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Abstract. The Mediterranean reservoirs receive frequent at-
mospheric Saharan dust inputs with soil-derived organic
components mostly during the stratification periods, when
run-off inputs are particularly limited. Here, we quantified
and optically characterized the water-soluble organic car-
bon (WSOC) of the (dry and wet) atmospheric deposition
in collectors placed near three reservoirs from the western
Mediterranean Basin. In addition, we determined the WSOC
contribution to the pool of dissolved organic carbon (DOC)
in the reservoirs and the influence of dust-derived chro-
mophoric organic components on the water transparency dur-
ing their stratification periods.

We found synchronous dynamics in the WSOC atmo-
spheric inputs among the three collectors and in the DOC
concentrations among the three reservoirs. The DOC con-
centrations and the WSOC atmospheric inputs were positive
and significantly correlated in the most oligotrophic reser-
voir (Quéntar) and in the reservoir with the highest ratio of
surface area to mixing water depth (Cubillas). Despite these
correlations, WSOC atmospheric inputs represented less than
10% of the total DOC pool, suggesting that indirect effects
of dust inputs on reservoir DOC may also promote these syn-
chronous patterns observed in the reservoirs. Chromophoric
components from dust inputs can significantly reduce the
water transparency to the ultraviolet radiation (UVR). The
depths where UVR atλ = 320 nm was reduced to ten per-
cent of surface intensity (Z10 %) decreased 27 cm in B́eznar,
49 cm in Cubillas, and 69 cm in Quéntar due to the dust in-
puts. Therefore, the increasing dust export to the atmosphere
may have consequences for the water transparency of aquatic
ecosystems located under the influence of the global dust
belt.

1 Introduction

The largest and most persistent dust sources in the world
are located in the Northern Hemisphere, mainly in the “dust
belt” that extends from the west coast of North Africa, over
the Middle East, Central and South Asia, to China (Prospero
et al., 2002). The Sahara Desert accounts for about 50 % of
the global dust production (Schütz et al., 1981). This dust
export to the atmosphere has increased exponentially in the
last decades and centuries as a consequence of North Africa
droughts (Prospero and Lamb, 2003), the human-induced de-
sertification (Moulin and Chiapello, 2006) and the onset of
the commercial agriculture in the Sahel region (Mulitza et
al., 2010). These massive airborne plumes from the Sahara
Desert travel toward the Atlantic Ocean by the predominant
northeasterly trades and to the Mediterranean region under
the presence of cyclones frequent particularly during spring
and summer (Moulin et al., 1997). Therefore, Mediterranean
aquatic ecosystems are intensely exposed to atmospheric in-
puts of Saharan dust (Löye-Pilot et al., 1986; Bergametti et
al., 1992).

Previous studies in several aquatic ecosystems of the
Mediterranean region showed that the Saharan dust con-
tains inorganic nutrients, such as soluble phosphorus, that
stimulate both phytoplankton (Bonnet et al., 2005; Morales-
Baquero et al., 2006; Pulido-Villena et al., 2008a) and bac-
terioplankton (Pulido-Villena et al., 2008b; Reche et al.,
2009). More recently, Mladenov et al. (2009, 2011) deter-
mined that the organic carbon associated with the atmo-
spheric dust can contribute significantly to the dissolved or-
ganic carbon (DOC) pool in alpine lakes, and that a fraction
of this water-soluble organic carbon (WSOC) from the dust
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contains chromophoric groups similar to humic substances
that can be traced in the lakes.

Recently, the role of the DOC in inland waters is being
revaluated in the context of the global C cycle, since rivers,
lakes and reservoirs are active sites for transport, transfor-
mation and storage of considerable amounts of terrestrial
organic C (Cole et al., 2007; Tranvik et al., 2009). A por-
tion of this DOC absorbs ultraviolet and visible radiation and
is termed chromophoric dissolved organic matter (CDOM).
CDOM is a key parameter regulating the intensity of ultravi-
olet radiation in the water column (Morris et al., 1995).

