
no es posible. Las lagunas se muestrearon en dos ocasiones durante la estación libre de hielo: en julio, justo tras el deshielo 
primaveral y al final de agosto, cuando el plancton se ha desarrollado. En julio, la concentración de clorofila-a fue similar en 
lagunas abiertas y cerradas, mientras que en agosto las lagunas abiertas presentaron aproximadamente tres veces más clorofi-
la-a que las cerradas. Un análisis de selección de modelos efectuado sobre 12 variables que pueden afectar a la clorofila-a 
reveló que en julio la clorofila-a se relacionó con la profundidad de las lagunas cerradas, pero el tipo de laguna (abierta o 
cerrada) no tuvo ningún efecto sobre aquella. Sin embargo, en agosto, el tipo de laguna (más clorofila-a en las lagunas 
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
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plankton in waters with longer residence time.
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tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 

abiertas que en las cerradas) y la razón nitrógeno inorgánico disuelto:fósforo total (DIN/TP) (a valores más altos, menos 
clorofila-a), mostraron efecto sobre los niveles de clorofila-a. Los valores del DIN, del fósforo reactivo soluble (SRP) y razones 
de nutrientes no indican diferencia en la disponibilidad de nutrientes entre lagunas abiertas o cerradas en ninguno de los 
períodos considerados. No obstante, los datos disponibles muestran que la abundancia de zooplancton es, en promedio, el 
doble en las lagunas cerradas que en las abiertas durante un periodo de deshielo completo. Estos resultados señalan que las 
pérdidas advectivas producidas por el flujo de agua pueden ser más importantes para el zooplancton que para el fitoplancton, 
interfiriendo en el acoplamiento de las cadenas tróficas. Así, parte de la producción primaria de las lagunas no puede transfe-
rirse a niveles tróficos superiores debido a las pérdidas de zooplancton.

Palabras clave: Lagos alta montaña, pérdidas advectivas, clorofila-a, fitoplancton, zooplancton, presión de herbivoría, 
control del fitoplancton
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ABSTRACT

Zooplankton advective losses may affect chlorophyll-a concentrations in fishless high-mountain lakes

Hydraulic washout of lakes and reservoirs is recognized as a major regulating factor of both, phyto- and zooplankton popula-
tions. We have analysed the changes in the chlorophyll-a concentration in 21 high-mountain lakes from Sierra Nevada. Eleven 
lakes proved to have superficial diffuse inlets and outlets (open lakes) while the other 10 have no outlets, or no permanent 
outlets (closed lakes), where the plankton losses by washout are not possible. The lakes were sampled on two occasions during 
the ice-free season: just after the spring thaw (July) and by late August, after plankton development. In July, chlorophyll-a was 
quite similar between the closed and open lakes while in August the open lakes had about three-fold more chlorophyll-a than 
did closed ones. Model selection analysis made with 12 variables than can affect chlorophyll-a indicated that, in July, chloro-
phyll-a was related mainly to the maximum depth of closed lakes although the type of lake (closed or open) had no effect. 
However, in August, the type of lake (more chlorophyll-a in open than in closed lakes) and the ratio between dissolved inorgan-
ic nitrogen and total phosphorus (DIN:TP ratio) (higher values, lower chlorophyll-a), was related to chlorophyll-a concentra-
tion. The results of DIN, soluble reactive phosphorus (SRP) and nutrient ratios did not indicate a different nutrient availability 
between open and closed lakes in either of the two periods considered. Nevertheless, the data available showed that the 
zooplankton was, on average, about two-fold more abundant in the closed lakes than in the open ones during the entire ice-free 
season. These results indicate that the advective losses caused by the water flow could be greater for the zooplankton than for 
the phytoplankton, interfering with the coupling of trophic chains. Thus, part of primary production in the open lakes could not 
be transferred to higher trophic levels because of the zooplankton losses.

Key words: High-mountain lakes, advective losses, zooplankton, phytoplankton, chlorophyll-a, grazing pressure, phyto-
plankton control

RESUMEN

Las pérdidas advectivas de zooplankton pueden afectar al contenido de clorofila-a en lagos de alta montaña sin peces

El desagüe de lagos y embalses es un factor importante que se reconoce como regulador de las poblaciones de fito y zooplanc-
ton. En este trabajo analizamos los cambios en las concentraciones de clorofila-a en 21 lagunas de alta montaña de Sierra 
Nevada, once de las cuales presentan salidas superficiales de agua permanentes (lagunas abiertos) mientras las otras diez no 
presentan salidas superficiales, o sólo en un corto periodo (lagunas cerradas), en las que la pérdidade plancton por desagüe 
no es posible. Las lagunas se muestrearon en dos ocasiones durante la estación libre de hielo: en julio, justo tras el deshielo 
primaveral y al final de agosto, cuando el plancton se ha desarrollado. En julio, la concentración de clorofila-a fue similar en 
lagunas abiertas y cerradas, mientras que en agosto las lagunas abiertas presentaron aproximadamente tres veces más clorofi-
la-a que las cerradas. Un análisis de selección de modelos efectuado sobre 12 variables que pueden afectar a la clorofila-a 
reveló que en julio la clorofila-a se relacionó con la profundidad de las lagunas cerradas, pero el tipo de laguna (abierta o 
cerrada) no tuvo ningún efecto sobre aquella. Sin embargo, en agosto, el tipo de laguna (más clorofila-a en las lagunas 
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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(Hansen et al., 1997). Seasonal studies in the 
Sierra Nevada lakes have also shown evidence of 
changes in nutrient limitation from the beginning 
of the ice-free period to the middle of the growing 
season when the plankton has developed (Mo-
rales-Baquero et al., 1999). In fact, bioassays 
have demonstrated that nutrient limitation is 
greater during the middle than at the beginning of 
the growing season (Villar-Argaiz, 1999). 

