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ABSTRACT 

Unravelling nutrient dynamics in Sierra Nevada lakes through sediment-water interactions

Global change stressors are anticipated to trigger eutrophication and deteriorate water quality in high mountain lakes. To 
accurately predict the future of these vulnerable aquatic systems, research must adopt a holistic approach that integrates 
sediment-water interactions–processes often underestimated in oligotrophic high mountain lakes compared to external 
drivers. This paper provides a historical review of the primary chemical, physical, and biological mechanisms governing 

Subsequent sections focus on two Sierra Nevada lakes (Río Seco and La Caldera, Granada, Spain) with contrasting 

and water quality. Furthermore, the study explores sedimentation and resuspension processes, emphasizing their crucial 
role in coupling planktonic and benthic communities. Lake desiccation decreases sedimentary P adsorption capacity due 

broadly, is pivotal for accurately forecasting the responses of inland waters within the evolving global change scenario.
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INTRODUCTION

High mountain regions, by virtue of their altitu-
dinal gradients and relative isolation from direct 
human activities, serve as critical sentinels of 
global climate change (Beniston, 2003). This in-
herent sensitivity makes them invaluable natural 
laboratories for monitoring and understanding the 
far-reaching consequences of a changing climate 
(Tito et al., 2020). Within these mountain regions, 
aquatic ecosystems, particularly high-altitude 
lakes, represent ecosystems characterized by their 
pristine waters and great biological uniqueness, 
rendering them highly sensitive to environmental 
deterioration of both regional and global stressors 
(Adrian et al., 2009, Catalan et al., 2006, Guerre-
ro, 2021).

These ecosystems are particularly vulnerable 
to global change associated with the Anthropo-
cene - a proposed geological epoch characterized 

(Crutzen, 2002) - so they are intrinsically linked 
to several planetary boundaries (Richardson et al., 

2015a, b), particularly those related to climate 
change, biogeochemical cycles and biosphere in-
tegrity. This unprecedented environmental change 
can destabilize the delicate balance of these lakes, 
causing alterations in their physical and chemical 
conditions, and in their biological communities 
(e.g. Adrian et al., 2009, Cabrerizo et al., 2017, 

precipitation patterns, altered hydrological re-
gimes, and increased atmospheric deposition of 
nitrogen, phosphorus (P), and other pollutants fun-
damentally reshapes the dynamics and compro-
mises the ecological functioning of lakes (Adrian 
et al., 2009, Havens & Jeppesen, 2018, Hessen et 

al., 2024, Woolway et al., 2020). As Tammeorg et 
al. (2024) highlight, numerous predictive models 
have been developed to project the interactive ef-
fects of these stressors on ecological quality (e.g., 
Richardson et al., 2018, Spears et al., 2021). For 
instance, projected scenarios indicate a potential 
1.5- to 1.9-fold increase in the economic costs of 
algal blooms in the UK by the 2050s (Jones et 
al., 2020), emphasizing the tangible consequenc-
es of these combined      pressures. Currently, the 
ecological integrity of European freshwater bod-
ies faces a severe challenge, as highlighted by the 
latest environmental reports which highlights a 

-
ticularly for pristine high-mountain ecosystems 
that provide essential ecosystem services (EEA, 
2025). The situation becomes even more concern-
ing given the geographic location and geological 
history of the Sierra Nevada (southern Spain). 
These high-mountain lakes are exposed to several 
environmental stressors simultaneously: climat-
ic anomalies linked to a climate-change hotspot 
in the Mediterranean region, high UV radiation, 
increased Saharan atmospheric dust deposition, 
and allochthonous nutrient inputs (Zamora et 
al., 2022). Complex and diverse methodological 
approaches, encompassing paleolimnological in-

laboratory experimental manipulations, have un-
equivocally demonstrated the profound impact of 

Medina-Sánchez et al., 2022, Pérez-Martínez et 
al., 2022, Reche et al., 2022). Paleolimnological 

lakes and their catchments starting subtly over 
a century ago and accelerating in the 1960s and 
1970s, concurrent with rising regional air tem-
peratures, declining precipitation, and increased 

-
-

aportando claves fundamentales para anticipar la respuesta de las aguas continentales ante escenarios de cambio global.
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Saharan dust deposition (Pérez-Martínez et al., 
2022). As a result, pronounced changes in the 
composition of aquatic communities and a recent 
increase in algal biomass have been registered. 
This nature of change has been interpreted as a 
result of a lengthening of the ice-free period and 
a rise in lake water temperature, alongside re-
duced water availability in their catchments and 

