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Abstract

Anthropogenic climate change and the recent increase of Saharan dust deposition has
had substantial effects on Mediterranean alpine regions. We examined changes in
diatom assemblage composition over the past ~180 years from high-resolution, dated
sediment cores retrieved from six remote lakes in the Sierra Nevada Mountains of
Southern Spain. In all lakes, changes in diatom composition began over a century ago,
but were more pronounced after ~1970 AD, concurrent with trends in rising regional air
temperature, declining precipitation, and increased Saharan dust deposition.
Temperature was identified as the main predictor of diatom assemblage changes,
whereas both Saharan dust deposition drivers, the Sahel precipitation index and the
winter North Atlantic Oscillation, were secondary explanatory variables. Diatom
compositional shifts are indicative of lake alkalinization (linked to heightened
evapoconcentration and an increase in calcium-rich Saharan dust input) and reduced
lake water turbulence (linked to lower water levels and reduced inflows to the lakes).
Moreover, decreases in epiphytic diatom species were indicative of increasing aridity
and the drying of catchment meadows. Our results support the conclusions of previous
chlorophyll-a and cladoceran-based paleolimnological analyses of these same dated
sedimentary records which show a regional-scale response to climate change and
Saharan dust deposition in Sierra Nevada lakes and their catchments during the 20th
century.. However, diatom assemblages seem to respond to different atmospheric and
climate-related effects than cladoceran assemblages and chlorophyll-a concentrations.
The recent impact of climate change and atmospheric Saharan deposition on lake biota
assemblages and water chemistry, as well as catchment water availability, will have
important implications for the valuable ecosystem services that the Sierra Nevada

provide.
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1. Introduction

Mountain lakes are among the most sensitive ecosystems to be affected by
climate change (Rogora et al., 2018; Moser et al., 2019), responding both directly (lake
dynamics) and indirectly (mediated by the watershed and atmospheric inputs) to
regional warming. Mediterranean high-mountain ecosystems have been identified as
being particularly susceptible to anthropogenic climate change (Nogués-Bravo et al.,
2008; Lionello, 2012). This is partially associated with the increased risk of summer
drought in this region (Beniston, 2003) caused by the rise in mean summer air
temperature and a reduction in annual precipitation (Nogués-Bravo et al., 2012) that
collectively affect snow accumulation in low latitudes areas of Europe (Sanchez-Lopez
et al., 2015). Declining snow accumulation and earlier snowpack melt may, in turn,
affect mountain ecosystem hydrology (Gobiet et al., 2014), biogeochemical processes in
soil and water (Magnani et al., 2017, Preston et al., 2016) and species composition,
phenology and structure (Grabherr et al., 1995, Steinbauer et al.,, 2018). A better
understanding of Mediterranean mountain lake ecosystem responses to recent
environmental change can strengthen our ability to forecast and mitigate the deleterious

effects of recent climate change.

In addition to climate change, the southernmost regions of the Mediterranean are
influenced by substantial atmospheric deposits of Saharan dust (Lequy et al., 2012; Pey
et al., 2013), particularly during the spring-summer period. The amount of Saharan dust
exported to the atmosphere has increased exponentially in recent decades as a
consequence of droughts in North Africa (Prospero and Lamb, 2003), human-induced
desertification (Moulin and Chiapello, 2006), and the expansion of commercial
agriculture in the Sahel region (Mulitza et al., 2010). Saharan dust contains high

amounts of phosphorus (P) and calcium (Ca), among other elements (Loye-Pilot et al.,
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1986; Morales-Baquero et al., 2013), with substantial effects on terrestrial and aquatic
ecosystems (Roda et al. 1993; Ridame and Guieu, 2002). For example, Morales-
Baquero et al. (2006) and Pulido-Villena et al. (2006) measured an input of 0.12-0.2 kg

ha'! y! of total P and 12.1-19.3 kg ha! y'! of Ca to the Sierra Nevada area (Spain).

The Sierra Nevada (southeast Spain) is the southernmost mountain range in
Europe (Fig. 1) and is one of the most important biodiversity hot spots in Europe. Its
summits support the highest plant biodiversity in the Mediterranean area with a high
rate of endemism (Blanca et al., 1998; Myers et al., 2000), but currently these plants are
experiencing an increased risk of climatic stress (Blanco-Pastor et al., 2013). This
Mediterranean mountain range has responded rapidly to recent warming with the
disappearance of permanent ice from the highest north-facing cirques (Oliva et al.,
2016). A trend in declining mean annual rainfall (Ruiz-Sinoga et al., 2011) and a
reduction of snow and ice cover since the 1960s (Pérez-Palazon et al., 2015) has

become more pronounced since the twenty-first century (Bonet et al., 2016).

In Sierra Nevada there are approximately 50 small alpine lakes and numerous
peat bogs situated between ~2,800 and 3,100 m asl. Limnological studies undertaken
over the past few decades have shown that water levels and temperature of these high
altitude lakes are affected by interannual differences in air temperature and precipitation
(Garcia-Jurado et al., 2011; Villar-Argaiz et al., 2001), affecting plankton biomass and
nutrient availability (Barea-Arco et al., 2001; Morales-Baquero et al., 2006; Pérez-
Martinez et al., 2013), as well as epilithic diatom communities (Sanchez-Castillo et al.,
2008). In contrast to many other regions of the Northern Hemisphere, the Sierra Nevada
area is not particularly affected by acid deposition (Morales-Baquero & Pérez-Martinez,
2016), but rather by Ca and P-rich dust transported from the Sahara. Saharan dust

deposition has been shown to affect lake water nutrient and Ca concentration,
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chlorophyll-a and the pool of dissolved organic matter (Morales-Baquero et al., 2006;
Pulido-Villena et al, 2006; Mladenov et al., 2011), as well as bacterial growth and algal
bacterial trophic interactions (Reche et al., 2009; Gonzalez-Olalla et al., 2018) in these

lakes.

In previous paleolimnological studies using sediment cores from six Sierra
Nevada lakes, Jiménez et al. (2018) showed an increase in sedimentary chlorophyll-a
(which includes its main diagenetic products) and changes in cladoceran assemblages
from the mid-twentieth century onwards, whilst Jiménez et al. (2015, 2019) tracked
changes in chironomid assemblage, sedimentary pigment composition, and catchment
plant development in Rio Seco Lake. Collectively, the results from these studies
indicate a regional-scale response of Sierra Nevada lakes and their catchments to both
20™ century climate change and increased Saharan dust deposition. Despite essential
limnological research conducted during the last four decades, surprisingly little is
known about the species-level responses of primary producers to recent environmental
changes in Sierra Nevada lakes. Diatoms are powerful indicators of nutrients, pH, and
alkalinity (Smol, 2008) and have been used extensively in paleolimnological studies to
reconstruct past climatic and environmental fluctuations (Battarbee et al. 2010;
Sochuliakova et al., 2018). Numerous studies in the Mediterranean Sea (e.g. Ridame
and Guieu, 2002; Marai6n et al., 2010; Gallisai et al., 2014) have reported that nutrient
enrichment from Saharan dust deposition have had notable effects on marine
phytoplankton growth and species composition. In contrast, the effects of Saharan dust
input on freshwater primary producers is poorly understood, with only a few studies
completed in Spanish mountain lakes. Camarero and Catalan (2012) in Pyrenees and
Morales-Baquero et al. (2006) in Sierra Nevada analyze the effect of Saharan

