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ABSTRACT 

Lessons from 30 years of multiple-stressor experiments on microbial plankton in a Spanish high-mountain lake
 
The impact of multiple environmental stressors on freshwater ecosystems has been linked to the study of global change and 

microbial communities in these systems (a simple, phytoplankton-dominated structure). Later, the focus shifted toward 
understanding how environmental stressors associated with global change could shape their trophic structure and functioning. 

prominence of the bacterial compartment, ultimately transforming the microbial food web dynamics in these ecosystems.
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RESUMEN

Lecciones de 30 años de experimentos con múltiples estresores sobre el plancton microbiano en un lago de alta montaña 
español

El impacto de múltiples estresores ambientales en ecosistemas acuáticos ha estado estrechamente ligado al estudio del cambio 
global y sus efectos sobre las comunidades bióticas desde el último cuarto del siglo XX. En las lagunas de alta montaña de 
Sierra Nevada estos estudios emergieron a comienzos de los años 90, primero con la intención de descubrir si los estresores 
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IMPACT OF MULTIPLE STRESSORS ON 
LAKES

freshwater ecosystems is crucial for their conser-
vation and management, as the growing number 
of environmental and anthropogenic pressures can 
profoundly impact their trophic structure, func-
tion, and resilience (Spears et al., 2021, Pirotta 
et al., 2022). Environmental stressors have been 

extrinsic factor—whether abiotic or biotic—that 
challenges organisms and compel them to adapt 
their behavior or physiology to survive.

Recognition of the need for multiple stressor 
-

are impacted by the combination of various cli-
matically- and anthropogenically driven stressors 
that operate both synchronously and asynchro-

from genes and physiological processes to com-
munity and ecosystem dynamics (Ormerod et al., 
2010, Jackson et al., 2021).

Besides natural processes that expose fresh-
water environments to multiple stressors, current 
global change is introducing new biotic and abiot-
ic impacts or altering the levels of existing stress-

para averiguar cómo los estresores ambientales asociados al cambio global podían moldear su estructura y funcionamiento. 

-

microbiana de las lagunas de Sierra Nevada muestra una cierta resistencia al cambio bajo el efecto de múltiples estresores, su 
acción continuada y a largo plazo podría estar revelando un cambio incipiente hacia una mayor importancia del compartimen-
to bacteriano y, por ende, hacia un cambio de la red microbiana de las lagunas de Sierra Nevada tal y como las conocemos.

PALABRAS CLAVE: 

Figure 1. Global number of studies per period of years analyzing the impact of multiple stressors on lakes, including all types of lakes 

Número global de estudios por periodo de años que analizan el impacto de múltiples estresores en lagos, incluyendo todo tipo de 

Diciembre 2024.

https://creativecommons.org/licenses/by-nc/4.0/
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ors that can exacerbate the response of organisms 
to them (Brown et al., 2013). For instance, human 

-
plex and diverse ways, such as through nutrient 
pollution, increased water temperature and carbon 
dioxide levels, and decreased water pH (Cai et al., 

-
-

nity dynamics and fostering phenomena like algal 
blooms or hypoxia (Glibert, 2020, 2022), among 

-
pact, given the wide variety of changes occurring 
simultaneously. Ecosystemic changes caused 
by multiple stressors are happening rapidly and 

-
sponse pattern, multiple stressors could lead to 

from those expected if these stressors acted inde-
pendently (Pirotta et al., 2022). The terms 'addi-
tivity' and 'non-additivity' (either antagonistic or 
synergistic, depending on whether the interaction 

commonly used to describe the combined impact 
of these stressors (Piggott et al., 2015, Villar-Ar-
gaiz et al., 2018, Biddanda et al., 2021).

stressors (e.g., solar radiation, CO2 increase, ris-
ing temperatures, or increased nutrients concen-
trations associated to phenomena such as dust 
deposition) have been particularly studied in 
highly vulnerable ecosystems like high moun-

et al., 2022, Pastorino et al., 2024; see Fig. 2). 
These lakes, generally located above the tree line 
in remote, pristine regions near mountain peaks, 
are typically oligotrophic, with extended ice cov-
er and exposed to high levels of solar radiation 
(Loria et al., 2020, Medina-Sánchez et al., 2022). 
Their relatively simple trophic structure makes 
them highly sensitive to global changes, leaving a 
distinct physicochemical imprint that impact the 
biological system (Weckström et al., 2016). Often 
regarded as sentinels of environmental change, 