DOC and CDOM dynamics in aquatic ecosystems depend
on the relative influence of their inherent properties such as
the morphometry, photosynthetic productivity, or microbial
C processing, as well as external factors such as the catch-
ment area, the soil type, or the environmental conditions that
determine the allochthonous C inputs (Tipping et al., 1988;
Curtis, 1998; Reche et al., 2000; Pace and Cole, 2002; Reche
and Pace, 2002; Mladenov et al., 2008). Although the exter-
nal factors controlling DOC in lakes are well documented
in diverse geographical regions (Xenopoulos et al., 2003;
Sobek et al., 2007), scarce information exists for the reser-
voirs, which assume a major role of the run-off inputs. How-
ever, more information is needed in view of the increasing
area occupied by reservoirs worldwide, particularly in arid
and semiarid regions where run-off is very limited. In fact,
Downing et al. (2006) recognized that the volume of water in
impoundments increased by an order of magnitude between
the 1950s and the present.

The objectives of this work were, first, to determine if the
atmospheric water-soluble organic carbon (WSOC) and its
chromophoric content can affect directly the DOC pool and
the water UVR transparency in three well-contrasting reser-
voirs from the Mediterranean basin and, second, to assess if
the Saharan dust exports can be considered as a climatic fac-
tor controlling DOC and CDOM in reservoirs. The selected
reservoirs clearly differed in their trophic conditions, mor-
phometries and watershed characteristics (Perez-Martı́nez et
al., 1991; Morales-Baquero et al., 1994; de Vicente et al.,
2008) to explore the relative importance of the reservoir-
inherent properties in its responsiveness to atmospheric dust
deposition.

2 Material and methods

2.1 Study sites

We selected three reservoirs that were approximately 40 km
apart and located inside an area submitted to intense dust
deposition in Southern Spain (Mladenov et al., 2011). The
study reservoirs present contrasting characteristics, particu-
larly with respect to nutrient limitation, morphometry and
catchment properties (Table 1). Quéntar is an oligotrophic,
extremelyP -limited (N : P molar ratio = 381) reservoir. It is

Table 1. Location and general physical, chemical and biological
features of the study reservoirs.Zmix is the mixing water depth (6 m
in Cubillas and 15 m in Qúentar and B́eznar). Modified from de
Vicente et al. (2008).

Reservoirs Qúentar Cubillas B́eznar

Coordinates 37◦12′11′′ N, 37◦16′29′′ N, 36◦54′54′′ N,
3◦26′17′′ W 3◦40′59′′ W 3◦32′25′′ W

Year of impoudment 1973 1958 1986

Altitude a.s.l. (m) 1030 650 485

Total Volume 13.6 21 54
(V ; 106 m3)

Reservoir area 0.42 2 1.7
(AR; km2)

Catchment area 101 626 352
(AC; km2)

AC : AR 240 313 207

Water retention 3.85 2.94 1.00
time (y)

AR : zmix 28 333 113
(103 m)

Conductivity 319 646 435
(µS cm−1)

Total phosphorus 0.12 0.84 1.05
(µmol L−1)a (0.03–0.28) (0.26–1.47) (0.38–1.70)

Total nitrogen 40.0 185.0 82.9
(µmol L−1)a (12.9–94.3) (18.6–350.0) (27.1–305.7)

N : P molar ratioa 333 220 79

Chlorophylla 2.4 33.1 40.4
(µg L−1) (0.9–6.9) (10.3–88.5)b (22.6–73.6)

a Data from Reche et al. (2009),b data from Ṕerez-Mart́ınez et al. (1991).

located in the headwaters of the Genil River, a tributary of
the Guadalquivir River, the largest river in Southern Spain.
Its oligotrophic status is mainly a consequence of its location
on a sparsely populated and mountainous area, across closed
valley areas that render a low surface : depth ratio (Fig. 1).
Cubillas reservoir is also located in the headwaters of the Ge-
nil River, but its catchment area is much higher and affected
by anthropogenic activity. B́eznar reservoir is located at the
Izbor River, discharging directly into the Mediterranean Sea.
Béznar and Cubillas, in contrast to Quéntar reservoir, are lo-
cated in open valley areas with a moderate urban develop-
ment, which are responsible for their higher trophic statuses
(Perez-Martinez et al., 1991; Morales-Baquero et al., 1994).
The catchment area in Cubillas is more than 6 fold higher
than in Qúentar and≈ 1.8 fold higher than in B́eznar (Ta-
ble 1). In addition, the reservoir area to maximum depth ratio
is much higher in Cubillas (109 m) than in Quéntar (5 m) and
Béznar (16 m) reservoirs. More details on these reservoirs
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Figure 1 
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Fig. 1. Absolute hypsographic curves of area versus depth for the
three study reservoirs.