atmospheric phosphorus input on phytoplankton nutrient limitation whereas the
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paleolimnological studies ofJiménez-Espejo et al. (2014) and Jiménez et al. ( 2018)
analyze the long-term effect of sahara dust deposition on Sierra Nevada lake primary
production and cladocerans. Here, we expand on the Jiménez et al. (2018) cladoceran
study and examine high-resolution dated diatom records from the same six Sierra
Nevada lakes to determine whether lower trophic levels (primary producers) have also
responded to increased Saharan dust deposition and climate change over the past ~180
years. We anticipate that the recent limnological changes observed in Sierra Nevada

lakes will be clearly expressed in our dated diatom records.

In this diatom-based paleolimnological study we address the following
questions: (1) Has diatom assemblage composition changed over the past ~180 years?
(2) Can changes in the diatom record be linked to regional climate and Saharan dust
input? (3) How does the nature and timing of diatom changes compare to changes in
other proxies (cladocerans, and chlorophyll-a) previously examined from these same

sedimentary cores by Jiménez et al. (2018)?

2. Materials and methods

2.1. Site description

In the Sierra Nevada Mountains (Granada, SE Spain) (36° 55'-37° 15' N, 2°31'-3° 40" W;
maximum altitude 3482 m a.s.l.) ~50 small lakes of glacial origin lie at an elevation of
~2800-3100 m a.s.l. (Fig. 1). Their catchment basins consist of siliceous bedrock,
mainly comprised of bare mica-schist with graphite and feldspar (Puga et al., 2007).
Soil development is poor and the vegetation surrounding some of the lakes is restricted
to sparse wet meadows (hygrophilous alpine tundra) (Fig. S1, Supplementary material).
Thus, lake biogeochemistry and ecology is strongly influenced by external atmospheric
inputs of elements such as Ca and P associated with massive depositions of dust from

the Sahara Desert. The Sierra Nevada summit experiences a high-mountain, semi-arid
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Mediterranean climate with a warm, dry season from ~June to October. The
meteorological station at the summit (2507 m asl) reports a mean annual temperature of
3.9 °C and total precipitation of 693 mm, with 80% falling as snow between October
and April (Worldwide Bioclimatic Classification System 1996-2018). Above an altitude
of 2500 m, approximately 95% of precipitation falls as snow. The lakes are typically
ice-covered from November to June, but this can differ from year to year as a result of
variations in annual climatic conditions (Barea-Arco et al., 2001; Morales-Baquero et

al., 2006; Pérez-Martinez et al., 2007).

Six permanent lakes were strategically selected to be representative of the
different lake types characterizing the Sierra Nevada Mountains using the following
criteria: permanent lakes with maximum depth greater than 2.0 m and non-rocky
bottoms (to ensure retrieval of a suitable sediment core for analyses), and lakes located
in different valleys to represent the regional heterogeneity of lakes and valleys of the
Sierra Nevada. The six lakes, Rio Seco (RS), Rio Seco Superior (RSS), Aguas Verdes
(AV), Borreguil (BG), Mosca (MC), and Cuadrada (CD), are all located within an 8 km
radius, and with the exception of MC, are located on the south face of the Sierra Nevada

(Table S1, Supplementary material).

The lakes are typically shallow (maximum depth <5 m), small (surface area <1
ha), clear, and well-mixed (Table S1 and Fig. S1, Supplementary material). Given these
characteristics, these lakes are largely littoral in nature and lack a clearly differentiated
profundal zone. The lakes are circumneutral to slightly acidic, and are low in alkalinity
and primary production (Table S1, Supplementary material). These shallow lakes are

fishless and do not thermally stratify during the ice-free period.

CD and RSS lakes are currently closed basin systems and show little meadow
development in their watersheds (Table S1 and Fig. S1, Supplementary material). The
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remaining four lakes are open basin lakes that have surface inlets or outlets. Lakes CD,
RSS, RS and BG may decrease in water level during the summer, whereas AV and MC
do not usually show significant water-level reductions. However, the significance of the
water-level reductions in all six lakes is dependent on annual meteorological conditions.
As summer progresses, the meadows in the catchments can dry out (Fig. S2,
Supplementary material). There is currently minimal human activity around the lakes,

consisting mainly of mountaineers and restricted herding in some catchments.

Additional chemical and biological details concerning the study lakes can be
found elsewhere (Morales-Baquero et al., 1999; Morales-Baquero and Conde-Porcuna,

2000; Pérez-Martinez et al., 2007; Reche et al., 2001; Reche et al., 2005).
2.2. Field sampling

Sediment cores were taken from the deepest part of the lake by a slide-hammer
gravity corer (Aquatic Research Instruments, USA), with a 6.9 cm inner diameter
during the summer of 2011, with the exception of RS which was sampled in 2008. The
cores were sectioned on-site into 0.25 cm thick layers for the upper sections of the cores
and into 0.5 cm intervals for the remainder of the cores, with the exception of RS which
was sectioned at 0.5 cm contiguous intervals for the entire core length. The samples

were extruded into plastic zip-bags and stored in a ~4 °C refrigerator for later analysis.

On-site specific conductivity and pH measurements were conducted with a
multiparameter probe (Oakton PC300) following calibration for each lake. At each
coring site (i.e. the deepest part of the lake), tube samplers (6.7 cm diameter) of
different lengths were used to collect an integrated sample of the entire water column.
Water samples for the measurement of nutrient concentrations, alkalinity and calcium
were collected in acid-washed polyethylene bottles. Samples for dissolved organic

carbon (DOC) analysis were stored in pre-combusted amber glass bottles at
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approximately 4°C in the dark until analysis. Field samples were obtained following

Pérez-Martinez et al. (2020).

Three representative sampling points in the wet meadows surrounding RS and
MC were chosen for sampling epiphytic diatoms. Vegetation samples were taken at 0.5
m from the lake shore by cutting from their bases approximately five plant leaves with
scissors and then amalgamating the sample. The samples were stored in glass containers
and kept at 4° C, adding 1 mL of 50:50 mixture solution of H»SO4 and HNO; until

further analysis.
2.3. Sediment chronology and laboratory analyses

Sediment cores were dated using gamma spectrometry (DSPec, Ortec®) techniques by
measuring activities of radioisotopes (*!°Pb, '3'Bi and '*’Cs) following the procedures
outlined in Schelske et al. (1994) and Appleby & Oldfield (1978). Briefly, freeze dried
sediment from a selection of 15-20 intervals from each core were weighed into plastic
vials, sealed with two-ton epoxy, and allowed to sit for at least two weeks to ensure
equilibrium between ??°Ra and 2'“Bi prior to being placed into germanium gamma
counters (Schelske et al., 1994). Sediment ages were estimated from unsupported 2!°Pb

activities using the constant rate of supply (CRS) model (Appleby and Oldfield, 1978).