-
tional and experimental approaches have further 
revealed an interannual decline in the percentage 
of mixotrophic algae coupled with a proportional 
increase in strict autotrophs (Carrillo et al., 2017). 
Furthermore, a weakening of bacterivory has 
been observed in favor of autotrophic processes, 
reinforcing commensalism between algae and 
bacteria via the release of dissolved organic car-

-
tural and functional changes are closely linked 
to an increase in mean summer air temperature 
and the rising intensity and frequency of Saha-
ran aerosol-dust depositions (Carrillo et al., 2017, 

The environmental trajectories observed in the 
-

served across the world’s major mountain ranges, 
highlighting the need for a cross-regional per-
spective. In the Alps, for instance, Sommaruga 
(2015) found that the melting of glaciers and ice 
sheets fundamentally alters the light climate and 
nutrient stoichiometry of high-altitude lakes, trig-
gering profound shifts in planktonic community 
structures as water transparency and mineral tur-

are evident in the Andes, where the combination 
of warming and land-use changes increases sed-
imentation and nutrient loading (Anderson et al., 
2011), mirroring the anthropogenic pressures 

-

the Tatra Mountains, suggests that even remote 
lakes are transitioning toward higher productivity 
due to rising temperatures and increased ice-free 
durations despite declines in certain industrial 

parallels reinforce the status of high-mountain 
lakes as consistent indicators of the Anthropo-

Nevada are part of a broader, global response of 

alpine aquatic ecosystems to environmental forc-
ing.

At this point it is clear that the geographical 

coupled with altered precipitation regimes and in-
creased temperatures driven by climate change, 
is inducing substantial changes in their stored 
water volume. In this sense, it has been recog-
nized that although Mediterranean water bodies 
are naturally characterized by extreme water level 

patterns (Álvarez-Cobelas et al., 2005), global 
climate change is projected to intensify this var-
iability by shortening precipitation seasons and 
increasing summer drought incidence (Coops et 
al., 2003), as Pérez-Martínez et al. (2022) have 
already noted for Sierra Nevada lakes. These 

closed-basin lakes, where water levels are di-
rectly governed by the precipitation-evaporation 
balance (Marsh & Lesack, 1996). Despite the 
growing recognition of the ecological relevance 

ecosystem responses remains poorly understood, 

2005, White et al., 2008).
WLFs have serious consequences for the bio-

geochemistry of aquatic ecosystems (de Vicente, 
2021). Current research focuses on two key as-

-
system’s capacity to act as a source or sink of 
greenhouse gases (e.g., Alfadhel et al., 2024). 

-

depends on interconnected factors operating at 
various scales and hydrologic disturbances, such 
as drainage and shorter periods of inundation, 
which increase soil desiccation and the oxidation 
of organic carbon, consequently releasing carbon 
dioxide into the atmosphere (Bridgham et al., 
2006). A clear example of the strong link between 

-
ditions comes from Alfadhel et al. (2024), who 
showed that a Mediterranean saline lake acts as a 

2 uptake drops by over 80% during prolonged 
droughts. Hydrological shifts, however, also in-

-
trous oxide (N2
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X
the other hand, the eventual impact of alternating 

-
ics is particularly interesting, as it can ultimately 
determine water quality by promoting P release 

of alternating dry and wet periods on P availa-

research. Despite the foreseeable importance in 
nutrient-limited oligotrophic lakes, such process-
es remain poorly studied in these ecosystems (de 
Vicente et al., 2010a).

Apart from WLFs which will surely strength-
en the benthic-pelagic coupling, there are several 
reasons why sediment-water interactions, respon-
sible for internal nutrient supply, may play a spe-
cial role in these unique ecosystems. Firstly, as 
they represent remote and pristine systems where 
the external load of nutrients is extremely low 
(Cruz-Pizarro & Carrillo, 1996, Morales-Baquero 
et al., 1999, Villar-Argaiz et al., 2001), any change 
in sediment and water interactions is likely to im-
pact nutrient dynamics. Secondly, sedimentary P 
mass is much higher than P mass contained in lake 
water and thus, any shift in the physical-chemical 
conditions that release sedimentary P strongly af-
fect water quality. As an illustration, de Vicente et 
al. (2010a) showed that a TP concentration of 0.5 
mmol/m³ in Río Seco (Pulido-Villena et al., 2003) 

uppermost 1 cm of sediment per square meter 
of lake bed. They also determined that this layer 

4
3-, a sedi-

mentary mobile P fraction. Similarly, the equiv-
alent numbers for La Caldera are 0.245 and 8.42 
mmol/m2 for water extractable and iron-bound 

4
3-, respectively, compared to 0.08 mmol/m3 in 

the water column (Pulido-Villena et al., 2003). A 

sediment in the dynamics of nutrients is the high 
surface to maximum depth ratio in these lakes, 
especially in Río Seco, that undoubtedly favours 
resuspension events of the lake sediment.