can be found elsewhere (Rueda et al., 2007; de Vicente et
al., 2008).

During the stratification periods (March–September) in
these Mediterranean reservoirs, the typical reduction in rain-
fall (i.e. the decrease of runoff inputs), the concurrent higher
frequency of Sahara dust events, and the conformation of an
isolated upper layer (epilimnion) make this period the most
convenient for evaluating the maximum contribution of at-
mospheric organic C inputs to these reservoirs.

2.2 Atmospheric deposition sampling

To obtain the atmospheric samples, we used three passive
MTX ARS 1010 automatic deposition samplers located near
to each one of the study reservoirs. These passive samplers
discriminate between dry and wet atmospheric deposition
using a humidity sensor that activates an aluminum lid to
cover/uncover the buckets. The samples are collected by sed-
imentation (dry deposition) or by the rain washout (wet de-
position) in separate buckets. The dry deposition was col-
lected by rinsing the bucket with 1000 mL of Milli-Q ultra-
pure water. In the wet deposition bucket, the volume of rain
was recorded and a 1000 mL aliquot was analyzed. If the
rain volume was< 1000 mL, it was brought up to that vol-
ume with Milli-Q ultrapure water. Dry and wet deposition
buckets were collected every week during the stratification
periods (March–September) of 2004 and 2005.

Water-soluble organic carbon (WSOC) refers to the or-
ganic C from atmospheric deposition that is soluble in water
and is measured as DOC (Yang et al., 2003; Mladenov et al.,
2008). The concentrations of WSOC (mmol m−2 d−1) in the
dry and wet deposition collected each week were converted
to units of daily deposition using the following equation:

WSOC deposition(mmol m−2 d−1) =

DOC concentration(mM)

Ab (m2). 7 (days)
F, (1)

whereAb is the bucket area andF is a correction factor for
the rain volume;F is equal to 1 for dry deposition samples
and when the rain volume is< 1 L, but equal to volume of
rain when exceeds of value of 1 L.

Samples for WSOC and absorbance analysis were ob-
tained by filtering the collector samples through precom-
busted Whatman GF/F glass-fiber filters. From the filtrate we
took different subsamples for WSOC and absorbance analy-
sis. Subsamples for WSOC were placed into pre-combusted
20-mL glass ampoules, acidified with hydrochloric acid to
a final pH ca. 2, sealed and stored at 4◦C until analysis.
WSOC subsamples were analyzed as non-purgeable organic
carbon using a high-temperature catalytic oxidation using a
Shimadzu TOC-5000 (precision 0.01 mM). The absorbance
subsamples were measured during the 2004 samplings. UV-
VIS absorbance scans (220–750 nm) were performed in 10-
cm path length quartz cuvettes using a PerkinElmer Lambda
40 spectrophotometer connected to a computer equipped
with UV-WinLab software (absorbance precision = 0.001).
The average value at the range 700–750 nm was used to cor-
rect UV absorbance values for scattering. Absorbances at
250, 320 and 440 nm were expressed as Neperian absorption
coefficients (aλ, m−1), and molar absorption coefficients (ελ,
m2 mol−1) were calculated by dividingaλ by the correspond-
ing DOC concentration in mmol L−1.