In August, once the plankton has been devel-
oped, nutrient limitation could be stronger in all 
lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
reflect an increment of the degree of nutrient 
limitations as summer progresses and phyto-
plankton populations grow. Despite that this 
limitation appeared to occur similarly in both 
open and closed lakes, according the model 
performed, open lakes had a greater chloro-
phyll-a concentration than did closed lakes for 
similar DIN:TP ratios. Thus, the observed higher 
chlorophyll-a contents in the open lakes in com-
parison to the closed ones does not appear to 
depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial T
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abiertas que en las cerradas) y la razón nitrógeno inorgánico disuelto:fósforo total (DIN/TP) (a valores más altos, menos 
clorofila-a), mostraron efecto sobre los niveles de clorofila-a. Los valores del DIN, del fósforo reactivo soluble (SRP) y razones 
de nutrientes no indican diferencia en la disponibilidad de nutrientes entre lagunas abiertas o cerradas en ninguno de los 
períodos considerados. No obstante, los datos disponibles muestran que la abundancia de zooplancton es, en promedio, el 
doble en las lagunas cerradas que en las abiertas durante un periodo de deshielo completo. Estos resultados señalan que las 
pérdidas advectivas producidas por el flujo de agua pueden ser más importantes para el zooplancton que para el fitoplancton, 
interfiriendo en el acoplamiento de las cadenas tróficas. Así, parte de la producción primaria de las lagunas no puede transfe-
rirse a niveles tróficos superiores debido a las pérdidas de zooplancton.

Palabras clave: Lagos alta montaña, pérdidas advectivas, clorofila-a, fitoplancton, zooplancton, presión de herbivoría, 
control del fitoplancton
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ABSTRACT

Zooplankton advective losses may affect chlorophyll-a concentrations in fishless high-mountain lakes

Hydraulic washout of lakes and reservoirs is recognized as a major regulating factor of both, phyto- and zooplankton popula-
tions. We have analysed the changes in the chlorophyll-a concentration in 21 high-mountain lakes from Sierra Nevada. Eleven 
lakes proved to have superficial diffuse inlets and outlets (open lakes) while the other 10 have no outlets, or no permanent 
outlets (closed lakes), where the plankton losses by washout are not possible. The lakes were sampled on two occasions during 
the ice-free season: just after the spring thaw (July) and by late August, after plankton development. In July, chlorophyll-a was 
quite similar between the closed and open lakes while in August the open lakes had about three-fold more chlorophyll-a than 
did closed ones. Model selection analysis made with 12 variables than can affect chlorophyll-a indicated that, in July, chloro-
phyll-a was related mainly to the maximum depth of closed lakes although the type of lake (closed or open) had no effect. 
However, in August, the type of lake (more chlorophyll-a in open than in closed lakes) and the ratio between dissolved inorgan-
ic nitrogen and total phosphorus (DIN:TP ratio) (higher values, lower chlorophyll-a), was related to chlorophyll-a concentra-
tion. The results of DIN, soluble reactive phosphorus (SRP) and nutrient ratios did not indicate a different nutrient availability 
between open and closed lakes in either of the two periods considered. Nevertheless, the data available showed that the 
zooplankton was, on average, about two-fold more abundant in the closed lakes than in the open ones during the entire ice-free 
season. These results indicate that the advective losses caused by the water flow could be greater for the zooplankton than for 
the phytoplankton, interfering with the coupling of trophic chains. Thus, part of primary production in the open lakes could not 
be transferred to higher trophic levels because of the zooplankton losses.

Key words: High-mountain lakes, advective losses, zooplankton, phytoplankton, chlorophyll-a, grazing pressure, phyto-
plankton control

RESUMEN

Las pérdidas advectivas de zooplankton pueden afectar al contenido de clorofila-a en lagos de alta montaña sin peces

El desagüe de lagos y embalses es un factor importante que se reconoce como regulador de las poblaciones de fito y zooplanc-
ton. En este trabajo analizamos los cambios en las concentraciones de clorofila-a en 21 lagunas de alta montaña de Sierra 
Nevada, once de las cuales presentan salidas superficiales de agua permanentes (lagunas abiertos) mientras las otras diez no 
presentan salidas superficiales, o sólo en un corto periodo (lagunas cerradas), en las que la pérdidade plancton por desagüe 
no es posible. Las lagunas se muestrearon en dos ocasiones durante la estación libre de hielo: en julio, justo tras el deshielo 
primaveral y al final de agosto, cuando el plancton se ha desarrollado. En julio, la concentración de clorofila-a fue similar en 
lagunas abiertas y cerradas, mientras que en agosto las lagunas abiertas presentaron aproximadamente tres veces más clorofi-
la-a que las cerradas. Un análisis de selección de modelos efectuado sobre 12 variables que pueden afectar a la clorofila-a 
reveló que en julio la clorofila-a se relacionó con la profundidad de las lagunas cerradas, pero el tipo de laguna (abierta o 
cerrada) no tuvo ningún efecto sobre aquella. Sin embargo, en agosto, el tipo de laguna (más clorofila-a en las lagunas 
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
reflect an increment of the degree of nutrient 
limitations as summer progresses and phyto-
plankton populations grow. Despite that this 
limitation appeared to occur similarly in both 
open and closed lakes, according the model 
performed, open lakes had a greater chloro-
phyll-a concentration than did closed lakes for 
similar DIN:TP ratios. Thus, the observed higher 
chlorophyll-a contents in the open lakes in com-
parison to the closed ones does not appear to 
depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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(Hansen et al., 1997). Seasonal studies in the 
Sierra Nevada lakes have also shown evidence of 
changes in nutrient limitation from the beginning 
of the ice-free period to the middle of the growing 
season when the plankton has developed (Mo-
rales-Baquero et al., 1999). In fact, bioassays 
have demonstrated that nutrient limitation is 
greater during the middle than at the beginning of 
the growing season (Villar-Argaiz, 1999). 