Global change stressors are expected to trig-
ger eutrophication and deteriorate water quality 
in Sierra Nevada lakes, highlighting a major blind 
spot in many environmental assessments which is 
the tendency to focus almost exclusively on ex-
ternal drivers while overlooking the crucial inter-

nal ecosystem processes. To truly grasp and accu-
rately predict the future state of these vulnerable 
aquatic ecosystems requires a holistic approach 
that recognizes the pivotal role of sediments. In 

overview of the primary chemical, physical and 
biological mechanisms governing the mobili-
zation of sedimentary P forms and its dynamics 
sediment-water interactions in response to global 
change. Subsequent sections transition to a more 
detailed examination of the high-mountain lakes 
of Sierra Nevada. Two lakes within the Nation-
al Park in Granada, Spain (La Caldera and Río 

-
ences in both watershed and hydrological features 
(e.g., Morales-Baquero et al., 1999, 2006, Reche 
et al., 2001). The paper then explores the chang-
es occurring within the sediments of these lakes 

conditions, and their subsequent impact on sedi-
-

ry experimental approaches. Next, observational 
evidence is presented to illustrate how WLFs di-

lakes. Finally, the paper examines sedimentation 
and resuspension processes, highlighting their 
role in maintaining a strong coupling between the 
planktonic and benthic communities.

BACKGROUND TO THE CHALLENGES 
OF SEDIMENT AND WATER INTERAC-
TION

While initial research by Einsele (1938) and Mor-

P exchange across the sediment-water interface 
to exclusively chemical oxidation-reduction 
processes, current understanding recognizes the 
diverse and intricate factors and mechanisms 
governing benthic nutrient dynamics (Boström 
et al., 1982, de Vicente, 2004, Golterman, 2001). 
In sediments, P exists in many forms including 

4
3-) onto inorgan-

ic metal oxides (particularly poorly crystalline 
iron and aluminium oxides), and coprecipitated 
with carbonates (Boström et al., 1988, Reddy 

sediments and overlying waters is potentially 
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controlled by multiple processes, including the 
balance between biotic uptake and microbial min-
eralization, sorption and desorption, and mineral 
coprecipitation and dissolution. Importantly, each 

-
bilized from the sediment through distinct chem-

-

1). The traditional emphasis on chemical process-

in P cycling studies might stem from the use of 
P fractionation methods that poorly isolate sedi-
mentary organic P (org-P). In the 80s, this problem 
was tackled by Golterman & Booman (1988) and 
De Groot & Golterman (1993) who developed a 
separation method of P bound to iron hydroxides 

3 -
tractants instead of operative extractants such as 

-
ed that the organic pool is much larger than pre-

large part of the org-P (which is then measured as 
inorganic P). Similarly, de Vicente et al. (2003) 

compared two of the most prevalent sequential 
extraction methods, representing contrasting ap-

1999) and functional (Golterman, 1996). Results 
from two shallow eutrophic lakes evidenced that 
while the total amount of sedimentary P extracted 

organic P was achieved depending on the method. 
Again, the extraction with aggressive compounds 

method causes an underestimation of the organic 
P fraction due to its partial conversion into inor-
ganic forms. Beyond methodological limitations, 
Golterman (2001) argued that a misunderstand-
ing of the seminal work by Einsele (1938) and 
Mortimer (1941) has led to an inaccurate concep-
tualization of P release under anoxic conditions. 

reduction mechanism, contending that the asso-

the complex, making it thermodynamically more 
-

Figure 1. Processes involved in the release of phosphate ions into the interstitial sediment water from different Psed fractions (mo-
dified from Boström & Pettersson, 1982). The formation of vivianite is also included, although it does not lead to the release of 
phosphate ions. The conditions that favour each mechanism are indicated in italics. Please note that phosphate bound to iron, calcium 

3
de ion fosfato al agua intersticial del sedimento desde las diferentes fracciones de Psed

3 
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man, 1984, 2001). Furthermore, Golterman noted 

natural sediments and suggested that the reduc-
-

cient to reduce more than a small fraction of the 

found that only in a few lakes did the stoichiom-
etry of released products align with expectations 
from the Fe-reduction hypothesis. Beyond these 
arguments against an anoxic P release driven by 

(1991) and Golterman (2001) also proposed that 
vivianite [Fe3 4)2 ·8 H2 -
tually limit this release in oxygen-deprived envi-
ronments. Under anoxic conditions, the balance 
between vivianite and FeS formation, and thus be-
tween P retention and release, is contingent upon 

4
3- and sulphide levels. 