To quantify the relevance of the chromophoric compo-
nents inputs on the diffuse attenuation coefficients for solar
UV radiation in the reservoirs, we first scaled up the absorp-
tion coefficients atλ = 320 nm measured in the dry and wet
buckets (a320b) considering the bucket area (Ab) vs. reservoir
area (Ar) and normalized by epilimnetic volume (Vr) to get
thea320 inputs in the epilimnion reservoir:

Dusta320 inputs in epilimnion(m−1m−3) =

a320b(m
−1).Ar (m2)

Ab (m2).Vr (m3)
. (2)

Then, using the equations for attenuation coefficients atλ =

320 nm (kd320) proposed by Morris et al. (1995) (kd320 =

1.51a320−0.12) and the Lambert–Beer law (Iz = I0e
−kd320),

we estimated the depth (z) where light intensity (I ) at 320 nm
is reduced to ten percent of that at the surface (z10 % =

ln0.1/−kd320). For each sampling day in each reservoir, two
z10 % values were calculated. The first value was obtained by
using the absorption coefficients at 320 nm (a320) measured
in the reservoirs (in situ conditions). The second value was
obtained by using the estimations of absorption coefficients
at 320 nm considering also the chromophoric dust inputs nor-
malized by the epilimnion volume (+dust conditions) using
Eq. (2).

2.3 Monitoring of the water column

Water samples were collected on a weekly basis from March
to September of 2004 and 2005. We evenly merged epilim-
netic water from three depths above the thermocline. The
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Table 2. Average values and range (in parentheses) of atmospheric inputs of water-soluble organic carbon (WSOC) in 2004 and 2005 and
absorption coefficients at 250 nm (a250), 320 nm (a320) and 440 nm (a440) in the dry and wet atmospheric collectors placed near the study
reservoirs in 2004.

WSOC (mmol m−2 d−1) a250 a320 a440 ε250 ε320 ε440

Collectors 2004 2005 (m−1 m−2 d−1) (m−1 m−2 d−1) (m−1 m−2 d−1) (m2 mol−1) (m2 mol−1) (m2 mol−1)

Dry Quéntar 0.23 0.36 7.24 2.28 0.76 35.01 10.30 3.42
(0.04–0.72) (0.17–0.66) (3.29–14.16) (0.55–5.79) (0.12–1.81) (14.08–72.04) (3.70–25.75) (1.08–6.15)

Dry Cubillas 0.33 0.363 9.71 3.09 0.95 32.61 10.27 3.98
(0.11–0.68) (0.10–0.91) (5.88–18.98) (0.73–7.20) (0.55–2.33) (13.41–69.83) (2.76–19.77) (1.05–9.51)

Dry Béznar 0.39 0.40 9.31 2.41 0.69 31.45 7.99 2.32
(0.20–0.71) (0.17–0.68) (6.82–14.71) (0.24–4.03) (0.20–1.41) (12.84–64.98) (0.91–19.09) (0.58–6.45)

Wet Qúentar 0.26 0.42 8.13 2.30 0.59 54.07 17.60 5.60
(0.06–0.67) (0.17–1.08) (2.39–13.09) (1.03–4.06) (0.26–1.37) (22.68–108.67) (5.81–31.98) (1.11–11.23)

Wet Cubillas 0.23 0.30 6.51 1.80 0.57 29.99 10.33 3.19
(0.01–0.51) (0.16–0.40) (3.26–11.47) (1.44–3.76) (0.50–1.07) (19.53–42.84) (7.39–18.12) (2.11–5.91)

Wet Béznar 0.18 0.29 4.63 1.07 0.38 24.89 5.92 2.92
(0.06–0.30) (0.09–0.49) (2.42–6.57) (0.30–2.39) (0.10–0.91) (14.56–32.61) (1.48–12.15) (1.38–4.60)

thermocline was determined each sampling day by using
vertical temperature profiles at the deepest site of Quéntar,
Béznar and Cubillas reservoirs. Other routine parameters
such as conductivity, pH and O2 were also recorded. Dupli-
cates were performed in all chemical and biological analyses.

Samples for dissolved organic carbon (DOC) analyses
were collected after filtration through pre-combusted What-
man GF/F filters into pre-combusted 20-mL glass ampoules,
acidified with hydrochloric acid until pH ca. 2, sealed and
stored at 4◦C until analysis. DOC was analyzed follow-
ing the same procedure described for WSOC. UV/Vis ab-
sorbance scans (220–750 nm) of filtered samples were also
performed following the same procedure described above for
the atmospheric samples.