In August, once the plankton has been devel-
oped, nutrient limitation could be stronger in all 
lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
reflect an increment of the degree of nutrient 
limitations as summer progresses and phyto-
plankton populations grow. Despite that this 
limitation appeared to occur similarly in both 
open and closed lakes, according the model 
performed, open lakes had a greater chloro-
phyll-a concentration than did closed lakes for 
similar DIN:TP ratios. Thus, the observed higher 
chlorophyll-a contents in the open lakes in com-
parison to the closed ones does not appear to 
depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 

Figure 1.  Mean value of chlorophyll-a concentrations in the open 
and closed lakes in July and August of 1991. Whiskers show the 
standard error. Valor medio de la concentración de clorofila-a en 
las lagunas abiertas y cerradas en julio y agosto de 1991. Las 
líneas de dispersión muestran el error estándar.
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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(Hansen et al., 1997). Seasonal studies in the 
Sierra Nevada lakes have also shown evidence of 
changes in nutrient limitation from the beginning 
of the ice-free period to the middle of the growing 
season when the plankton has developed (Mo-
rales-Baquero et al., 1999). In fact, bioassays 
have demonstrated that nutrient limitation is 
greater during the middle than at the beginning of 
the growing season (Villar-Argaiz, 1999). 

In August, once the plankton has been devel-
oped, nutrient limitation could be stronger in all 
lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
reflect an increment of the degree of nutrient 
limitations as summer progresses and phyto-
plankton populations grow. Despite that this 
limitation appeared to occur similarly in both 
open and closed lakes, according the model 
performed, open lakes had a greater chloro-
phyll-a concentration than did closed lakes for 
similar DIN:TP ratios. Thus, the observed higher 
chlorophyll-a contents in the open lakes in com-
parison to the closed ones does not appear to 
depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 

July AICc = 15.24

Estimate SE t value p

Intercept 0.042 0.126 0.338 0.740

Type of basin (open) -0.279 0.154 -1.806 0.092

Depth+ -1.009 0.289 -3.495 0.004

Type of basin x Depth 1.255 0.381 3.294 0.005

August AICc = 14.56

Estimate SE t value p

Intercept 0.078 0.101 0.778 0.447

Type of basin (open) 0.438 0.137 3.199 0.005

DIN:TP ratio+ -0.726 0.205 -3.544 0.002
+log transformed

Table 2.   Best model for the effect of environmental variables on the chlorophyll-a concentration of lakes in July and August. Statistically 
significant values (p < 0.05) are indicated in bold. SE = Standard error. Mejor modelo obtenido para el efecto de las variables ambientales 
sobre la concentración de clorofila-a en las lagunas en julio y en agosto. Los valores estadísticamente significativos (p < 0.05) se indican 
en negrita. SE = error estándar.
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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In August, once the plankton has been devel-
oped, nutrient limitation could be stronger in all 
lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
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limitations as summer progresses and phyto-
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limitation appeared to occur similarly in both 
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depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 

Figure 2.  Relationships between the DIN:TP ratio and the 
chlorophyll-a concentrations in open and closed lakes in a) July 
and b) August. Significant regression lines are shown for open 
(triangles) and closed (solid circles) lakes in August. Relación 
entre el cociente DIN:TP y la concentración de clorofila-a en las 
lagunas abiertas y cerradas en a) julio y b) agosto. Se muestran 
las líneas de regresión significativas para lagunas abiertas 
(triángulos) y cerradas (círculos) en agosto.

Figure 3.  Averaged zooplankton, Rotifera and Crustacea 
abundance for the entire ice-free period (see Table 1) in open and 
closed lakes. Abundancia media de zooplancton, rotíferos y 
crustáceos para el período libre de hielo (ver Tabla 1) en lagunas 
abiertas y cerradas.
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 



Limnetica, 38(1): 55-65 (2019)

64 Morales-Baquero et al.

Verhandlungen des Internationalen Verein 
Limnologie, 27: 1804-1808. DOI: 10.1080/
03680770.1998.11901552

MORALES-BAQUERO, R., P. CARRILLO, J. 
BAREA-ARCO, C. PÉREZ-MARTÍNEZ & 
M. VILLAR-ARGAIZ. 2006. Climate-driven 
changes on phytoplankton–zooplankton 
coupling and nutrient availability in high moun-
tain lakes of Southern Europe. Freshwater 
Biology, 51: 989–998. DOI: 10.1111/j.1365-
2427.2006.01545.x

MORRIS, D. P. & W. M. LEWIS. 1988. Phyto-
plankton nutrient limitation in Colorado moun-
tain lakes. Freshwater Biology, 20: 315-327. 
DOI: 10.1111/j.1365-2427.1988.tb00457.x

MURPHY, J. & J. P. RILEY. 1962. A modified 
single solution method for the determination 
of phosphate in natural waters. Analytica 
Chimica Acta, 27: 31-36.

NAIMI, B., N. A. HAMM, T. A. GROEN, A. K. 
SKIDMORE & A. G. TOXOPEUS. 2014. 
Where is positional uncertainty a problem for 
species distribution modelling. Ecography, 
37: 191-203. DOI: 10.1111/j.1600-0587.2013.
00205.x

PACE, M. L., S. E. G. FINDLAY & D. LINTS. 
1992. Zooplankton in advective environ-
ments: The Hudson River community and a 
comparative analysis. Canadian Journal of 
Fisheries and Aquatic Sciences, 49: 
1060-1069. DOI: 10.1139/f92-117

PÉREZ-MARTÍNEZ, C., J. BAREA-ARCO, J. 
M. CONDE-PORCUNA & R. MORALES-
BAQUERO. 2007. Reproduction strategies of 
Daphnia pulicaria population in a high moun-
tain lake of Southern Spain. Hydrobiologia, 
594: 75–82. DOI: 10.1007/s10750-007-
9084-3

RECKENDORFER, W., H. KECKEIS, G. WIN-
KLER & F. SCHIEMER. 1999. Zooplankton 
abundance in the River Danube, Austria. The 
significance of inshore retention. Freshwater 
Biology, 41: 583-591. DOI: 10.1046/j.1365-
2427.1999.00412.x

RELLSTAB, C., V. MAURER, M. ZEH, H. R. 
BÜRGI & P. SPAAK. 2007. Temporary collapse 
of the Daphnia population in turbid and ultra-ol-
igotrophic Lake Brienz. Aquatic Sciences, 69: 

257-270. DOI: 10.1007/s00027-007-0872-7
REYNOLDS, C. S. 1984. The ecology of fresh-

water phytoplankton. Cambridge Univ. Press, 
Cambridge and New York.