Water chemistry variables were analyzed following the techniques detailed in
APHA (1998) and in Pérez-Martinez et al. (2020). Total nitrogen (TN) and total
phosphorus(TP) were measured as NO*~ by the ultraviolet method and as soluble
reactive phosphorus, respectively. Dissolved silica (DSi) was analyzed by the
molybdenum blue method. Dissolved calcium (Ca) concentrations were measured by
atomic absorption and dissolved organic carbon (DOC) concentrations were determined

by thermal oxidation following the method described by Mladenov et al. (2008). Total
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alkalinity was measured by the acid titration method. For further details on sediment

chronology and laboratory analyses, see Jiménez et al. (2018).
2.4. Diatom analysis

Diatom samples from both the sediment core and wet meadow vegetation (epiphytic
diatoms) were processed closely following techniques described in Wilson et al. (1996).
In brief, diatom samples were prepared by digesting sediment samples with a 50:50
mixture solution of H>SO4 and HNOs. The processed samples were allowed to settle
overnight, and the supernatant was then removed, and distilled water was added. This
procedure was repeated until the slurries reached a circumneutral pH. Slurries were then
strewn onto cover slips and mounted onto slides with Naphrax®. For each sample, a
minimum of 300 diatom valves were counted using a Leica microscope fitted with a
100X fluotar objective (N.A. = 1.4) and using differential interference contrast optics
under oil-immersion at 1000X magnification. Diatoms were identified to the species
level or lower using a selection of taxonomic sources, including Krammer and Lange-
Bertalot (1986-1991), Camburn and Charles (2000), Lange-Bertalot and Melzeltin
(1996), Hofmann et al. (2011), Van de Vijver et al (2002), Bey and Hector (2013) and
Lange-Bertalot et al. (2017). Diatom counts were expressed as a percent abundance

relative to the total number of diatom valves counted in each sedimentary interval.
2.5. Climate data and Saharan deposition metrics

We use MAAT Madrid (mean annual air temperature series from Madrid station, 1869—
2011) and AP San Fernando (annual precipitation series from San Fernando station,
1839-2011) as representative of air temperature and precipitation tendencies of the
greater Sierra Nevada region during the last 180 years. These two series strongly

correlate with shorter series of homogenized mean annual temperature and precipitation
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records from stations close to the Sierra Nevada summits. For further details on climate

data, see Jiménez et al. (2018).

Sierra Nevada summits receive a high concentration of atmospheric dust
deposition annually because: 1) they are close to the Sahara Desert (70% of dust export
is deposited within the first 2000 km); 2) they are at high altitudes (the mainstream of
Saharan dust transport is between 1500 and 4000 m asl); and 3) they are in the path of
the Saharan dust particles’ movement toward the western Mediterranean (Pey et al.,
2013). A clear summer prevalence of Saharan dust episodes is observed in the western
part of the Mediterranean (Pey et al., 2013) and specifically in the Sierra Nevada area
(Morales-Baquero et al., 2006; Morales-Baquero and Pérez-Martinez, 2016). Because
Sierra Nevada lakes have naturally low primary production and low cation
concentrations, we expect that the Ca and P-rich Saharan atmospheric deposition will
have an influence on primary producers (specifically diatoms), which are sensitive to
nutrient and ionic changes. To test this hypothesis, we used two indexes that are
representative of Saharan dust emissions: the wNAO (winter North Atlantic Oscillation)
index and the Sahel precipitation index (SPI). The intensity of Saharan dust emission
and transport has been linked to wNAO (Moulin et al., 1997) and to the Sahel drought
(Chiapello et al., 2005; Moulin and Chiapello, 2004). Both indexes are highly correlated
to sedimentary proxy records of Saharan dust deposition derived from RS Lake (Zr/Al
record) and from an ice core in the Alps (Ca record) (see Jiménez et al. (2018) for

further details on Saharan dust metrics).

2.6. Data analyses

Diatom zones were identified through cluster analysis using constrained incremental
sum of squares (CONISS), square root transformation of percentages data and chord
distance as the dissimilarity coefficient using the program Tilia Graph View (TGView),
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version 2.1.1 (Grimm 2016), with the number of important zones determined by the
broken stick model (Bennett, 1996). CONISS analysis was performed on all diatom taxa
identified for each lake. For figure clarity, only the most common taxa are presented in
the species assemblages and several taxa were grouped into complexes if they shared

similar trends through time.

Detrended correspondence analysis (DCA) was applied to non-transformed
relative abundance data as a means to summarize the main variation in the diatom
assemblage data. DCA is a useful approach for detecting and summarizing the major
patterns of variation and for identifying the presence of any trends in a stratigraphical
sequence because sample scores can be scaled as standard deviation units of
compositional changed or turnover (Birks, 1998). Only taxa with relative abundance
>1% in at least one sediment sample interval were included in the ordination analysis.
DCA axis 1 (DCA 1) sample scores were used to statistically test the relationship
between diatom assemblages and climatic and atmospheric variables as predictor
variables in regression models (Birks, 1998, 2012). Ordination analyses were performed
using the vegan (Oksanen et al., 2015) package for the R software environment (R

Development Core Team, 2015).

To determine whether there were any significant relationships between climate
and dust metrics (MAAT Madrid, AP San Fernando, the wNAO index and the SPI) and
sedimentary proxies (relative abundance of individual diatom taxa for species-scale
trends, downcore DCA 1 scores for assemblage-scale trends), a Pearson correlation
analysis was applied using STATISTICA 7 program (Statsoft). The data were tested for
normality using the Kolmogorov Smirnov test prior the correlation analysis. The

annually resolved climate and dust metrics were averaged over the period of
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accumulation for each dated interval, thereby integrating the instrumental data with the

paleolimnological data (Sorvari et al., 2002).

To identify the explanatory variables of diatom assemblage changes as well as
individual diatom species, model selection analyses (Burnham and Anderson, 2002)
were performed with climate and atmospheric variables as independent variables, and
diatom DCA 1 scores as the dependent variable using the MuMIn (Multi-Model
Inference; Barton, 2014) package for the R software environment. Thus, the results of
the regression indicate the drivers of the main shift in diatoms. To normalize the
variance, explanatory variables, previously averaged over the period of accumulation
for each dated interval, were z-score transformed prior to the analyses. Akaike’s
information criterion adjusted for sample size (AICc; Burnham and Anderson, 2002)
was used to select the optimum model. Models with a difference of AAICc <2 compared
to the lowest AICc were considered the best models and statistically equivalent. The
significance and the percentage of variance explained for each variable was determined
to define the contribution to the final model. Residuals of the final models were
examined for normality and outliers were identified by using the outlier test function
from car R package (Bonferroni Outlier Test). To avoid spurious relationships in
multiple regression results, multicollinearity among the explanatory variables were
explored by analyzing the variance inflation factors (VIFs). Breakpoint analyses using a
two-segment piecewise linear regression were applied to MAAT Madrid and AP San
Fernando series data to identify the timing of largest change (Toms and Lesperance,

2003).