2.4 Statistical analysis

Statistical analyses were performed using Statistica 6.0 soft-
ware (StatSoft Inc., 1997) and Excel. For Student’s t-test,
unless otherwise stated, the significance level was set at
p < 0.05. Since synchronous dynamics of variables among
neighbour ecosystems is considered as a sign of climatic
forcing at regional scale (Baines et al., 2000), we first per-
formed correlation analyses among the WSOC and DOC
dynamics and its optical properties to evaluate if there was
any significant reservoir-external forcing. To link the atmo-
spheric deposition of WSOC and DOC in the reservoir wa-
ters, we performed correlation analyses.

3 Results

3.1 Water-soluble organic carbon and chromophoric
content in dust inputs

The average dry and wet deposition of WSOC during 2004
was 0.23 and 0.26 mmol m−2 d−1 in Quéntar; 0.33 and

0.23 mmol m−2 d−1 in Cubillas; and 0.39 and 0.18 mmol
m−2 d−1 in Béznar (Table 2). During 2005, the average
dry and wet deposition of WSOC was 0.36 and 0.42 mmol
m−2 d−1 in Quéntar; 0.36 and 0.30 mmol m−2 d−1 in Cu-
billas; and 0.40 and 0.29 mmol m−2 d−1 in Béznar (Ta-
ble 2). Significant synchrony of atmospheric WSOC inputs
among collectors was found when all (2004 + 2005) data
were merged and also between the collectors located near
Cubillas and Qúentar reservoirs for each year independently
(Fig. 2; Table 3).

In 2004, the average absorption coefficients at 320 nm
(a320) of dry and wet deposition of WSOC were 2.28
and 2.30 m−1 m−2 d−1 in Quéntar; and 3.09 and 1.80 m−1

m−2 d−1 in Cubillas; and 2.41 and 1.07 m−1 m−2 d−1 in
Béznar (Table 2). The absorption coefficients at 250 nm
(a250) and 440 nm (a440) of the dry and wet deposition of the
WSOC are also reported in Table 2. We also observed syn-
chronous dynamics in the absorption coefficients at 320 nm
(a320) between the collectors located in Quéntar and in Cu-
billas reservoirs (Fig. 2, Table 3).

The most prominent peaks of WSOC anda320 inputs
(Fig. 2, black arrows) can be associated with Saharan dust in-
trusions over Southern Spain as reflected by the aerosol index
global maps and the data provided by the Spanish Ministry
of Agriculture, Food, and Environment (www.calima.ws)
(Fig. 3).

3.2 Dissolved organic matter and absorption
coefficients in the reservoirs

During the stratification period of 2004, average DOC con-
centration was 0.16 mM in Quéntar, 0.36 mM in Cubillas and
0.24 mM in B́eznar and average DOC concentration during
stratification of 2005 was 0.12 mM in Quéntar, 0.34 mM in
Cubillas and 0.24 mM in B́eznar (Fig. 4, Table 4). DOC con-
centrations in the three study reservoirs showed synchronous
dynamics during 2004 and 2005, except between Quéntar

Biogeosciences, 9, 5049–5060, 2012 www.biogeosciences.net/9/5049/2012/
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Table 3.Correlation coefficients between the different atmospheric
collectors for total deposition of water-soluble organic carbon
(WSOC) and their absorption coefficients at 320 nm (a320).

Collectors at Qúentar Cubillas

2004
Cubillas 0.76b

Béznar 0.44NS 0.59a

WSOC 2005
Cubillas 0.66b

Béznar 0.72b 0.36NS

All data
Cubillas 0.68c

Béznar 0.60b 0.45a

a320 2004
Cubillas 0.72a

Béznar 0.52NS 0.45NS

Correlations were significant at thea p < 0.05;b p < 0.001 andc p < 0.0001
levels. NS, not significant.

and B́eznar during 2004 and when all data were merged (Ta-
ble 5). The absorption coefficientsa250, a320 anda440 were
significantly higher in Cubillas and B́eznar reservoirs than
in Quéntar during 2004 and 2005 (Fig. 4, Table 4). Syn-
chronous dynamics of the absorption coefficients at 320 nm
were found only between Quéntar and Cubillas during 2005
(Table 5). The molar absorption coefficients were lower in
Cubillas than in Qúentar and B́eznar (Fig. 4, Table 4).