RINGELBERG, J. 1969. Spatial orientation of 
planktonic crustaceans. 2. The swimming 
behaviour in a vertical plane. Verhandlungen 
des Internationalen Verein Limnologie, 
17:841-847. DOI: 10.1080/03680770.1968.
11895929

RODIER, J. 1990. Análisis de las aguas. Omega. 
Barcelona.

S Á N C H E Z - C A S T I L L O ,  P . ,  L .  C R U Z -
PIZARRO & P. CARRILLO. 1989. Caracter-
ización del fitoplancton de las lagunas de alta 
montaña de Sierra Nevada (Granada, España) 
en relación con las características fisico-quími-
cas del medio. Limnetica, 5: 37-50.

SØBALLE, D. M. & R. W. BACHMANN. 1984. 
Influence of reservoir transit on riverine algal 
transport and abundance. Canadian Journal 
of Fisheries and Aquatic Sciences, 41: 
1803-1813. DOI: 10.1139/f84-221

STRICKLAND, J. D. H.& T. R. PARSONS. 
1968. A practical handbook of seawater 
analysis. Bulletin of the Fisheries Research 
Board of Canada, No. 167.

THORP, J. H., A. R. BLACK, K. H. HAGG & J. 
D. WEHR. 1994. Zooplankton assemblages in 
the Ohio River: Seasonal, tributary and navi-
gation dam effects. Canadian Journal of Fish-
eries and Aquatic Sciences, 51: 1634-1643. 
DOI: 10.1139/f94-164

VILLAR-ARGAIZ, M., 1999. Redes tróficas 
pelágicas: Una perspectiva estequiométrica. 
Ph. D. Thesis. Universidad de Granada.

WALKS, D. J. 2007. Persistence of plankton in 
flowing water. Canadian Journal of Fisheries 
and Aquatic Sciences, 64: 1693-1702. DOI: 
10.1139/F07-131

WALZ, N. & M. WELKER. 1998. Plankton devel-
opment in a rapidly flushed lake in the River 
Spree system (Neuendorfer See, Northeast 
Germany). Journal of Plankton Research, 20: 
2071-2087. DOI: 10.1093/plankt/20.11.2071

WETZEL, R. G. 2001. Limnology: Lake and 
River Ecosystems, 3rd ed. Academic Press, 
San Francisco, New York, London.

altered species composition following 
impoundment of a Newfounland reservoir. 
Canadian Journal of Fisheries and Aquatic 
Sciences, 55:230-238. DOI: 10.1139/f97-248

CARPENTER, S. R., J. F. KITCHELL & J. R. 
HODGSON. 1985. Cascading trophic interac-
tions and lake productivity. BioScience, 35: 
634-639. DOI: 10.2307/1309989

CARRILLO, P. ,  I .  RECHE & L.  CRUZ-
PIZARRO. 1996. Intraspecific stoichiometric 
variability and the ratio of nitrogen to phos-
phorus resupplied by zooplankton. Freshwater 
Biology, 36: 363-374. DOI: 10.1046/j.1365-
2427.1996.00091.x

CRUZ-PIZARRO, L. 1983.Reproductive activity 
of Mixodiaptomus laciniatus (Copepoda, 
calanoida) in the high mountain lake La 
Caldera (Spain). Hydrobiologia, 107: 97-105

DIAS, J. D., M. R. MIRACLE & C. C. BONE-
CKER. 2017. Do water levels control 
zooplankton secondary production in 
Neotropical floodplain lakes? Fundamental 
Applied Limnology, 190/1: 49-62. DOI: 
10.1127/fal/2017/0869

DOWNING, J. A. 1979. Aggregation, transfor-
mation and the design of benthos sampling 
programs. Journal of the Fisheries Research 
Board of Canada, 36: 1454-1463. DOI: 
10.1139/f79-212

ELSER, J. J., LUBNOW, F. S., MARZOLF, E. 
R., BRETT, M. T., DION, G. & C. R. GOLD-
MAN. 1995. Factors associated with interan-
nual and intraannual variation in nutrient 
limitation of phytoplankton growth in Castle 
Lake California. Canadian Journal of Fisher-
ies and Aquatic Sciences, 52: 93-104. DOI: 
10.1139/f95-009

HANSEN, A. M., F. O. ANDERSEN & H. S. 
JENSEN. 1997. Seasonal pattern in nutrient 
limitation and grazing control of the phyto-
plankton community in a non stratified lake. 
Freshwater Biology, 37: 523-534.

HAVEL, J. E., K. A. MEDLEY, K. D. DICKER-
SON, T. R. ANGRADI, D. W. BOLGRIEN, 
P. A. BUKAVECKAS & T. M. JICHA. 2009. 
Effect of main-stem dams on zooplankton 
communities of the Missouri River (USA). 
Hydrobiologia, 628: 121-135. DOI: 
10.1007/s10750-009-9750-8

JIMÉNEZ, L., L. ROMERO-VIANA, J. M. 
CONDE-PORCUNA& C. PÉREZ-MARTÍ-
NEZ. 2015. Sedimentary photosynthetic 
pigments as indicators of climate and water-
shed perturbations in an alpine lake in south-
ern Spain. Limnetica, 34: 439-454. DOI: 
10.23818/limn.34.33

JIMÉNEZ, L., K. M. RÜHLAND, A. JEZIOR-
SKI, J. P. SMOL & C. PÉREZ-MARTÍNEZ. 
2018. Climate change and Saharan dust drive 
recent cladoceran and primary production 
changes in remote alpine lakes of Sierra 
Nevada, Spain. Global Change Biology, 
24:e139–e158. DOI: 10.1111/gcb.13878

KALFF, J. 2002. Limnology: inland water 
ecosystems. PrenticeHall, New Jersey.