3. Results

3.1. Geochronology
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The unsupported 2!°Pb inventory was contained within the upper 7-13 c¢m in the six
sediment cores, reflecting the typically low rates of sediment accumulation in high
altitude lakes (Moser et al., 2019). The average sedimentation rate value for the past
~50 years ranged from 0.01 to 0.03 g cm™ year!, which corresponds to a temporal
resolution between 2 and 5 years per interval in the sediment cores. The 21°Pb dates
show a negative exponential curve in all the lakes with increasing associated errors from
top to bottom. The decline in RSS and CD was more gradual than in the other lakes.
The results of the '37Cs activity are generally in good agreement with the 2!°Pb dates.
Analyses identified peaks in the '3’Cs activity which were coincident with the 2!°Pb
CRS (constant rate of supply) dates of 1960—-1970 and consistent with the 1963 peak in
atmospheric radioisotopic fallout. Further details and 2!°Pb and '3’C activities as well as
210pp dates and associated errors estimated by the CRS model are given in Jiménez et al.

(2018).
3.2. Climate data and Saharan deposition data

MAAT Madrid (mean annual air temperature series from Madrid station) show an
increasing trend since the first decades of the 20th century, with steeper increases since
the 1970s (Fig. 2). The breakpoint analyses identified a threshold change in the early
1970s (breakpoint = 1972 + 4.7 years, p < .0001) whereas a potential additional
breakpoint, not statistically significant, is also identified in the time interval of 1912—
1915. Overall, AP San Fernando record shows than the precipitation was lower in the
20th century than in the second half of the 19th century. The last 40 years of the AP San
Fernando record exhibit persistent low precipitation values that were particularly low
from 1985 to 1995, when an acute period of drought occurred in Southern Spain
(Udelhoven et al., 2009). No significant breakpoint was identified with the precipitation

data. However, studies on Andalucia (the region in which Sierra Nevada is located)
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highlight a general decreasing trend in the spring and annual precipitation series from
the 1970s, with a period of marked drought in recent years (Castro-Diez et al., 2007) as
the precipitation trend shows in our figure 2. As a result of increasing temperatures and
decreasing precipitation since ~1970, the region likely experienced a warmer and drier
ambient climate than in previous decades, with higher evaporation rates and less water

availability.

SPI and the wNAO index can be considered as predictors of the transport and
intensity of Saharan dust events in the Sierra Nevada and representative of P and Ca
deposition trends in this area. Both indexes highly correlated with Zr/Al measured in RS
sediment core (as an estimate of Saharan dust deposition in Sierra Nevada) and with a
Saharan calcium series from an ice core obtained from a French Alps glacier (Jiménez
et al., 2018). Both indexes experienced their lowest (SPI) and highest values (WNAO) in
the past ~50 years (Fig. 2) indicating a period of the highest Saharan input. The most
negative values (dry period) of the SPI record occurred from ~1970 to the 1980s
onward, with the lowest values observed during the 1980s—1990s while the most

positive values of WNAO index occurred during the 1980s—1990s (Fig. 2).

3.3. Trends in diatom assemblages

Epiphytic diatom assemblages (Table S2, Supplementary material) from the two
representative meadow vegetation samples were dominated by species from the genera
Gomphonema, Pinnularia, Eunotia and by Nitzschia alpina in RS and Achnanthidium

minutissimum, Encyonema minutum and Gomphonema spp. in MC.

The diatom taxa identified in the six study lakes consisted almost totally of
benthic species, with the exception of the habitually described as tychoplanktonic

species Tabellaria flocculosa strain 1V (sensu Koppen) and Aulacoseira alpigena. In all
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of the study lakes, diatom assemblages were dominated by small benthic fragilarioid
taxa such as Staurosira venter in RS, Staurosirella pinnata in AV and RSS, Staurosira
pseudoconstruens in MC and Pseudostaurosira brevistriata in MC, BG and CD Lake
(Fig. 3). Other diatom taxa with notable contributions to the assemblages include A.
alpigena in RS, A. minutissimum in BG, and a variety of Gomphonema species in RS
and BG. Two lakes had diatom assemblages that were dominated by one fragilarioid
species (P. brevistriata in CD and S. pinnata in RSS) contributing more than 70%

relative abundance for the entire ~180-year record.

In the six sediment core records, diatom assemblages show changes throughout
time (Figs. 3 and 4), with larger changes occurring in RS, BG and CD than in AV and
MC, and even more subtle changes in RSS. The greatest compositional change
identified by CONISS and the broken stick analysis occurred during the 1960-80s in

RS, BG, AV and MC, and at the turn of the 19" century in RSS and CD (Fig. 3).

Within the small Fragilariaceae group, an increase of S. pinnata in the last ~30
years is observed in AV, MC, whereas in RS and BG this taxon is a new arrival to the
assemblage ~1970. Concurrent with the increase in S. pinnata is the arrival and increase
in a variety of taxa that hitherto occurred in trace abundances including a variety of
small-sized Navicula (sensu-lato (s.l.)), Nitzschia spp., Cymbella (s.l), Amphora (s.l.),

and Achnanthes (s.1) taxa.

Overall, a shift from a variety of acidophilus taxa (4. alpigena, T. flocculosa
strain IV, C. lauta, Brachysira brebissonii, Frustulia crassinervia, and Psammothidium
curtissimum) to alkaliphilous species (Navicula cryptocephala, N. cryptotenella,
Nitzschia graciliformis, N. perminuta, N. alpina, Adlafia minuscula, Sellaphora pupula,

Amphora copulata, A. pediculus) (Rithland and Smol, 2002; Siver and Basquette, 2004;
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Catalan et al., 2009; Falasco and Bona, 2011; Jacques et al., 2016) is observed in our set

of lakes (Fig. 3).

Of note is the decrease in the relative abundances of epiphytic and littoral taxa in
the more recent sediments of RS, BG, AV, and MC, such as Gomphonema spp.,
Pinnularia spp., Eunotia spp. and A. minutissimum (Fig. 3). This trend was particularly
evident in RS and BG, the two lakes with the highest meadows area and meadow/lake
area ratios. Moreover, a variety of taxa commonly associated with lower pH including
Eunotia spp., T. flocculosa strain IV, Caloneis lauta, B. brebissonii, F. crassinervia, and
P. curtissimum decreased in the upper intervals of the cores of RS, BG, AV, MC and
CD. This declining trend in epiphytic diatom taxa occurred at approximately the same
time (during the 1960s and 1980s) among RS, BG, AV and MC lakes, and ~1920 in

CD.