3.3 Atmospheric WSOC contribution to dissolved
organic matter and water transparency in the
reservoirs

We explored if DOC synchrony among the reservoirs could
be related to the climate-driven atmospheric inputs of
WSOC. We found significant and positive correlations be-
tween DOC concentrations and WSOC inputs in Cubil-
las (n = 38; r = 0.42; p < 0.05; slope = 0.14± 0.05) and in
Quéntar (n = 44; r = 0.39; p < 0.05; slope = 0.08± 0.03)
when 2004 and 2005 data were merged (Fig. 5). Cubillas is
the reservoir with the highest ratio of surface area to mixing
water depth, and Quéntar is the most oligotrophic reservoir
(Table 1).

To evaluate whether atmospheric deposition provides sub-
stantial WSOC mass to influence directly DOC pool in each
reservoir, we calculated the mass of WSOC loaded to the
reservoirs during the stratification periods (Table 6). The
mass of WSOC loaded during the whole stratification in
2004 and 2005 in the Quéntar reservoir was 11 562 mol
and 10 622 mol; in the Cubillas reservoir was 80 934 mol
and 70 218 mol and in the B́eznar reservoir 65 236 mol and
47 094 mol, respectively. Accordingly, WSOC loadings dur-
ing the stratification periods of 2004 and 2005 accounted for
3.8 % and 3.6 % in Qúentar; 5.6 % and 6.3 % in Cubillas; and
2.7 % and 2.5 % in B́eznar of the epilimnetic DOC mass.

Figure 2 
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Fig. 2. Synchronous dynamics of water-soluble organic C
(WSOC, mmol m−2 d−1) and its absorption coefficient at 320 nm
(a320m−1 m−2 d−1) in the three collectors during the study peri-
ods of 2004 and 2005. The arrows point to relevant Saharan dust
intrusions during the study periods (see also Fig. 3 for the aerosol
index maps).

To explore the direct influence of the chromophoric com-
ponents of WSOC on the UVR attenuation, we compared for
each sampling day the depths where light intensity at 320 nm
is reduced to ten percent of that at the surface (z10 %) for each
reservoir (in situ conditions) and considering also the absorp-
tion provided by the chromophoric components of WSOC
(+ dust conditions). Our results show that a highly signifi-
cant (p < 0.0001) reduction inz10 % occurred in all of the
study reservoirs by the inputs of chromophoric components
with the dust (Fig. 6). The average value ofz10 % at 320 nm
for the stratification period of 2004 decreased from 0.62 m
to 0.13 m in Cubillas (ca. 79 %), from 0.59 m to 0.32 m in
Béznar (ca. 45 %) and from 1.07 to 0.38 m in Quéntar (ca.
64 %).
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Figure	  3	  

Fig. 3. Global maps of aerosol index provided by the space-
craft Earth Probe-Total Ozone Mapping Spectrometer (TOMS)
for 14 June 2004 and Ozone Monitoring Instrument (OMI)
for 26 June 2005 (http://disc.sci.gsfc.nasa.gov/giovanni/overview/
index.html). These dates correspond to relevant Saharan dust intru-
sions over the southeastern Iberian Peninsula where the atmospheric
collectors were placed (see also Fig. 2 for the atmospheric deposi-
tion data).