climate change, pollution, and human activity on 

Figure 2. Graphical scheme illustrating major global change drivers, inter-related processes and associated Earth’s compartments 
Esquema gráfico que ilustra los principales factores del 

cambio global, procesos inter-relacionados y los compartimentos terrestres asociados a dichos procesos que impactan sobre las 
comunidades planctónicas en lagos de alta montaña de Sierra Nevada.
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2020, Pastorino & Prearo, 2020, Biddanda et al., 
2022). As a result, high mountain lakes are expe-
riencing rapid ecological changes, underscoring 
the need for enhanced monitoring of their biolog-
ical and biogeochemistry activity under multiple 
anthropogenic impacts (González-Olalla et al., 
2018, Oleksy et al., 2020, Lozano et al., 2022).

In this work, we review the major impacts of 
multiple stressors documented over 30 years of 
research in Lake La Caldera, a high-mountain 

-
ronmental stressors. We then outline the rationale 
behind the selection of particular stressors and 

on the main biological variables analyzed of the 
microbial community.

THE HIGH-MOUNTAIN LAKE OF LA 
CALDERA IN SIERRA NEVADA AS A 
MODEL ECOSYSTEM

their low thermal stability, short growing sea-
son, high irradiance, simple biological commu-

ideal setting for studying the impact of multiple 
stressors on ecosystem dynamics. This group 
of over 70 small lakes, some over 3000 meters 
in altitude, is located in Europe’s southernmost 

between Europe and Africa and proximity to the 
Sahara Desert, they act as natural barriers cap-
turing and depositing large amounts of Saharan 
dust carried by air currents during the spring and 
summer, supplying nutrients and alkalinity to the 

et al., 2022).
After the initial explorations and studies of 

-
icochemical properties, diversity and structure 
of plankton communities (Martínez-Silvestre, 

Lake La Caldera, one of the most representa-

tive characteristic high-mountain lakes in Sierra 

above 3000 meters, it has a distinct oligotroph-
ic nature. Its isolation, the complete lack of sur-
rounding vegetation and low catchment area: 
lake area ratio makes its biological community 
largely controlled by its physical-chemical en-

ecosystems, microbial food web plays a crucial 
role in their trophic structure and metabolism 
(Biddanda et al., 2001, Cotner & Biddanda, 2002), 
with microbial interactions impacting processes 

-
son et al., 2020, Biddanda et al., 2021). However, 
the microbial network of La Caldera Lake devi-
ates from the typical high heterotrophic bacte-
ria-to-phytoplankton biomass ratios observed in 
oligotrophic ecosystems (Biddanda et al., 2001). 
Surprisingly, bacteria in Lake La Caldera repre-
sents only a minor component of the plankton 
community in terms of abundance, biomass, and 
production. Moreover, autotrophic picoplankton 
is absent, and the heterotrophic microbial food 
web is underdeveloped compared to the grazing 
chain, which is dominated by calanoid copepods 
(mainly ’) supported by 
a phytoplankton community mainly composed of 

nevadensis).

to determine how key biotic (e.g., zooplankton) 
and abiotic factors characteristic of high moun-
tain environments, such as intense UV radiation 
and oligotrophy, could play a fundamental role in 
shaping the trophic structure and functioning of 
the lake across temporal and spatial scales (Car-

2004, 2006). This marked the beginning of a pro-

particularly simple due to factors such as: i) High 
UVR favors algae-bacteria coupling through in-
creased algal excretion of organic carbon (EOC) 
which is readily up-taken by UVR-adapted bacte-
ria, thereby promoting the commensalistic inter-
action (Carrillo et al., 2002); ii) a high abundance 
of mixotrophic algae that act as bacterial predators 
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thereby replacing the niche of heterotophic nano-
-

na-Sánchez et al., 2004, Carrillo et al., 2017); 
-

tualistic (commensalistic–predatory) interaction 
between mixotrophic algae and bacteria, creating 

of a more complex microbial network (Medi-
na-Sánchez et al., 2004, Carrillo et al., 2006); and 
iv) pulsed P-inputs that enhance algae-bacteria 
mutualistic interaction and the persistence of the 
mixotrophic algae (Medina-Sánchez et al., 2006, 
2013, Cabrerizo et al., 2017).

play a key role in shaping La Caldera's trophic 
network, interest grew in exploring how changes 
in these and other factors (e.g., temperature, CO2 

balance and functioning in the future. In the fol-
lowing sections, we will analyze the studies con-

available information and attempt to answer how 
cumulative impact of multiple environmental 
stressors has disturbed the microbial community.