LUCAS, L. V., J. K. THOMPSON & L. R. 
BROWN. 2009. Why are diverse relation-
ships observed between phytoplankton 
biomass and transport time?. Limnology and 
Oceanography, 54: 381-390. DOI: 10.4319/
lo.2009.54.1.0381

MORALES-BAQUERO, R., 1985. Estudio de las 
comunidades de rotíferos monogonontes de 
las lagunas de alta montaña de Sierra Nevada. 
Ph. D. Thesis. University of Granada, Spain.

M O R A L E S - B A Q U E R O ,  R . ,  L .  C R U Z -
PIZARRO & P. CARRILLO. 1989. Patterns 
in the composition of the rotifers communities 
from high mountain lakes and ponds in Sierra 
Nevada (Spain). Hydrobiologia, 186/187: 
215-221.

MORALES-BAQUERO, R., J. M. CONDE-
PORCUNA & L. CRUZ-PIZARRO. 1994. 
The zooplankton biomass and food availabili-
ty in four reservoirs of contrasting trophic 
status. Archiv für Hydrobiologie Beiheft 
Ergebnisse der Limnologie, 40: 161-173.

MORALES-BAQUERO, R., P. CARRILLO, I. 
RECHE & P. SÁNCHEZ-CASTILLO. 1999. 
Nitrogen-phosphorus relationship in high 
mountain lakes: effects of the size of catch-
ment basins. Canadian Journal of Fisheries 
and Aquatic Sciences, 56: 1809-1817. DOI: 
10.1139/f99-130

MORALES-BAQUERO, R. & J. M. CONDE-
PORCUNA. 2000. Effect of the catchment 
areas on the abundance of zooplankton in high 
mountain lakes of Sierra Nevada (Spain). 

bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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(Hansen et al., 1997). Seasonal studies in the 
Sierra Nevada lakes have also shown evidence of 
changes in nutrient limitation from the beginning 
of the ice-free period to the middle of the growing 
season when the plankton has developed (Mo-
rales-Baquero et al., 1999). In fact, bioassays 
have demonstrated that nutrient limitation is 
greater during the middle than at the beginning of 
the growing season (Villar-Argaiz, 1999). 

In August, once the plankton has been devel-
oped, nutrient limitation could be stronger in all 
lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
reflect an increment of the degree of nutrient 
limitations as summer progresses and phyto-
plankton populations grow. Despite that this 
limitation appeared to occur similarly in both 
open and closed lakes, according the model 
performed, open lakes had a greater chloro-
phyll-a concentration than did closed lakes for 
similar DIN:TP ratios. Thus, the observed higher 
chlorophyll-a contents in the open lakes in com-
parison to the closed ones does not appear to 
depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a 
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc 
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a 
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a 
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al. 
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 
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bly less influential than in the open waters. In 
fact, contrary to high flushing rate habitats, 
inshore habitats act as storage zones for 
zooplankton (Reckendorfer et al., 1999; Walks, 
2007); nevertheless, the open lakes in Sierra 
Nevada contain less zooplankton than do closed 
ones. On the other hand, we found more 
zooplankton in closed lakes, despite that littoral 
sampling probably underestimates some popula-
tions, such as Daphnia sp., which tend to avoid 
the shore (Ringelberg, 1969) and have a strong 
grazing impact on phytoplankton. Thus, as 
expected from our initial hypothesis, the lower 
phytoplankton biomasses in the closed lakes in 
comparison to the open ones, for similar nutrient 
availability, can be attributed to a high grazing 
pressure due to lack of advective losses of 
zooplankton in the closed lakes.

In summary, this study indicates that in the 
small lakes of Sierra Nevada, outflow can inter-
fere in the phytoplankton-zooplankton coupling. 
Our results suggest that, in the open lakes, part of 
the primary production cannot be transferred to 
higher trophic levels because of zooplankton 
losses. Advective losses are great in small lakes, 
but also in reservoirs with low water residence 
times because of high rates of water extraction. 
This abiotic mechanism of rarefaction can inter-
fere with the articulation of the trophic chains 
and, together with other factors, can help to 
explain failures of the trophic-cascade hypothesis 
(Carpenter et al., 1985) when it is applied to 
reservoirs in comparison to natural lakes.
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(Hansen et al., 1997). Seasonal studies in the 
Sierra Nevada lakes have also shown evidence of 
changes in nutrient limitation from the beginning 
of the ice-free period to the middle of the growing 
season when the plankton has developed (Mo-
rales-Baquero et al., 1999). In fact, bioassays 
have demonstrated that nutrient limitation is 
greater during the middle than at the beginning of 
the growing season (Villar-Argaiz, 1999). 

In August, once the plankton has been devel-
oped, nutrient limitation could be stronger in all 
lakes and the relationship between the relative N 
and P availability and the phytoplankton abun-
dance could be apparent in these lakes. N limita-
tion appears when DIN values are very low (< 6 
µg-N/L; Morris & Lewis, 1988) and DIN:TP 
values are below 3.4 (by weight) (Bergström, 
2010). In August the DIN:TP ratios decreased in 
all lakes (Table 1) and the continuous negative 
relationship between chlorophyll-a and DIN:TP 
ratios in this month but not in July (Fig. 2) could 
reflect an increment of the degree of nutrient 
limitations as summer progresses and phyto-
plankton populations grow. Despite that this 
limitation appeared to occur similarly in both 
open and closed lakes, according the model 
performed, open lakes had a greater chloro-
phyll-a concentration than did closed lakes for 
similar DIN:TP ratios. Thus, the observed higher 
chlorophyll-a contents in the open lakes in com-
parison to the closed ones does not appear to 
depend on differences in nutrient supply.