Although vivianite is redox-stable and may act 
as a substantial P sink in anoxic sediments (e.g., 
Rothe et al., 2015), van Kuppevelt et al. (2025) 
showed through mesocosm experiments with sed-
iment cores from Lake Arendsee (Germany) that 
elevated sulphate reduction rates enhance P mobi-
lization from vivianite-rich layers, increasing sol-
uble reactive P in the water column. This research 
underscores the importance of sulphur cycling 
in internal P loading and suggests that increased 
sulphate inputs could exacerbate eutrophication 
by releasing P from buried vivianite. Although a 
low formation of vivianite is typically limited in 
oligotrophic, oxic lakes, its occurrence has been 
reported in such environments (e.g., Rothe et al., 
2016, Slomp et al., 2013, Vuillemin et al., 2020). 
Even though Fe mineral sorption is often the 
dominant form of P retention in soils and sedi-
ments, other chemical processes can also con-
trol sediment–water P exchange (e.g., Boström 

4
3- can 

co-precipitate with or sorb to calcium carbonate 
3) minerals, retaining large amounts of P 

(Hamilton et al., 2009). These calcareous min-
erals tend to precipitate under alkaline, warm 
conditions and  dissolve under acidic conditions 
(Boström et al., 1988). Golterman, with his strong 
foundation in chemistry, was undeniably one of 

stability of apatite-bound P. Golterman (2001), 
building on earlier work by Stumm & Morgan 

2 produc-
tion lowers pH, promoting apatite dissolution and 
partial P release, some of which re-adsorb onto 

this acidity-related release did not occur in Mor-
timer’s studies, as the Lake District waters are 
very soft, and in Mortimer’s days the P-loading 
was still low and apatite absent. Finally, there is 
a last form of inorganic P present in lake sedi-
ments which is associated with aluminium oxides 

concentrations, it can be mobilized through deso-
rption and ion exchange mechanisms governed by 
pH (e.g., Hem & Roberson, 1967). From a prac-

of aluminium in combating eutrophication (e.g., 
Cooke et al., 2005, de Vicente et al., 2008a, Re-
itzel et al., 2005, Rydin & Welch, 1998, Welch & 

-
ment dates back to the 1970s in the Swedish lake 
Långsjön (Jernelöv, 1971), and the technique has 
since been applied in over 200 lakes worldwide.
Apart from chemical mechanisms, P exchange 
across the sediment-water boundary is drastically 

shallow, wind-exposed systems, where wind-in-
4

3- and 
particulate P that can later desorb (Peters & Cat-
taneo, 1984, Søndergaard, 1993), sometimes in 

-
ding & Forsberg, 1977). Furthermore, microbial 

on the mobility of P within sediments (Böstrom 
et al., 1988, Clavero et al., 1999). This inherent 
complexity highlights the necessity for ad hoc re-
search considering not only the chemical compo-
sition and the physicochemical conditions of the 
water column but also the fractional composition 
of sedimentary P (López, 1991).

Sediment-water interactions are dynamic and 
-

cente, 2021). Figure 2 summarizes major drivers: 
(i) air temperature; (ii) solar radiation, (iii) pre-
cipitation, (iv) wind speed, and (v) human activ-
ities. Elevated temperatures accelerate microbial 

decomposition in the sediment and altered nu-
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trient cycling pathways (e.g., Golterman, 1990). 
Cimate-driven increases in solar radiation reduce 
mixing, leading to earlier and longer summer 

Woolway & Merchant, 2019, Woolway et al., 
2021). Therefore, the impacts of temporary strat-

-
expected ecological events (e.g., Søndergaard et 
al., 2023), such as algal blooms in Lake Balaton 

recruitment during short hypoxic periods in Lake 
-

man et al., 2006). Climate change is expected 
to increase the occurrence and severity of both 

-
matic WLFs (Barnett et al., 2005, Milly et al., 
2005). Altered wind regimes (e.g., Azorín-Molina 
et al., 2016, Collins et al., 2013, IPCC, 2021) will  
also directly impact sediment resuspension. Final-
ly, global warming facilitates the spread of culti-
vated land into high-altitude areas, and together 
with poor land-use planning and urbanization, 
elevate external nutrient inputs and subsequent 
sedimentation rates (Yao et al., 2017). Long-

nutrient input enhanced sediment accumulation 
and sedimentary P concentrations, except for P 
bound to aluminium and humic matter (Saar et 
al., 2022). Moreover, over-exploitation of water 

-

al WLFs exceeding natural ranges, particularly in 
hydroelectric reservoirs (e.g., Hirsch et al., 2014). 
Collectively, these global change-driven stress-
ors will dramatically impair the water quality of 
aquatic ecosystems by enhancing sediment-water 
interaction, though the ultimate impact hinges on 

-
phology, size, and geographical location.