MAIN STRESSORS AND BIOLOGICAL 
VARIABLES STUDIED IN SIERRA 
NEVADA LAKES

have been conducted within the Functional Ecol-
ogy research group at the University of Granada. 

researchers who have worked within the group 
(see Supplementary Information, Table S1, avail-
able at https://www.limnetica.com/en/limnetica). 
Most of these studies, conducted since the early 

articles included data from this lake). However, 
-

one biotic or abiotic stressor, with 25 exploring 
second-level combinations, 5 third-level com-
binations, and 1 examining four-level combina-

-

tal designs (Fig. 3A).
The most studied stressors were radiation, par-

ticularly solar ultraviolet radiation (UVR; 28 ar-
ticles), and nutrient addition, especially phospho-
rus (P; 27 articles). To a lesser extent, the impact 
of zooplankton on the phytoplankton community 
(5 articles) and vertical mixing and temperature 
(4 articles each) were investigated. The most 

-
trients, with a total of 23 articles, followed by 

3B).
Regarding biological variables, research has 

mainly focused on abundance and biomass var-
iables (e.g., cell and organism abundance, chlo-
rophyll a) and metabolic variables (primarily PP 
and HBP), with 32 and 28 studies, respectively. 
Stoichiometric variables (carbon (C), nitrogen 

physiological variables (such as enzymatic activ-

with only 3 and 1 article, respectively (Fig. 3C).
Research on the impact of multiple stressors 

lakes has primarily focused on the phytoplankton 
community, with 34 studies analyzing at least one 
variable related to photosynthetic eukaryotic or-
ganisms. The bacterial and zooplankton commu-
nities have also been extensively studied, with 17 
and 14 articles, respectively (Fig. 3D).

Given the extensive range of stressors and the 
diversity of communities analyzed, this article fo-
cuses on the main environmental stressors exam-

(namely, nutrient inputs, temperature increase, 
-

tion is given to the microbial plankton community 
(bacteria and phytoplankton) of Lake La Caldera, 
given its prominence (stressors, community and 
lake) in the reviewed articles.

DATA ANALYSIS OF 30 YEARS OF EXPE-
RIMENTAL STUDIES

environmental stressors on the microbial commu-
-

https://www.limnetica.com/en/limnetica
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since the early studies. Accordingly, chlorophyll-a 
(Chl-a; a proxy for phytoplankton biomass) and 
PP and HBP (metabolic variables) were selected 
as the main response variables in our study. In to-
tal, 24 of the 35 reviewed articles were included 

-
-

-
ally and in combination, with particular focus on 

UVR and nutrients (P was added in all 24 studies, 

Since some articles included in our dataset 

when they were not provided in the original ar-
ticles. This allowed us to work with a uniform 
dataset. The formula used for calculating the ef-
fect size of each stressor has been widely applied 

-

Figure 3

examining the effects of multiple stressors on (C) the abundance and biomass, metabolism, stoichiometry, physiology, or nucleic 
acids of the planktonic community, as well as (D) the different studied communities: phytoplankton, bacteria, or zooplankton, are 
also represented. 
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ronmental stressors (e.g., Helbling et al., 2015, 
Gao et al., 2007) as well as in studies conducted 
in Lake La Caldera and included in our analysis 

On one hand, we determined the signif-
-

pending on whether the single stressor or com-

analyzed response variable (Chl-a, PP, or HBP) 
compared to the control treatment.

On the other hand, we also determined the 

following Piggott et al., (2015) and classify-

-

smaller than the individual or sum of the indi-

When the analyzed articles included mul-
tiple levels for the same factor (e.g., increas-
ing concentrations of nutrients from 0 to 60 μg 
P L-1), for simplicity, we focused on the data 
obtained for the highest level (i.e., the highest 
concentration of nutrients added) for our study, 
following Gutiérrez-Cánovas et al., (2022). If 

for the same article and analyzed variable, we 
selected the time point where the responses to 
the stressor or stressors showed the greatest 
magnitude for our analysis. We are aware that 
this analysis might overlook non-linear and/or 
adaptive responses of the biological communi-
ty to one or more stressors. However, we aim 
to prevent a single study from being overrepre-
sented in the extracted dataset. Besides, com-

to facilitate the interpretation of the results. Fi-

nally, higher-magnitude responses to a set of 
stressors could reveal synergistic and antago-

temporal scales.