Apart from CD and RSS, all other lakes registered changes in the diatom record
between the 19" and 20™ centuries, which are particularly notable in RS and BG where
CONISS identified a secondary zone. In contrast to the other 5 study lakes, RS diatom
assemblages include high relative abundances of the more heavily silicified and
tychoplanktonic Aulacoseira alpigena, which showed its highest relative abundances
during the second half of the 19" century and early 20% century (maximum relative
abundance of 44%). Thereafter there is a clear decline in this species to near
disappearance towards the top of the core. Aulacoseira taxa were also present in BG and
CD, although in considerably lower relative abundances. 4. alpigena in BG shows a
similar trend to RS. In contrast to other lakes, Aulacoseira species in CD are present for
a brief period in the 19th century (maximum relative abundance of 7.6%) and disappear
at the turn of the 20th century concurrent with the main period of diatom assemblage

change identified for this lake (Figs. 3 and 4).
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The total diatom assemblage variance captured by DCA 1 scores varied between
66% (RS) and 42% (CD). The overall diatom compositional changes are reflected by
the substantial changes in DCA 1 sample scores plotted against 2!°Pb-estimated age
(Fig. 4). Major periods of diatom assemblage change indicated by trends in DCA 1
sample scores trends occurred between ~1960 and ~1980 in RS, BG, AV and MC lakes,

and at the turn of the 20" century in RSS and CD Lakes.
3.4. Relationships between diatom data and instrumental records

DCA 1 scores were correlated to air temperature in all the lakes (p<0.001) with the
exception of RSS, which showed minimal change in diatoms over time (Fig 3).
Moreover, DCA 1 scores are correlated with SPI in RS, BG and MC (all p<0.01) and

with precipitation in RS and BG (p<0.01).

All the explanatory variables included in model selection analyses yielded VIFs
<5 and therefore were kept in the analysis due to the low degree of collinearity. The
model selection analysis (Table 1) indicate temperature to be the main predictor variable
of DCA 1 scores (i.e. the main direction of diatom assemblage changes) for all the study
lakes except for RSS. Secondary explanatory variables of DCA 1 scores are SPI (RS
and BG) and wNAO (MC). The amount of variance explained by these variables ranged

from 61% in CD to 91% in RS. A null model was obtained for DCA 1 scores in RSS.

In addition to assemblage-scale analysis, we also performed model selection
analysis on individual diatom species that were selected as being representative of the
main diatom shifts in the study lakes, including S. pinnata and A. alpigena. The main
predictor variable for changes in S. pinnata relative abundance in RS, AV, BG and MC
is temperature with SPI, wNAO and AP San Fernando as secondary explanatory
variables. All models explained >60% of the observed variation (Table 2). AP San

Fernando is the main predictor variable of S. pinnata relative abundance in RSS but the
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model explained <15% of the observed variation. The main predictor of A. alpigena

relative abundance in RS is temperature and secondarily AP San Fernando (Table 2).

3.5. Relationships between diatom data and other biological proxies

For graphical and comparison purposes, we use the Cladocera PCA scores and the
Chlorophyll-a values obtained in Jiménez et al. (2018). The diatom DCA scores,
Cladocera PCA scores and Chl-a values for the six study lakes are shown in
supplementary figure S3 to allow the comparison of the timing of main changes in
biological proxies across the lakes. The main changes in sedimentary Chl-a occur
simultaneously, with a significant increase in all six lakes between ~1960 and ~1970.
This change is roughly coincident with the main change in diatom assemblages in RS,
AV, MC and BG, whereas the main change in diatoms occurs earlier in RSS and CD
(Fig. S3). Regarding subfossil Cladocera, their main change is observed during the late-

1980s and during the 1990s across the lakes.

4. Discussion

Recent changes in climate and Saharan dust deposition had important influences on
diatom assemblages in Sierra Nevada lakes. Air temperature was determined to be the
strongest predictor variable for diatom compositional changes in all of our study lakes,
with the exception of RSS. Changes in precipitation were also important, although to a
lesser degree. However, the combination of increasing temperature and decreasing
precipitation led to a drier environment with higher evaporation rates and less water
availability. It is not surprising, therefore, that the largest diatom compositional changes
occurred during periods of accelerated temperature increase and declines in
precipitation. For example, in four study lakes, the diatom shifts between the 1970s and
1980s were concurrent with the steep rise in regional air temperature and with the

decrease in precipitation over the past few decades. In the other two lakes (CD and
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RSS), the largest diatom compositional change corresponded to an initial rise in
regional air temperature in the early 20" century. The warming trend starting in the
early 20" century is also a period of relatively low precipitation that followed a wet
period at the end of the 19th century (Fig. 2). In conjunction with a warmer and drier
climate, diatoms were also responding to recent increases in Saharan atmospheric
deposition (Fig. 2) because of the intensification of atmospheric input since ~1980
onward. The two proxies for atmospheric Saharan deposition (WNAO index and SPI)
were important predictor variables of the diatom assemblage changes in several lakes

(Table 1).

The strong representation of small, benthic, fragilarioid taxa (S. brevistriata, S.
venter, S. pinnata, S. pseudoconstruens) in all six sites reflects the relatively cold
environmental conditions and short growing seasons of these shallow, high altitude
lakes (Karst-Riddoch et al. 2009). These fast-growing, generalist taxa are widespread
and commonly dominate cold, alkaline to circumneutral, oligotrophic Arctic and alpine
lakes and ponds (Riihland and Smol, 2002; Michelutti et al., 2007; Keatley et al. 2008;
Lotter et al., 2010; Riihland et al., 2015). They are amongst the first to colonize lakes
and ponds following deglaciation and ice off because they are able to flourish in these

relatively harsh conditions (Griffiths et al., 2017).

Despite the prominence of fragilarioid taxa throughout the sedimentary records,
there were clear changes in diatom assemblage composition in our study lakes. For
example, the shift in dominance from epipelic Staurosira venter and epiphytic
Gomphonema spp. to tychoplanktonic Aulacoseira alpigena in RS during the latter part
of the 19" century is coincident with a wet and cold period at this time in the Sierra
Nevada. Changes in Aulacoseira taxa were also observed in BG and CD, although less

pronounced than in RS. Although all of these lakes are quite shallow (<5.0 m), changing
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climatic conditions may have provided a favourable environment for this heavily
silicified diatom. Namely, it is plausible that during this wet and cold period, water
inflow to the lake increased, and water turbulence was strong enough to allow these
heavier diatoms to maintain a planktonic existence (Kilham et al., 1996; Round et al.,
1990) despite the relatively shallow water column. The decline in Aulacoseira taxa
(particularly in RS) starting ~1920, with further declines following the ~1960s, were
consistent with the onset of warmer and drier conditions (Fig. 2). In the Sierra Nevada
region, a drier and warmer climate led to a reduction of snow (Bonet et al., 2016),
reduced inflows to the lakes, lower water levels, and thus probably reduced lake water
turbulence, all of which would hinder 4. alpigena growth. The reduction of Aulacoseira
species to trace abundances in CD occurred earlier, concurrent with the start of the drier
and warmer period during the early-20th century. The earlier response in this lake may
be related to it being 140 to 210 m lower in elevation than the other lakes located on the
south face of Sierra Nevada and 80 m lower than MC, the only lake located at the north
face and to its location in the western-most part of Sierra Nevada Mountains, where
precipitation declines are the greatest (Pérez-Luque et al., 2016). Given the
physioecological characteristics of 4. alpigena, it is not surprising that air temperature
and precipitation were identified as explanatory variables for variations in A. alpigena

relative abundance in RS (Table 2)..