FLUCTUATING DRY AND WET PE-
RIODS AS DRIVERS OF SEDIMENTARY 
PHOSPHORUS DYNAMICS

While initial studies evaluating the impact of 
desiccation on sedimentary P release date back 
to the 1970s (Bartlett & James, 1980, Brookes et 
al., 1982, Dommergues & Mangenot, 1970), such 

aforementioned context of global change. Among 

wetlands, De Groot & Fabre (1993) and De Groot 
& Van Wijck (1993) combined laboratory and 

(France), revealing notable changes in the P-frac-
tions and sedimentary P-adsorption capacity. In 
the 1980s, Fabre (1988) examined reservoirs with 

-
rial experiment to evaluate key factors includ-

rates, and water origin. More recently, Baldwin 

Figure 2. Key global change drivers affecting sediment-water interactions (modified from de Vicente, 2021). Principales factores de 



de Vicente et al.

Limnetica, 45(2): 405-428 (2026)

412

and subsequent drying on the P adsorptive char-
acteristics of sediments in a small eutrophic reser-
voir in New South Wales (Australia).

In this century, Batzer & Sharitz (2006) high-

drying cycles on wetland biogeochemical pro-
cesses, emphasizing the tight links between hy-
drology, biogeochemistry, and microbial ecolo-

the duration of dry phases between inundation 
events, the rate of water level increase during 

Kinsman-Costello (2012) further reviewed the 

on P dynamics in wetlands, a topic of growing 
relevance as environmental managers manipulate 
wetland hydrologic regimes to counteract the ad-
verse consequences of past hydrologic and other 

-
ically drained areas for wetland restoration (Ze-
dler, 2003), constructing new wetlands for water 
quality enhancement (Kadlec & Wallace, 2009), 

for purposes such improved water quality, weed 
control (Kinsman-Costello, 2012) and crop man-
agement (e.g., rice, blueberries).

-
ings, spanning from increased P adsorption after 
drying (Barrow & Shaw, 1980, De Groot & Fa-
bre, 1993, Haynes & Swift, 1985) to eutrophi-

1996), highlighting the complexity of chemical, 

physical, and biological transformations at play 

summarizes the main sediment changes during 

capacity to adsorb P. For instance, Barrow & 
Shaw (1980) proposed that drying can decrease 

4
3- adsorp-

tion, whereas other studies have shown that par-
ticle-size shifts towards larger particles in dried 

4
3-

2002, Selig, 2003, Twinch, 1987).   
Desiccation also induces various chemical al-

terations in sediments and soils, particularly in 
-

4
3- is 

strongly predicted by the amount of poorly crys-
talline Fe and/or Al oxides and oxyhydroxides, 
which have higher sorption capacity than crystal-
line forms (Darke & Walbridge, 2000, Williams 

increase these poorly crystalline Fe and Al oxides 
(Darke & Walbridge, 2000, Zhang et al., 2003), 

2002, Twinch, 1987). Consequently, drying can 
4
3- sorption by oxidizing reduced 

Fe minerals, but reduce it by increasing crystal-

(Baldwin & Mitchell, 2000). This process likely 
begins with the rapid oxidation of Fe2+ salts (e.g, 
sulphides, carbonates, phosphates) in previous-

g g g p y

Figure 3. Main chemical (blue color), physical (red color) and biological (green color) changes responsible for the reduction or the 
increase in maximum P adsorption capacity in sediments under desiccation. 
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4
3- (De Groot & 

Van Wijck, 1993). Prolonged air exposure ages 
-

talline mineral forms (Baldwin, 1996, Lijklema, 
1980), although the reversibility upon re-wetting 
is debated. The initial sediment composition also 
dictates the duration required for these shifts, with 
ferrous sulphide-rich sediments  needing longer 
drying. It is also important to note that while Al 
oxides and oxyhydroxides are redox-insensitive, 

crystallinity, likely because the accumulation of 

of both Al and Fe minerals (Darke & Walbridge, 
2000, Kodama & Schnitzer, 1977, 1980, Schwert-
mann, 1966).