EFFECTS OF COMBINED ENVIRON-
MENTAL STRESSORS ON PHYTO-
PLANKTON AND BACTERIA IN LAKE 
LA CALDERA

The results show that the set of single stress-

Chl-a

4). When analyzing the results for each stressor 
individually, they reveal that UVR had a slightly 

a

-

in Lake La Caldera, showed predominantly pos-

Chl a, PP and HBP, respectively). Increased tem-
a

Interestingly, when stressors interacted, their 

Chl-a
When broken down by the number of combined 
stressors, it is noteworthy that the predominance 

Chl-a and PP) increased as the number of com-

a, 

-
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trient combination showed values consistent with 
the overall set of combinations, with positive ef-
fects, particularly on Chl-a -

combination exhibited more negative than posi-

Figure 4. Percentage of cases showing a positive or negative effect for the set of all the single stressors (circular figure), and more 

effect) on chlorophyll a (Chl-a), primary production (PP), or heterotrophic bacterial production (HBP) in Lake La Caldera (Sierra 
Porcentaje de casos que muestran 

a

Figure 5. Percentage of cases showing a positive or negative effect of stressors combination on chlorophyll a (Chl-a), primary pro-

stressors combination, and 3 or more stressors combination. The effect of the most studied combined pairs in La Caldera Lake (i.e., 

The sample size (n) of the studies analyzed is reported in the text. Porcentaje de casos que muestran un efecto positivo o negativo de 
a
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Finally, the results indicate a prevalence of 

regardless of the level of combined stressors in 
-

nated over synergistic ones for autotrophic varia-

Chl-a

(Fig. 6). Comparing combinations involving 2 or 
3+ stressors reveals that as the number of stress-

on autotrophic variables and an increase in syn-

-

-
bination, where percentage of antagonistic and 

-
trophic variables (Fig. 6).

NEW INSIGHT INTO THE NATURE OF 
MULTIPLE STRESSORS COMBINATION 
ON PHYTOPLANKTON AND BACTERIA 
IN LAKE LA CALDERA

Our analysis of studies conducted over 30 years 
on multiple stressors, involving over 35 inde-
pendent micro- and mesocosm experiments in 

-
vealed crucial insights into how microbial com-
munities respond to multiple and combined en-
vironmental stressors. Interestingly, our analysis 
indicates a slight predominance of negative ef-
fects on PP and HBP when exposed to a single 
stressor. In contrast, an increase in the number of 
combined stressors is associated with a shift to-

a and PP, and 
to a lesser extent on HBP. A likely explanation for 
this response involves the two primary stressors 
most intensively examined in Lake La Caldera: 
ultraviolet radiation (UVR) and nutrients. As a 
single stressor, UVR (including UV-A and UV-
B) has consistently shown negative impact on all 
three studied variables, particularly on metabolic 

Figure 6. Percentage of cases showing additive, synergistic or antagonistic effects when stressors interacted on chlorophyll a (Chl-a), 
primary production (PP), and heterotrophic bacterial production (HBP), and more specifically, for 2 stressors combination, and 3 
or more stressors combination. The effect of the most studied combination pairs in La Caldera Lake (i.e., UV radiation and nutrient 

studies analyzed is reported in the text. Porcentaje de casos que muestran un efecto aditivo, sinérgico o antagónico de la combina-
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processes (PP and HBP), according to previous 

biological targets and processes, such as photo-
synthesis, nutrient uptake, primary production, 
and heterotrophic bacterial production (Häder et 
al., 2014). It is important to emphasize that these 

UVR in comparison to UVR-free treatments, but 
do not exclude the high adaptive capacity and re-
silience to chronic UV stress observed in high-al-

-
trients (primarily P) as a single stressor exhibited 

a levels 
as well as primary and bacterial production. This 

high-mountain lakes, especially Lake La Caldera 

Our analysis of stressor combinations revealed 
two interesting points:

i) The combination of two stressors led to a 

analyzed variables, particularly in Chl-a. This 
-

on whether nutrients mitigate or amplify UV-in-
duced damage to autotrophic and heterotrophic 
microbiota (Pausz & Herndl, 2002, Ogbebo & 
Ochs, 2008, Villafañe et al., 2017), our results 
support an antagonistic interaction, with nutrients 

nutrients as an overriding stressor has previously 
-

prehensive study analyzing experimental data 
and watershed studies across European lakes and 
rivers. Consistent with this, Morris et al. (2022) 
suggest that the impact of multiple stressors can 
be predicted by focusing on the strongest stressor, 
in this case, nutrients. The antagonistic interac-