Another factor that can cause differences in 
phytoplankton abundances is sedimentation 
below the euphotic zone, as light tends to be limit-
ed with depth. Since the systems with high water 
residence time can increase the rates of sedimenta-
tion of algae and light limitation (Søballe & Bach-
mann, 1984), phytoplankton losses due to 
sedimentation should be higher in the closed lakes 
than in the open ones. Nevertheless, this does not 
plausibly explain the lower chlorophyll-a contents 
observed in the closed lakes with respect to open 
ones, because in Sierra Nevada the light generally 
reaches the lake bottom.

Higher grazing pressure of zooplankton on 
phytoplankton in closed lakes is a more plausible 
explanation for the observed trends. Evidence 
indicates that changes in the outflow losses of 

zooplankton can change the standing stock of 
phytoplankton without alterations in the trophic 
status of the systems. For instance, Campbell et 
al. (1998) showed that after the conversion of a 
rapidly flushing lake in a reservoir, with much 
longer water residence time, the zooplankton 
biomass increased by one order of magnitude 
while the phytoplankton biomass fell below 
former values. These changes occurred inde-
pendently of primary production or nutrient avail-
ability. Moreover, Morales-Baquero et al. (1994) 
has shown a negative relationship between water 
residence time and the chlorophyll-a per 
zooplankton biomass in reservoirs of contrasting 
trophic conditions. This is further evidence of 
high zooplankton grazing pressure over phyto-
plankton in waters with longer residence time.

The positive relationship between the water 
residence time and zooplankton abundance is 
well reported in rivers (Basu & Pick, 1996), lakes 
(Walz& Welker, 1998; Rellstab et al., 2007), 
floodplains (Bozelli, 1994; Dias et al., 2017), and 
reservoirs (Campbell et al., 1998; Beaver et al., 
2013), pointing out the importance of the advec-
tive losses of zooplankton. In fact, the export of 
zooplankton through the outflow of reservoirs 
can be a major source of food for the fish commu-
nity of the waters (Akopian et al., 1999). Also, 
the increase in lake water residence time has been 
indicated as a possible explanation of the 
observed long-term trends of Daphnia increases 
associated with warming in Sierra Nevada lakes 
(Jiménez et al., 2015, 2018)

In Sierra Nevada, zooplankton advective 
losses can occur in open lakes but not in closed 
ones, and the available data supports this conten-
tion. The zooplankton data in Table 1 are from a 
robust sampling survey, and the composition and 
relative abundance of the zooplankton communi-
ties in the lakes is quite similar throughout several 
study years (Carrillo et al., 1996, Morales-Baque-
ro et al., 2006, Pérez-Martínez et al., 2007). 
Hence, although zooplankton and phytoplankton 
were not sampled in the same year, we can 
attribute higher zooplankton predation pressure 
on phytoplankton in closed lakes than in open 
ones. Furthermore, the zooplankton samples were 
taken from the littoral zone. In this zone, the 
effect of advection over the zooplankton is proba-

which is about 6-fold more than in open lakes 
(5.7 ind/L) and this difference is statistically 
significant (unpaired t-test: t = 2.62; p = 0.019). 
Also, the average crustacean abundance tended 
to be higher in closed lakes (24.0 ind/L) than in 
open ones (19.3 ind/L), although not statistically 
significant. Altogether, the closed lakes (55.5 
ind/L) had more than twice the average 
zooplankton abundance of the open lakes (24.1 
ind/L), this difference being statistically signifi-
cant (unpaired t-test: t = -2.85; p = 0.011; n = 10 
lakes in each group). 

DISCUSSION

The results of model selection from the 12 varia-
bles considered that can affect phytoplankton 
provided evidence that both the nutrient availabil-
ity and the type of basin (open or closed) simulta-
neously controlled the phytoplankton biomass in 
the lakes of Sierra Nevada in August. The effect 
of the factor “type of basin” can be related to the 
grazing pressure of the zooplankton, which can 
be altered by the advective transport.

In July, when the planktonic community had 
not yet developed, there was a negative relation-
ship of depth with chlorophyll-a in closed lakes, 
i.e. greater phytoplankton densities in shallow 
closed lakes in comparison to deeper closed ones. 
It is possible that in the shallow lakes, having less 
water volume, less time is needed to recolonize 
the pelagic zone from the sediment by the over-
wintering resting forms. The lack of a relation-
ship between the chlorophyll-a and DIN:TP ratio 
in both types of lakes in July, when chlorophyll-a
levels were low, was likely the result of a low 
nutrient limitation at this time. Seasonal changes 
in the strength of nutrient limitation in lakes have 
been reported elsewhere (Elser et al., 1995). 
Particularly, nutrient limitation is often more 
relevant during the summer in non-stratified lakes 

respect to the rest of the models). However, that 
model has too many variables for the number of 
cases we had, and some VIF values in the model 
were higher than 10. The second-best model 
includes only the three variables with the highest 
AICc weights and, in this case, VIF values were 
low (< 3) (Table 2). According to that model, the 
maximum depth of closed lakes could exert a 
negative effect on chlorophyll-a (Table 2).

Model selection with August data showed 
that the only variables with cumulative AICc
weights higher than 0.5 were the ratio DIN:TP 
(0.96) and the type of basin (0.82), which 
suggest that these variables were the most 
relevant variables to explain the chlorophyll-a
concentrations. Although 9 models were select-
ed with a ΔAICc <  2, the best model with signif-
icant slopes and assumptions was the model 
including only the DIN:TP and the type of basin 
(Table 3, Fig. 2). The slopes of the regression 
lines linking the DIN:TP ratio and chlorophyll-a
in both types of lakes did not significantly differ 
(p > 0.05), but the highly significant differences 

in the interception points of the two lines 
suggest a clear effect of the outflow in the chlo-
rophyll-a content. According to this model, open 
lakes had a higher chlorophyll-a concentration 
than did closed lakes for similar DIN:TP ratios 
(Table 2, Fig. 2).