A shift from a suite of acidophilus taxa (4. alpigena, T. flocculosa strain IV, C.
lauta, B. brebissonii, F. crassinervia, and P. curtissimum) to an assemblage of
alkaliphilous taxa (N. cryptocephala, N. cryptotenella, N. graciliformis, N. perminuta,
N. alpina, A. minuscula, S. pupula, A. copulata, A. pediculus) in the post-~1960s
sediments indicates an increase in ionic composition and an alkalinization trend in our

Sierra Nevada lakes. The combination of warmer temperatures, lower precipitation and
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increased dust input likely explain the increase in alkalinity in our naturally softwater
lakes that our diatom records indicate. Warming and a longer ice-free period can
increase solute concentration through evapoconcentration and longer exposure to

Saharan Ca inputs..

S. pinnata shows an increasing trend (often occurring for the first time above
trace abundances) during warmer, drier and dust input increasing periods since the
~1970s in four of the five Sierra Nevada lakes where this taxon occurs in the
sedimentary record. Consistently, temperature, SPI and wNAO were identified as the
main predictor variables of S. pinnata abundances in our study lakes (Table 2). The
increase of S. pinnata may be the result of the increased alkalinity caused by
evapoconcentration plus Saharan dust. Catalan et al. (2009) and Weckstrom et al.
(1997) also associated S. pinnata with higher levels of alkalinity than S. venter and S.
construens in high altitude and latitude lakes, respectively. In agreement with a rise in
Daphnia with Ca enrichment of Sierra Nevada lakes reported by Jiménez et al. (2018),
our diatom results are indicative of recent alkalinization of these same lakes that can be
linked to increases in Ca-rich Saharan dust inputs and evapoconcentration since the

1970s.

Our diatom records also appear to be tracking the development of catchment
wetland plants from the beginning of the 20" century until the ~1970s. For example, in
lakes surrounded by meadows, increases in epiphytic, bog-inhabiting species such as
Gomphonema spp. (Table S2, Michelutti et al., 2006; Vinocur & Maidana, 2010),
Pinnularia spp. (Table S2, Michelutti et al., 2006; Paull et al., 2017; Vinocur &
Maidana, 2010), Eunotia spp. (Table S2; Falasco and Bona, 2011; Kiittim et al., 2017)
and A. minutissimum (Table 1,Keatley et al., 2006; Lotter et al., 2010) were observed

during this period in lakes. Following the 1960s, these taxa markedly declined, as the
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steep rise in temperature and decrease in precipitation would have resulted in a drier

catchment, with less water availability for plant growth and increasing drought.

The presence and extension of meadows determines the presence in sediment
cores of diatom epiphytic species, presumably the more meadow-extension/lake-area
extension the more significance of diatom epiphytic in sediments. Our diatom
assemblages agree with this premise, being the presence of epiphytic species much
higher in open basin lakes with meadows than in closed basin lakes with no or reduced
meadow extension (Fig. 3 and Fig. S1, Supplementary material). In our study, the
changes in periphytic diatom abundances are more conspicuous in BG and RS than in
AV and MC, likely because the latter two lakes drain smaller meadow areas (Figure S1,
Supplementary material) and because they are located close to habitually permanent
snow patches providing water to their catchments. These features would explain the
higher gradient length of DCA 1 in BG and RS than in AV and MC. However, the most
notable difference is the main period of diatom change among lakes, which occurs
between ~1960 and ~1980 in all lakes, with the exception of RSS and CD in which it is
observed at the turn of the 20" century. As we have already discussed, the lower
elevation of CD and its westernmost location may explain the earlier response of CD to
warming. In RSS, diatom assemblage change is much less conspicuous and show a
significantly shorter DCA gradient lenght than in the other five studied lakes despite it
recording noticeable changes in chlorophyll-a and in cladoceran assemblages over the
last few decades (Figure S3, Supplementary material). This fact probably suggests that
diatoms respond to other drivers than those mainly influencing overall algal production
and cladoceran assemblages. RSS is a closed basin lake with the smallest lake surface
area and the steepest bathymetric slopes, which probably resulted in a low niche

differentiation for diatoms. Therefore, it is not surprising that this lake shows the lowest
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species diversity and is dominated by generalist and pioneering species such as S.
pinnata (Lotter and Bigler, 2000; Summers et al., 2017) throughout the core. Previous
studies in Sierra Nevada lakes have also shown the relationship of catchment and lake
morphometry and location with chemical characteristics of lakes (Morales et al., 1999;
2006) and with the zooplankton composition and abundance (Morales-Baquero et al.,

2019; Pérez-Martinez et al., 2020).

Similar to our diatom findings, increases in both regional air temperature and
Saharan dust deposition were also the best predictors of subfossil cladoceran
assemblage changes and of increases in sedimentary chlorophyll-a examined in the
same six lakes (Jiménez et al., 2018). The increasing trend in chlorophyll-a starting
~1970 across the lakes could be partially attributed to Saharan P input together with
climate-related factors such as temperature increase, precipitation decrease and
lengthening of the ice-free period. All algal groups may have been favoured by P input,
but presumably planktonic species could be more favoured than benthic ones since the
latter have access to sediment nutrient (Vadeboncoeur et al. 2003, 2014; Godwin et al.
2014). However, we did not observe diatom assemblage changes in our study lakes that
might be attributed to a nutrient increase, but rather to changes mainly governed by
alkalinity and water turbulence. It is possible that the strong sensitivity of diatoms to
acid-base gradients outweigh the effect of nutrients (Rivera-Rondon & Catalan, 2019).
It may also be that the dominance of benthic and periphytic diatom species, which have
access to sediment nutrients and are not so limited by nutrient concentration
(Vadeboncoeur et al. 2003), weaken the nutrient increase effect. Thus, the effect of
Saharan input differs among proxies, with P input significantly affecting trends in Chl-
a, whereas Ca input appears to be more significant for diatom assemblage changes (via

lake water alkalinization) and Daphnia spp. by direct water Ca absorption.
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Likewise, changes in cladoceran assemblages during the 1990s lag shifts in
diatom assemblages by about two decades, in spite of the observation that the temporal
changes of both taxonomic groups can mainly be explained by climate variables.
Climate change causes a wide range of lake physical and chemical responses (Adrian et
al., 2009; Riihland et al., 2015) and different group of organisms can respond to
different effects. In Sierra Nevada, diatoms mainly respond to acid-base gradient, water
column turbulence and catchment water availability, whereas the main cladoceran
assemblage change (a shift from Chydorus sphaericus to Alona quadrangularis)
beginning in the early 1990s was associated to longer ice-free period, increasing water
residence time and warmer waters (Jiménez et al., 2018). An amplification of these
climate effects linked to drought intensification beginning in the late-1980s likely
triggered the cladoceran species shift. It appears that different taxonomic groups may
respond to different climate-derived effects and have different thresholds of response.
Although each proxy responded to a particular climate-related effect, the nature of the
lake changes are rather similar, with changes in the three proxies suggesting longer ice-
free periods and less water availability in the area which was driven by both temperature