4 Discussion

4.1 Direct effects of WSOC deposition on the reservoir
DOC and CDOM

In the study reservoirs, DOC concentrations were similar to
those reported in other Mediterranean reservoirs (Marcé et
al., 2008), higher than in Asian temperate reservoirs (Kim
et al., 2000; Wei et al., 2008) and lower than in European
temperate reservoirs (Goslan et al., 2004; Pierson-Wickmann
et al., 2010). Among the study reservoirs, the DOC concen-
tration in Cubillas was always higher than in Béznar and
Quéntar likely due to its highest catchment area and the
ratio of catchment to reservoir area (Table 1). These last
two parameters appear to be, at least in lake ecosystems, of
major importance for determining the DOC concentration

(Xenopoulos et al., 2003; Sobek et al., 2007). In Cubil-
las reservoir also comparatively lower chromophoric organic
matter content per C mole (i.e.ε320) was observed (Fig. 4).
This result could be a consequence of the differential influ-
ence of solar radiation on CDOM with respect to DOC. In
fact, photomineralization (the loss of DOC due to sunlight)
is a process much slower than photobleaching (the loss of
CDOM due to sunlight) (Reche and Pace, 2002). Our hy-
pothesis is that CDOM in Cubillas is submitted to more in-
tense photobleaching than in the other two reservoirs because
of its higher ionic strength (e.g. conductivity) and higher
reservoir area to mixing depth ratio (Table 1). Indeed, the
ionic strength and the morphometry of an aquatic ecosystem
have significant effects on CDOM losses (Reche et al., 1999,
2000). The empirical relationship between the conductivity
(the ionic strength of the solvent) and the CDOM photo-
bleaching rates obtained by Reche et al. (1999) can be mech-
anistically explained by the gel-like properties of CDOM col-
loids as it has been recently explored by Pace et al. (2012).
These last authors have demonstrated that the same CDOM
appears in a more expanded (bigger hydrodynamic size) con-
formation with higher absorption capacity and photobleach-
ing rates at alkaline pH than at acidic pH. Therefore, irrespec-
tively of CDOM nature, photobleaching rates are expected to
be higher as the system is more alkaline.

In general, we found synchronous dynamics among the
three study reservoirs for both DOC and CDOM (Table 5).
The synchrony of a given parameter among spatially distant
ecosystems is considered indicative of a significant (external)
climatic control in the region (Baines et al., 2000). In temper-
ate regions, environmental factors such as the precipitation or
the incident radiation can affect both the DOC and CDOM
dynamics and the synchrony among lakes (Curtis, 1998;
Reche and Pace, 2002; Pace and Cole, 2002). In the Mediter-
ranean region, however, the precipitation is very scant and,
consequently, the runoff (enriched in chromophoric sub-
stances) inputs very limited. By contrast, this region is sub-
mitted to frequent Saharan dust intrusions mostly during
spring and summer (Loye-Pilot et al., 1986; Bergametti et
al., 1992; Moulin et al., 1997) when rain is almost absent.
In fact, the maximum peaks of WSOC inputs were coinci-
dent with these Saharan dust events as it is shown in Fig. 3
corroborating its role as an external controlling factor. In fact,
WSOC atmospheric inputs among all the collectors have also
shown synchronous dynamics (Table 3) underlining a negli-
gible contribution of the local dust sources.

The synchronous dynamics of DOC among the reservoirs
and of WSOC among the collectors established significant
correlations between the DOC concentrations and the at-
mospheric WSOC inputs in two out of the three reservoirs
(Quéntar and Cubillas) (Fig. 5). The low DOC concentra-
tion in Qúentar and the high ratio of reservoir area to mixing
depth in Cubillas make these two reservoirs particularly re-
sponsive to atmospheric dust inputs. Similarly, Mladenov et
al. (2008) found that the relationship between the lake DOC
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Table 4. Average values and ranges (in parentheses) of dissolved organic carbon (DOC), absorption coefficients at 250 nm (a250), 320 nm
(a320), and 440 nm (a440) in the study reservoirs during the stratification periods of 2004 and 2005.

Year Reservoirs DOC (mM) a250 (m−1) a320 (m−1) a440 (m−1) ε250 (m2 mol−1) ε320 (m2 mol−1) ε440 (m2 mol−1)

Quéntar
0.16 5.80 1.69 0.42 41.0 12.0 2.9

(0.06–0.35) (3.10–8.04) (0.56–2.29) (0.01–0.85) (18.0–93.8) (3.6–24.0) (0.1–5.6)

2004 Cubillas
0.36 10.39 2.69 0.53 31.92 8.49 1.68

(0.20–0.57) (7.75–13.23) (1.60–3.84) (0.22–0.77) (20.82–50.49) (3.72–16.26) (0.53–3.71)