For contrasting purposes, when we used 
those variables (type of basin and the ratio 
DIN:TP) to model chlorophyll-a concentration 
with July data, we found no significant relation-
ships. Consequently, in August, when the algal 
and zooplankton communities have had enough 
time to develop, the phytoplankton shows a 
higher biomass in open lakes than in closed ones 
regardless of the nutrient supply. The latter 
results agree with the idea of lower grazing pres-
sure in the open lakes due to washout losses of 
zooplankton. This idea is also supported by the 
available data on the zooplankton of Sierra 
Nevada lakes (Table 1). Figure 3 shows the 
abundance of zooplankton in open and closed 
lakes averaged for the ice-free period. Rotifers 
has an average of 36.2 ind/L in closed lakes 

basin [open or closed], maximum depth, lake 
surface, catchment area, and the relation of lake 
surface to the catchment area), nutrient availabili-
ty [dissolved inorganic nitrogen (DIN), soluble 
reactive phosphate (SRP), total nitrogen (TN) and 
total phosphorus (TP)], nutrient ratios (DIN:SRP, 
DIN:TP and TN:TP) and other environmental 
variables such as temperature and presence of 
littoral vegetation. The categorical variable “type 
of basin” indicated the presence of outlets in both 
sampling periods (open lakes) or no permanent or 
absence of outlets (closed lakes). In the last block, 
we included four lakes that had weak outlets in 
July and were closed in August. These lakes 
showed no significantly different pattern from 
those of the rest of closed lakes. In both open and 
closed lakes the inflows were diffuse. Continuous 
environmental variables were log-transformed 
(base 10) prior to statistical analyses in order to 
achieve normality and homoscedasticity as well 
as to linearize their relationships.

The environmental variables related to the 
chlorophyll-a concentration were assigned by 
model selection. We also included in the models 
the interactions of the type of basin with the other 
environmental variables. The R package 
“MuMIn” (Bartoń, 2018) was used to rank 
models, and two model-selection tests were 
performed, one with July data and the other with 
August data. Previously, high collinear variables 
(Variance Inflation Factor (VIF) > 10) were 
excluded from the set of variables of each model 
using the R package “usdm” (Naimi et al., 2014). 
Model selection was based on the second-order 
Akaike information criterion (AICc) because of 
the relatively small sample sizes (Burnham & 
Anderson, 2002). If differences in AICc between 
each model and the model with the minimum 
AICc (ΔAICc) is lower than 2, the models have 
relatively equal support (Burnham & Anderson, 
2002). Additionally, the Akaike weights were 
summed (cumulative AICc weights) over all 
possible models containing a given variable to 
measure the relative importance of each inde-
pendent variable (Burnham & Anderson, 2002; 
Burnham & Anderson, 2004). Variables with a 
cumulative weight ≥ 0.5 show strong evidence of 
inducing a response in the dependent variable 
according to Barbieri and Berger (2004). Assump-

tions of linear models (normality of residuals, 
homoscedasticity, outliers and no multicollineari-
ty) were checked for the best models.

We also used an unpaired t-test to analyse 
differences in the zooplankton abundance aver-
aged for the ice-free period between open and 
closed lakes. Because zooplankton abundance 
data showed a mean-variance relationship 
according to Taylor power law, these data were 
powered to ¼ (Downing, 1979).

RESULTS

In July the chlorophyll-a concentrations were 
quite similar between open and closed lakes 
while in August open lakes showed some 
three-fold more chlorophyll-a than did closed 
ones (Fig. 1). Model selection with July data 
showed that variables with the highest cumula-
tive AICc weights were the type of basin (0.84), 
depth (0.72), and the interaction between the 
type of basin with depth (0.66). Consequently, 
these variables had the highest relative impor-
tance. Other variables with AICc weights higher 
than 0.5 were the ratio TN:TP (0.62) and the 
interaction between type of basin and the ratio 
TN:TP (0.53). In fact, the best selected model 
includes those five variables (ΔAICc > 4 with 

origin lie at an elevation of ~2800–3100 m a.s.l. 
These mountain lakes are typically small (surface 
area < 1 ha) and shallow (maximum depth < 10 m) 
and may undergo variable reductions in their 
water level depending on annual meteorological 
conditions. In this study, the lake surface area and 
maximum depth ranged from 0.01 to 1.0 ha and 
0.3 to 8 m, respectively (Table 1). Further details 
can be found in Morales-Baquero et al. (1999). 
The lakes are fishless and Secchi disk visibility 
exceeds the water depth. Normally these water 
bodies remain ice-covered from November to 
June and do not thermally stratify during the 
summer. Lake waters are relatively soft: conduc-
tivity ranged from 5 to 77 µS/cm; total alkalinity 
from 50 to 400 µeq/L and pH from 6.5 to 9.5 
(mean values at the time of this study). The phyto-
plankton is dominated by nannoplanktonic species 
(Sánchez-Castillo et al., 1989) and the dominant 
zooplankton species are Mixodiaptomus lacinia-
tus and Diaptomus cyaneus among copepods, 
Daphnia pulicaria among cladocerans and Hexar-
thra bulgarica and Euchlanis dilatata among 
rotifers (Cruz-Pizarro, 1983, Morales-Baquero et 
al., 1989).