and precipitation (this study and Jiménez et al., 2018, 2019).
6. Conclusions

We assessed the long-term limnological effects of changes in climate and
Saharan dust deposition on Sierra Nevada summit ecosystems by analyzing changes in
diatom assemblages. Overall, our current diatom study provides new information on
changes in chemical and physical features of the lakes. The observed changes in
diatoms show that ecological shifts have occurred in shallow Sierra Nevada lakes,
starting at the turn of the 20™ century and were especially evident during the latter half

of the 20th century. In particular, we conclude that Sierra Nevada lakes have
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experienced lake alkalinization from Saharan dust input in combination with processes
related to a warmer and drier climate such as a reduction in lake water level and reduced
water turbulence as water inflows diminished. Diatom assemblage changes also indicate
an increasing aridity in lake catchment meadows since the 1960s. The increased aridity
of the Sierra Nevada is worrisome, as this region provides a variety of ecosystem
services (Palomo et al., 2013). Differences in lake position, morphometry and
catchment features (such as the presence of meadows) can explain differences in the
timing and magnitudeof the ecological responses we recorded among lakes Moreover,
diatom assemblages seem to respond to different atmospheric and climate-related
effects than cladoceran assemblages and Chl a concentrations, which were previously

analyzed in the same set of lakes.

The possible alkalinization of lentic aquatic systems as a results of climate
change and atmospheric deposition likely occurs in other areas and, particularly in arid
and semiarid areas influenced by dust inputs. The fact that such areas are present
throughout the world (Ginoux et al., 2012), containing numerous mountainous aquatic

systems, indicates that more research in this area is warranted.
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1040  Table 1. Summary of results from the model selection analyses predicting the DCA axis

1041 1 and axis 2 scores of the diatom assemblages for each of the study lakes. The

1042  explanatory variables were z-score transformed to standardize to mean variance.

1043

Lake Response variable Regression Model Adj R? F AlCc

RS DCAaxis1 1 -0.0013 + 0. 412***Temp - 0.154**SPI - 0.078’WwNAO 0.905 5812 -6.9
2 -0.0013 + 0.40***Temp - 0.13*SPI 0.888 7245 -6.3

RSS DCA axis 1 Null model

AV DCAaxis1 1 -0.0269 - 0.1875***Temp 0.674 54775 -21.6
2 0.02629 - 0.18607***Temp + 0.1511"Precip 0.665 26.83 -20.3

BG DCAaxis1 1 -0.02171 - 0.1504***Temp + 0.1019***SPI] 0.817 50.19 149

MC DCAaxisl 1 -0.0098 - 0.2018***Temp 0.886 136.1 -19.1
2 0.0022 - 0.2161***Temp - 0.043*WwNAO 0.846 5586 -17.5

CD DCAaxis1 1 -0.04832 + 0.16522***Temp 0.614 4558 -14.0

1044

1045

1046 Lake name abbreviations: Rio Seco (RS), Rio Seco Superior (RSS), Aguas Verdes (AV), Borreguil (BG), Mosca (MC), and Cuadrada (CD).

1047 The best models according to the Akaike’s information criterion (AICc) values for the DCA are shown. One to three outliers were removed

1048 in analyses of DCA 1 in MC and CD and DCA 2 in MC, but similar results were obtained when they were included. Predictor variables for

1049 both analyses include: Temp, Madrid air temperature; Precip, San Fernando precipitation; SPI, Sahel precipitation index; wNAO, winter

1050  NAO index.

%82% Adj Rz, adjusted R2.

Significance levels: ***p <.001; **.001 <p <.01; *.01 <p <.05;§.05<p<.l;nsp>.l.
1053 g p p p § P p

47



1054  Table 2. Summary of results from the model selection analyses predicting the relative
1055  abundance of S. pinnata for five of the study lakes and of 4. alpigena for RS Lake. The
1056  explanatory variables were z-score transformed to standardize to mean variance.
1057
Lake Response variable Regression Model Adj R? F AlCc
RS S. pinnata 1 3.3753 + 2.6467***Temp - 1.5159*SPI 0.742 2547 849
A. alpigena 1 14.483 -6.817*Temp + 8.738**Precip + 3.305"wWNAO  0.437 6.95 193.3
2 14.331 - 6.187*Temp + 7.073*Precip 0.413 9.09 1943
RSS S pinnata 1 92.2977 -1.1667**Precip -0.7939'WNAO 0.124 290 1424
AV S. pinnata 1 61.445 +9.960***Temp - 2.473 Precip 0.637 2559 207.7
2 61.610 + 10.367***Temp 0.613 4536 207.9
BG S. pinnata 1 2.4979 + 0.8259**Temp -0.7707**SPI 0.562 17.05 883
MC S. pinnata 1 4.0635 + 2.7397***Temp + 1.0133**wNAO 0.721  28.09  89.7
1058
1059
1060 Lake name abbreviations: Rio Seco (RS), Rio Seco Superior (RSS), Aguas Verdes (AV), Borreguil (BG), Mosca (MC), and Cuadrada (CD).
1061 The best models according to the Akaike’s information criterion (AICc) values for the DCA are shown. One to two outliers were removed in
1062 analyses of S. pinnata in RS, AV, and MC, but similar result were obtained when they were included. Predictor variables for both analyses
1063 include: Temp, Madrid air temperature; Precip, San Fernando precipitation; SPI, Sahel precipitation index; wNAO, winter NAO index.
1064 Adj Rz, adjusted R2.
1065 Significance levels: ***p <.001; **.001 <p <.01; *.01 <p <.05;5.05<p<.l;nsp>.1l.
1066
1067
1068
1069
1070
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1071  Figure 1. a) Map of Europe and map of the Iberian Peninsula showing the location of
1072  the study area. b) Map of the Sierra Nevada mountain range. ¢) Geographic locations of
1073 the six study lakes (circles), from left to right: Cuadrada (CD), Aguas Verdes (AV), Rio

1074  Seco Superior (RSS), Rio Seco (RS), Mosca (MC), Borreguil (BG).
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Figure 2. Historical trends of the mean annual air temperature anomaly from the
Madrid climate station (MAAT Madrid), the annual precipitation anomaly from the San
Fernando climate station (AP San Fernando), the Sahel precipitation index (SPI) and the
wNAO index. Temperature anomalies are calculated from the period 1961 to 1990 and
precipitation anomalies are calculated over the entire period. The anomalies of the SPI
are calculated with respect to 1900 and 2013, and based on June through October
averages for each year. A LOESS smoother (span = 0.2) was applied to all the variables
to improve the clarity of the figure and highlight trends. The temperature series

breakpoint is shown.
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1094  Figure 3. Relative frequency diagrams of the most common diatom taxa (taxa with
1095 relative abundance >1% in at least one sediment sample interval) recorded in the
1096  sediment cores from the six study lakes. The broken line represents the main zonation
1097  identified by the broken stick model. Groupings include the Encyonema complex (E.
1098  minutum, E. perpusillum, E. silesiacum), the Eunotia complex (E. bilunaris, E. diodon,
1099  E. glacialis, E. incisa, E. minor, E. silesiacum, E. tenella), the Gomphonema complex
1100  (G. clavatum, G. exilissimum, G. gracile, G. parvulum), and the Pinnularia complex (P.
1101 borealis, P. julma, P. maior, P. microstauron, P. perirrorata, P. pseudacuminata, P.