Beyond abiotic transformations, biological 
4

3- dynamics 
in hydrologically dynamic wetlands (Batzer & 
Sharitz, 2006, Sparling et al., 1985). While re-
search has traditionally focused on physico-chem-

4
3- exchange during des-

aerobic conditions (Reddy et al., 2000) reduces 
-

4
3- retention through amorphous miner-

al stabilization (Darke & Walbridge, 2000), cation 
bridging with Ca and Mg (Brady & Weil, 2008, 
Bruland & Richardson, 2006, Novak & Watts, 
2006), and by inhibiting the recrystallization of 
Fe and Al compounds, thereby maintaining high 
sorption capacity (Darke & Walbridge, 2000).

As Kinsman-Costello (2012) and de Vicente 
(2021) pointed out, our understanding of sed-

largely stems from three approaches: (i) labo-
4

3- sorption capacity in 

and (iii) ecosystem-scale monitoring of hydro-
logic changes, often in  historically drained areas. 
However, comparisons across these approaches 
are often challenging due to substantial variations 
in study design and methodology. For instance, 
some research involves laboratory drying and 

-

ments from dry or historically drained areas sub-

whenever possible, sampling from in situ desic-
cations is preferred for realism, capturing physi-
cal, chemical, and biological changes, while lab-

studies. Inconsistent reporting of desiccation and 
the limited range of sediment types further con-

management. 
-

ology of Froelich (1988), involved laboratory 
adsorption experiments using wet and dry sedi-
ments. The resulting experimental data were sub-

Langmuir) to derive key parameters, such as the 
maximum P adsorption capacity and the desorp-
tion term (e.g., de Vicente et al., 2010a). To iden-
tify the underlying controlling mechanisms, these 
parameters were statistically correlated with in-
dependent sediment properties, including texture, 

In Sierra Nevada lakes, de Vicente et al. 

4
3- sorption capacity along littoral-to-dry land 

transects in both La Caldera and Río Seco. Spear-
man’s rank correlation showed that maximum P 

max, Langmuir isotherm) 

20 μm), and oxalate-extractable (amorphous) Fe 
and Al oxides (Feox and Alox -

4
3- adsorp-

tion capacities, linked to reductions in these com-
ponents, driven by: (i) wind exposure removing 

temperatures and oxic conditions accelerating 

The impact of WLFs on P availability is fre-

of fresh versus dried sediments. In Sierra Nevada 
lakes, de Vicente et al. (2010a) observed that 
re-wetting air-dried sediments from La Calde-
ra and Río Seco under oxic conditions released 

4
3- to the overlying water, coinciding with a 

months, suggesting a time-dependent crystalliza-

compared to the stable behavior observed for Alox.
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The latest methodological approach moni-

sediments causes release of P to surface waters 
(e.g., Ardón et al. 2010, Kinsman-Costello et al., 
2014, Wong et al. 2011), sometimes producing a 
pulse of inorganic nutrients known as the ‘‘birch 

Wilson & Baldwin, 2008). This approach has 
clear limitations in Sierra Nevada lakes, as nei-
ther La Caldera nor Río Seco have fully dried. 
The following section explores how WLFs spe-

these high-mountain lakes.

OBSERVATIONAL EVIDENCE OF THE 
EFFECTS OF WATER LEVEL FLUCTUA-
TIONS ON NUTRIENT DYNAMICS OF 
LA CALDERA

in the Sierra Nevada lakes became feasible in 
the early 1990s, coinciding with the widespread 

(Llamas, 1997). During this period, La Caldera 
recorded its lowest depth, reaching only 1.8 m 
in 1995, followed by a rapid recovery to 14 m 

nutrient dynamics and planktonic communities 
(Medina-Sánchez et al., 1999, Villar-Argaiz et 
al., 2002 a, b). Subsequent droughts in 1999 and 
2004-2006 (Estrela, 2006) further corroborated 
these observations (García-Jurado et al., 2011, 
2012). García-Jurado et al. (2012) compiled these 

conditions and WLFs on the plankton communi-
ty (bacterial, phytoplankton, heterotrophic nano-

-
bility (DIN, TN, TP, DIN:TP) in La Caldera (Fig. 
5). Based on precipitation values and the water 
levels, these authors distinguished three periods 
within a 20-year study (1986 - 2006): (i) >1200 
mm and >10 m; (ii) 425-1200 mm and 4-10 m; 

the littoral sediments exposed to desiccation and 
enhancing sediment-water interactions. Recur-
rent droughts and subsequent rehydration periods 

2020), and plankton communities, with impor-
tant implications for lake stability and ecosystem 
homeostasis under climate change (García-Jura-
do et al., 2012). DIN, TN, and the DIN/TN mass 
ratio, did not exhibit any trend, whereas TP in-

Figure 4. Impact of desiccation on surface sediment properties in La Caldera and Río Seco. -
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creased during droughts. Bacteria and zooplank-

periods, while phytoplankton and heterotrophic 

the long-term mean (DLTM; White et al. 2008) 
-

tween water deph and total P (DLTMTP), heter-
HNF), and zooplankton 

(DLTMzoo), indicating that prolonged low-water 
periods corresponded to higher TP and plankton 
abundances, whereas TN, phytoplankton, and 
bacteria showed no such relationship. 