Sampling and analyses

A total of 21 lakes were studied (Table 1). The 
lakes were sampled just after the ice thaw and 
later, in the middle of the growing season, when 
the plankton communities were well developed. 
On each occasion, we collected the samples from 
all the lakes in the shortest time period possible. 
The first sampling took place over a 12-day 
period between 15-27 July 1991, and the second 
over a 13-day period between 21 August and 3 
September of the same year. Hereafter, these 
periods will be referred to as "July" and "August", 
respectively. Samples were taken at the deepest 
point of each lake. An equal volume of water was 
extracted (using a centrifugal electric pump) from 
four evenly spaced levels of the water column, 
pre-filtered through a 40-µm NYTAL® net to 
remove the zooplankton, and then mixed togeth-
er. Aliquots for analysis were taken from this 
mixed sample, and those for chemical analysis 
were stored in the dark at 4 ºC and analysed 
within 24 h of sampling. 

Chlorophyll-a was determined by filtering 1 L 
of water through a GF/C filter, immediately after 
collection. The filter was placed in a glass vial, 10 
ml of 95 % methanol was added, and the vial was 
stored in the dark at 4 ºC during transport. The 
vial was then frozen at -10 ºC for 24 h and the 
extract measured and corrected for pheopigments 
using a Hewlett Packard scanning spectropho-
tometer. Total nitrogen (TN) and total phospho-
rus (TP) were determined in unfiltered aliquots of 
the water samples, digested using a mixture of 
potassium persulphate and boric acid at 120 ºC 
for 30 min, and subsequently analysed by the 
ultraviolet method (APHA, 1989) and the ascor-
bic-acid method of Murphy & Riley (1962), 
respectively. SRP (soluble reactive phosphorus) 
and DIN (NH4+-N + NO2

--N + NO3
--N) were 

analysed from 0.45-µm (GF/C filters) filtered 
aliquots and determined using the Murphy & 
Riley (1962), the blue indophenol method (Rodi-
er, 1990), the Strickland & Parsons (1968) and 
the sodium salicylate method (Rodier, 1990), 
respectively. According to Morris & Lewis 
(1988), we used several indexes (DIN:TP, DIN:
SRP and TN:TP) to examine the nutrient limiting 
for phytoplankton growth. Concentrations and 
elemental ratios are reported by weight.

The zooplankton of the lakes included in the 
present study was previously quantified in a more 
detailed sampling program (Morales-Baquero, 
1985). The lakes were sampled in 1981 and 1982, 
during the entire ice-free period but more inten-
sively in 1982 (four times in each lake in most 
cases; see Table 1). A total of 20 L of water from 
the littoral zone were filtered through 40-µm 
mesh. Zooplankton average abundance of 
rotifers and crustacean [cladocerans + copepods 
(nauplii, copepodites and adults)] are shown in 
Table 1, and were previously published in 
Morales-Baquero & Conde-Porcuna (2000).

Statistical analyses

Statistical analyses were performed using 
program R 3.4.0 (R Foundation for Statistical 
Computing). We analysed the relationship of 
chlorophyll-a with the environmental variables 
that might affect it. The 12 environmental varia-
bles include lake morphometric data (type of 

INTRODUCTION

Phytoplankton abundance is presumed to repre-
sent a balance between in situ growth (affected 
mainly by temperature, light, and nutrient availa-
bility) and loss processes, which may include 
sinking, grazing, parasitism, or washout. 
Zooplankton abundance is also a balance between 
growth (affected primarily by temperature and 
algal availability) and loss processes such as 
predation, parasitism, and washout. Thus, 
hydraulic washout is recognized as an important 
regulating factor of both, phyto- and zooplankton 
populations (Reynolds, 1984; Wetzel, 2001; 
Kalff, 2002) and the models for estimating plank-
ton population growth include this parameter 
modulating the plankton growth rate (Reynolds, 
1984; Lucas et al., 2009). Hence, in the absence 
of others factors, plankton population abundance 
increases when population growth rate is faster 
than hydraulic loss and decreases when washout 
is faster than growth rate. Therefore, in a specific 
system, the effect of advective losses through 
lake out-flow is presumably greater on zooplank-
ton, regardless of its size and swimming capacity, 
than phytoplankton, as the generation time of the 
former is significantly longer (Wetzel, 2001).

In this regard, some studies suggest that 
slower reproducing zooplankton may be more 
susceptible than phytoplankton to advective 
losses. For example, advective losses appear to be 
important in explaining differences between 
planktonic communities in lentic and lotic envi-
ronments in the studies of Pace et al. (1992) and 
Thorp et al. (1994). Moreover, there is evidence 
that zooplankton abundance is positively corre-
lated to water residence time but not with the 

phytoplankton abundance in rivers (Basu & Pick, 
1996), reservoirs (Campbell et al., 1998; Beaver 
et al., 2013) or rapidly flushing lakes (Walz & 
Welker, 1998). Also, according to Havel et al.
(2009) the observed decline in crustacean 
zooplankton downstream from dams reflects that 
reproduction is insufficient to balance high 
mortality by advective losses in the channel, 
where high algal biomass and rapid population 
growth rates allowed rotifers to dominate there.

For lakes with relatively similar morphome-
try, water residence time should be contrastingly 
lower in lakes with outlets (open lakes) than lakes 
without outflows or with no permanent ones 
(closed lakes). Consequently, advective losses 
should be greater in open lakes for zooplankton 
than for phytoplankton. For that reason, with 
similar resource availability for phytoplankton 
and without zooplankton predators, phytoplank-
ton biomass should be less in closed lakes than in 
open lakes. Hence, we hypothesised that grazing 
pressure on phytoplankton should be higher in 
closed lakes with respect to open ones if no mech-
anism other than advection is removing 
zooplankton from the lakes. In this work, we 
compare the phytoplankton development in a 
group of 21 small, fishless, high-mountain lakes 
in Sierra Nevada (Spain) to test the aforemen-
tioned hypothesis.

METHODS

Site description

In the Sierra Nevada mountains of SE Spain ((36º 
55' - 37º 15' N, 2º 31' - 3º 40' W; maximum 
altitude 3482 m a.s.l), ~50 small lakes of glacial 
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