1102 sinistra, P. viridis).
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1112  Figure 4. Detrended correspondence analysis (DCA) axis 1 sample scores for diatom
1113 assemblages plotted against estimated >!°Pb dates for the six study lakes. Lake name
1114  abbreviations: Rio Seco (RS), Rio Seco Superior (RSS), Aguas Verdes (AV), Borreguil
1115  (BG), Mosca (MC) and Cuadrada (CD).
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Supplementary Table S1. Location and environmental characteristics of the six study

lakes in Sierra Nevada Mountains. Range and mean values or single values of the

chemical and biological parameters from water column measurements are shown.

LAKES Rio Seco Rio S. Superior Aguas Verdes Borreguil Mosca Cuadrada
RS) (RSS) (AV) BG) MO) (CD)
Latitude 37°03°07.63’N 37°03°06.69’N 37°02°54.79"°N 37°03°09.53’N 37°03°35.03”’N 37°01°37.18’N
Longitude 3°20°43.92°W 3°20°53.04°W 3°22°06.16°W 3°17°59.03°W 3°18°53.03”"W 3°25°06.64"W
Altitude (m asl) 3020 3040 3050 2980 2920 2840
Lake Area (ha)® 0.42 0.07 0.19 0.18 0.44 0.24
Catchment area (ha)* 9.9 4.7 12.8 50.9 39.7 4.0
Maximum depth (m) 2.9 2.6 2.8 2.0 2.8 4.8
Maximum volume (m?) 4772 447 1262 2070 7044 -
Catchment area/surface area® 21.5 78.3 67.4 282.8 82.7 16.7
Meadowarea (ha) 0.91 0.02 0.31 0.55 0.25 0.05
Meadowarea/Lake area 2.17 0.29 1.63 3.06 0.57 0.11
pH 6.0-7.6 (6.9) 6.4-7.8 (7.2) 6-7.2 (6.7) 6.3 7.5-7.8 (7.7) 7.7
Conductivity (uS cm™) 10-77 (24) 14-17 (15) 25-30 (27) 13-15 (14) 27-37 (32) 6-9 (7)
Alkalinity (meq L) 0.55-0.16 (0.11) 0.14-0.17 (0.16) 0.07-0.23 (0.16) 0.07-0.1 (0.09) 1.57 009-0.20 (0.14)
TP (ug LY 7-27 (16) 13-17 (15) 12-28 (20) 13-27 (18) 11-28 (17) 8-11(9)
TN (ug L) 99-732 (403) 133-435 (284) 216-251 (236) 180-380 (280) 268-308 (288) 41-126 (83)
DSi (mg L) 0.66-0.12 (0.32) 0.33-0.54 (0.42) 0.53-0.69 (0.60) 0.57-0.38 (0.48) 0.88-0.91 (0.90) 0.25-0.26 (0.26)
Chla (ng L") 0.3-1.1 (0.6) 0.6-2.1 (1.2) 0.6-1.1 (0.8) 1.4-1.7 (1.5) 0.04-2.1 (1.1) 0.5-1.8 (1.1)
DOC (mg L") 0.7-2.7 (1.8) 0.9-1.3 (1.1) 0.7-1.2 (1.0) 0.6-1.1 (0.9) 1.1-1.4 (1.2) 0.5-1.3 (0.7)
Calcium (mg L") 0.5-2.1(1.2) 0.5-2.8 (1.9) 1.9-2.1 (2.0) 0.8-1.1 (1.0) 3.0-6.6 (5.0) 0.3-1.1 (0.6)

TP, Total phosphorus; TN, Total nitrogen; DSi, Dissolved silica;Chla, Chlorophyll-a; DOC, Dissolved Organic Carbon.

Chemical and biological characteristics are from Sanchez-Castillo et al. (1989), Morales-Baquero et al. (1999), Recheet al. (2005) as well as from
water column samples taken during each core sampling day and for punctual subsequent samples. Data are derived from a monitoring study over the
past 10 years in RS Lake and for punctual samplings in RSS, AV, BG, MC and CD Lakes. Range and mean values are from a minimum of four

samples for RSS and AV, three for BG, two for MC and six for CD Lake.

* Data from Morales-Baquero ef al. (1999).

® Data from Egmasa S.A.
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1168

Supplementary Table S2. Relative abundances of diatom genera showing more than
5% of relative abundance in samples of epiphyton in Rio Seco (RS) and Mosca (MC)
lake meadows. Achnanthidium is mainly composed of A. minutissimum, Encyonema by
E. minutum, Eunotia by E. tenella, Gomphonema by G. exilissimum (in RS), Nitzschia

by N. alpina and Pinnularia by P. sinistra and P. microstauron.

Achnanthidium Encyonema  Eunotia Gomphonema Nitzschia  Pinnularia

Rio Seco (RS) 0 0 65.0 7.2 6.1 11
Mosca (MC) 70.3 9.0 0 6.0 5.1
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1169

1170  Supplementary Figure S1. Pictures of the selected six study lakes (the date each

1171  picture was taken is specified). Source: https://lagunasdesierranevada.es/. Picture’s

1172 authors: RS, AV and RSS: Eulogio Corral Arredondo, BG: Jesus Fernandez Cuerpo,

1173 MC: José Ignacio Cuenca and CD: Victor Cassini.
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Supplementary Figure S2. a-d) Images of RS Lake in a wet and cold year (2010) and
during a drier and warmer year (2012); a) RS Lake on 26 August 2010, b) RS Lake on

29 August 2012, c) Wet meadows in RS Lake on 26 August 2010, d) Dry meadows in

RS Lake on 29 August 2012.
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Supplementary Figure S3. Detrended correspondence analysis (DCA) axis 1 sample
scores for diatom assemblages, principal component analysis (PCA) axis 1 scores for
cladoceran assemblages and chlorophyll-a values plotted against estimated 2!°Pb dates
for the six study lakes. Z-scores of all the variables are shown. Lake name
abbreviations: Rio Seco (RS), Rio Seco Superior (RSS), Aguas Verdes (AV), Borreguil

(BG), Mosca (MC) and Cuadrada (CD).
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