Therefore, in Sierra Nevada lakes, TP in-

variability, concentrations consistently exceed 
those recorded in wet years, likely due to sedi-
ment resuspension (de Vicente et al., 2010b) and/
or the deposition of P-enriched atmospheric dust 
(Jiménez et al., 2018, Morales-Baquero et al., 

-
ences were observed across wet and dry periods 
for TN. However, these patterns may not apply to 
all lakes in Sierra Nevada, owing to the inherent 
properties of each lake (Morales-Baquero et al., 
1999), highlighting the need for further research 
to fully understand drought impacts.

the autotroph: heterotroph (A:H) ratio, which 
falls below one in dry years and exceeds one 
in wet years (García-Jurado et al., 2011, Medi-
na-Sánchez et al., 1999). Bacteria showed no sig-

while HNF increased in dry years. Phytoplankton 
-

ences in the DLTM analysis. Conversely, zoo-
plankton abundance remained stable during the 

-
ences towards a greater abundance during the dry 
periods in the DLTM analysis. To explain these 

Figure 5. Significant trends in  environmental and biotic variables associated with water level fluctuations (WLFs) in La Caldera 
from 1986 to 2006. Data from García-Jurado et al. (2012). 

.
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disparities, Cabrerizo et al. (2017) highlighted 
that, in addition to D&R cycles, these patterns are 

-
trient inputs. Intense nutrient inputs favour phyto-
plankton biomass over bacteria and mixotrophic 

-
creases sediment nutrients, altering prokaryotic 

-
chemical and biodiversity (Castellano-Hinojosa 
et al., 2024). Under ongoing climatic and global 
change, projected increases in temperature and 
Saharan dust deposition in lakes of Sierra Nevada 
are expected to further impact the ecological con-
dition.

SEDIMENTATION AND RESUSPENSION 
PATTERNS IN OLIGOTROPHIC LAKES

Challenging the traditional perception of inland 
waters as mere passive pipes conveying organic 
and inorganic carbon from land to sea, Cole et al. 
(2007) demonstrated that they actively participate 
in the global carbon cycle, storing land-derived 

2, and transport-
ing carbon to the ocean. Sedimentation of carbon 
and nutrients is a key ecological process in aquat-
ic ecosystems, transferring particulate matter 
from euphotic or coastal zones to deeper areas, 
and linking planktonic and benthic communi-
ties (de Vicente et al., 2005, 2022). This process 
holds substantial practical implications for both 
ecosystem monitoring and infrastructure man-
agement, as sedimentation rates, which correlated 
with trophic status (e.g., Tartari & Biasci, 1997), 
progressively diminishes water storage capaci-
ty. Current sedimentation rates, estimated at 1% 
annually, have already claimed 32.8% of global 
reservoir storage (Ren et al., 2021), and without 
new construction, half of the world’s 6· 1012 m3 

capacity could be lost by 2050 (Sumi, 2018).
Gross sedimentation rates are typically esti-

mated using cylindrical traps with an aspect ratio 
(H:D) > 6 to minimize resuspension (Bloesch, 
1982, Bloesch & Burns, 1980). The rates are lat-
er calculated based on the collected mass, trap 
area, and exposure time (de Vicente et al., 2005, 
2008b, 2009, 2010b). This approach provides key 

-

In La Caldera and Río Seco, daily settling rates 
during the 2005-2006 ice-free period ranged from 
0.38 to 1.18 g DW m-2 d-1 (p > 0.05), consistent 
with values reported for other oligotrophic sys-

positive correlation between trophic status and 

et al., 1991); being these values yet far lower than 
rates in eutrophic Mediterranean reservoirs (66.6 
g DW m-2 d-1; de Vicente et al., 2022).