-
sure. At the cellular level, the addition of P can 

involved in the activation of genes and the pro-
duction of protective metabolites against UVR 
(Heraud et al., 2005). In addition, P addition may 
enhance phytoplankton biomass (Quinlan et al., 
2021), partially compensating for UVR-driven 

2003). Finally, P enrichment may promote the re-
lease of EOC into the water (Pearce et al., 2021), 
which can absorb harmful UV radiation (UV-B), 

-

that nutrient enrichment induces compensatory 
mechanisms against UVR, from cellular level to 
food web structure; ii) As the number of com-

a and PP also rises. As we 
mentioned previously, nutrients may exert a dom-

factors (Brennan & Collins, 2015) studied in Sier-

fourth stressors, such as CO2, increased tempera-
ture, or vertical mixing, may enhance autotrophic 
activity by stimulating phototrophic metabolism 
(Savage et al., 2004, Giordano et al., 2005) or by 
reducing exposure to harmful UV radiation. The 
latter could promote photorepair mechanisms un-

-
cal mixing, as opposed to constant UV exposure 

the impact of other stressors, including emerging 
contaminants (Godoy et al., 2022) and unexam-
ined traditional stressors in Lake La Caldera can-
not be dismissed, as they may shift the balance 

stressors

-
or combinations on studied variables in Lake La 
Caldera, our results reveal a predominance of 
non-additive interactions—both synergistic and 

incidence of "ecological surprises" in freshwater 
ecosystems during the Anthropocene (Huang et 

-
gáiz et al. (2018), who observed non-additive 
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globally. However, contrasting evidence from 
Bao et al. (2024), who found mostly additive 
responses in macroinvertebrates, highlights the 

roles in shaping stressor responses.

may stem from freshwater systems’ high envi-
ronmental variability promoting acclimation to 
multiple stressors (Jackson et al., 2016), or the 
presence of dominant stressors, such as nutrients, 

Côté et al., 2016, Tekin et al., 2020, Morris et 
al., 2022). By contrast, synergistic interactions – 

for HBP. The prevalence of positive synergistic 

and reproduction rates. Supporting this, syner-
gistic dominance in bacterial communities has 
also been reported by Jackson et al. (2016), while 
Lange et al. (2018) and Orr et al. (2022) highlight 
how rapid adaptation and longer experiment du-
rations, respectively, can promote such outcomes.

Finally, it is also necessary to remark that 35 
studies analyzed in this work (showing a preva-
lence of non-additive responses) are all manip-
ulative, whereas observational studies assessing 

Gutiérrez-Cánovas et al., 2022). This discrepan-

scale: manipulative experiments are typically 
conducted over shorter time scales than observa-
tional studies and may therefore overestimate the 

et al., 2018). Therefore, they may fail to capture 
the adaptive or recovery capacity that organisms 
can exhibit under natural conditions (Jackson et 
al., 2021).

stressors

combinations (i.e., three or more stressors) are 

such combinations may be the most common in 
ecological systems (Levine et al., 2017, Orr et al., 

2024) and can give rise to emergent responses 
that may alter the nature or direction of combi-

higher-order combinations reinforced the trends 
observed under two-stressor conditions, showing 

autotrophic variables (i.e., Chl-a and PP) and a 
-

teria. Despite the general pattern, some paired 

-
-

logical stressors (Brown et al., 2013, Piggott et 
al., 2015).

CONCLUDING REMARKS

The results discussed above highlight distinct re-
sponses of microbial compartments to multiple 
stressors, with a greater positive impact on Chl-a 
and PP than on HBP. This suggests that increasing 
stressor intensity and combination could further 

biomass ratio observed in Lake La Caldera. Sup-
porting this, an observational study in a subset of 

(see González-Olalla et al., 2018), showed that 
after ten years of global change impacts, bacte-
rial production remained relatively stable despite 
increases in PP and Chl-a. However, this status 

the importance of bacteria within the communi-

-
tion under the combination of multiple stressors, 
and (ii) several observational and experimental 
studies conducted in recent years that indicate a 
shift in the phytoplankton community composi-
tion –from mixotrophy to strict autotrophy– driv-
en by pulsed nutrient inputs (see Cabrerizo et al., 
2017, Carrillo et al., 2017, González-Olalla et al., 
2018). A decline in bacterivory by mixotrophs, 
combined with increased excretion of labile or-
ganic C by phytoplankton, could further strength-

stressors on the heterotrophic compartment.
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