In shallow lakes,  upward resuspension of 
unconsolidated sediments is also a key process 
(Bloesch, 1995, Weyhenmeyer et al., 1995), driv-
en by continuous wave action (de Vicente et al., 
2010c, Kristensen et al., 1992, Weyhenmeyer & 
Bloesch, 2001), which mobilizes both particulate 
and dissolved P (e.g., Reddy et al., 1996, Sønder-
gaard et al., 1992) and accelerates chemical equi-
librium with the water column (Golterman, 2004). 
While resuspension rates are often estimated 
by comparing deep and shallow traps (Gardner, 
1977, Kleeberg, 2002), this method can be unre-
liable in shallow lakes where resuspended mate-
rial may reach the upper water column (Bloesch, 

resuspension factors in two shallow Spanish lakes 
(de Vicente et al., 2010c). In Sierra Nevada lakes 
(La Caldera and Río Seco), extreme shallowness 
precluded trap-based estimates; however, in oth-
er systems like Medina Lake (Spain), alternative 
methods using chemical tracers such as total iron 
(TFe) revealed resuspension exceeding 40% dur-

Lake sediment resuspension is modulated by both 
external forces (e.g., wind speed) and internal 
site characteristics, including morphometry (e.g., 
water depth, lake fetch), sediment composition 

activity (e.g., bioturbation, macrophytes cover-
age). In a comparative study of two adjacent shal-
low lakes (Honda and Nueva), de Vicente et al. 
(2010c) revealed that morphometry and sediment 

-
en resuspension. Thus, Lake Honda’s shallower 

-
pension rates compared to the deeper, sandier, and 
macrophyte-stabilized Lake Nueva (de Vicente et 
al., 2010c). Consequently, greater resuspension in 

-
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ing similar C:P ratios between surface sediments 
and settling material, whereas Lake Nueva’s dis-
tinct C:P ratios indicated minimal contribution 

Vicente et al., 2003, 2010c).
In La Caldera and Río Seco resuspension was 

of Río Seco is shallower than 2 m, whereas most 
of La Caldera exceeds 2 m (de Vicente et al., 

-
mum depth divided by the square root of the lake 
area) is over three times lower, indicating more 
frequent sediment resuspension.

Sedimentation and resuspension strongly 
modulate nutrient availability in the water col-

(Gálvez & Niell, 1993) or acting as a P sink in 
P-limited lakes (de Vicente et al., 2005). In Sierra 

4
3- concentrations in Río Seco but 

not in La Caldera, suggesting that frequent resus-
pension events in Río Seco may alter P availabili-
ty (de Vicente et al., 2010b). Finally, the chemical 
composition of settling and resuspended matter 
followed similar trends in La Caldera and Río 

concentrations compared to resuspended matter. 
-

tling material, despite the typical low chlorophyll 

a concentration of the study lakes, is the pres-
ence of large zooplankton species like 
pullicaria and  (Cruz-
Pizarro & Carrillo, 1996, Villar-Argaiz et al., 

content of the resuspended sediments.

CONCLUDING REMARKS

The main conclusions of this work are:

• The complexity of physical, chemical, and 
biological processes governing P exchange at 
the water-sediment interface in aquatic eco-
systems, expanding beyond earlier research 
focused solely on iron oxide redox reactions.

• -
ter sedimentary P dynamics in Sierra Nevada 
lakes. Desiccated sediments in both studied 

4
3- adsorption ca-

pacity, linked to losses of amorphous Fe and 
-

tion. These alterations stem mainly from: 

sediment fractions and higher temperatures 
-

alization.
•

data from La Caldera spanning over two 
decades (1986-2006), covering multiple 

-

Figure 6. General characterization of the settling and resuspended matter in La Caldera and Río Seco. C
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ations on lake dynamics. Recurrent droughts 
reduced lake volume and increased exposure 
of littoral sediments to desiccation, intensify-
ing sediment-water interactions. TP increase 
markedly during drought periods due to en-
hanced sediment resuspension and/or depo-
sition of P-enriched atmospheric dust, while 
TN showed no clear trend. While bacterial 
and zooplankton abundance showed no con-
sistent trend across periods, phytoplankton 

-
dances increased during drought conditions. 
Long-term data indicates that lower water 
levels coincide with increased TP, HNF, and 
zooplankton abundance.

• Sedimentation and resuspension are crucial 
processes linking planktonic and benthic 
communities and regulating nutrient availa-
bility in Sierra Nevada lakes. Settling rates 
ranged from 0.38 to 1.18 g DW m-2 d-1, re-

impact of resuspended material on P dynam-
4

3- increase was ob-

elevated P concentrations in Río Seco, sug-
gesting that frequent resuspension events in 
the latter profoundly alter P availability.

• -
ochemical interplay at the sediment-water in-
terface of oligotrophic high-mountain lakes. 

WLFs are expected to strengthen benthic-pe-
lagic coupling and profoundly reshape nutri-
ent cycling in these sensitive ecosystems.
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