Béznar
0.24 9.02 2.69 0.60 50.59 15.16 3.32

(0.09–0.44) (8.16–10.44) (2.04–3.07) (0.29–0.76) (18.90–90.60) (5.43–28.93) (1.08–6.15)

Quéntar
0.12 4.42 1.17 0.44 42.67 11.88 4.35

(0.07–0.22) (1.69–5.87) (0.27–2.11) (0.03–0.97) (11.92–82.66) (3.84–29.76) (0.41–13.67)

2005 Cubillas
0.34 9.40 2.59 0.83 29.37 7.81 2.38

(0.22–0.51) (6.41–11.64) (0.77–4.01) (0.25–1.80) (14.37–47.59) (1.74–12.19) (0.64–4.53)

Béznar
0.24 8.79 2.65 0.80 38.72 11.71 3.59

(0.14–0.32) (2.76–11.73) (0.10–4.36) (0.28–1.72) (8.73–51.95) (0.30–16.66) (1.72–5.78)
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Fig. 4. Dynamics of dissolved organic carbon (DOC), absorption coefficients at 320 nm (a320) and molar absorption coefficients at 320 nm
(ε320) during the stratifications periods of 2004 and 2005 in the three study reservoirs.
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Table 5. Correlation coefficients between the different reservoirs
for dissolved organic carbon (DOC) concentrations and absorption
coefficients at 320 nm (a320).

Quéntar Cubillas

2004
Cubillas 0.60b

Béznar 0.22NS 0.54a

DOC 2005
Cubillas 0.75c

Béznar 0.47a 0.53a

All data
Cubillas 0.64c

Béznar 0.268NS 0.50a

2004
Cubillas 0.04NS

Béznar −0.36NS
−0.03NS

a320 2005
Cubillas 0.80b

Béznar −0.05NS
−0.14NS

All data
Cubillas 0.38a

Béznar −0.07NS 0.05NS

Correlations were significant at thea p < 0.05;b p < 0.001 and
c p < 0.0001 levels. NS, not significant.

and the atmospheric WSOC inputs was only significant in
the most oligotrophic high mountain lake. Despite the dif-
ferences observed in the baseline DOC concentrations in the
study reservoirs, the relationships between DOC and atmo-
spheric WSOC inputs (Fig. 5) showed similar slopes between
them (from 0.08±0.03 in Qúentar to 0.14±0.05 in Cubillas)
and were similar to that one reported previously by Mlade-
nov et al. (2008).

Despite these clear synchronies, the direct (quantitative)
contribution of WSOC inputs to the DOC pool in the reser-
voirs was very moderate (lower than 10 %) producing long
residence times (DOC stock/WSOC atmospheric inputs) of
the atmospheric inputs in the reservoir that ranged from 4.6 to
10.4 yr(Table 6). Therefore, WSOC inputs could hardly ex-
plain the significant correlations between WSOC inputs and
DOC concentrations in the reservoirs Quéntar and Cubillas.

Unlike this minor effect of WSOC inputs on DOC
pool in the reservoirs, the chromophoric components as-
sociated with dust inputs can significantly reduce the UV
transparency of all reservoir waters (Fig. 6). Mladenov
et al. (2009), using three-dimensional fluorescence spec-
troscopy (excitation-emission matrices) and the parallel fac-
tor analysis (PARAFAC) model proposed by Cory and McK-
night (2005), showed that Saharan dust is particularly en-
riched in chromophoric and fluorescent organic components
similar to humic substances. The study by Mladenov et
al. (2009) was performed in the same area as this study.
Therefore, it is expected that the optical properties of the
WSOC are similar. In fact, our estimations have shown that
dust inputs can cause a significant reduction in the wa-
ter UVR transparency (z10 % at 320 nm) in all the study

Figure 5 
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Fig. 5.Relationships between total (dry+ wet) atmospheric WSOC
inputs (mmol m−2 d−1) and DOC concentrations (mM) in the reser-
voirs merging data for both study years. Solid lines are shown for
significant relationships (p < 0.05) in Cubillas (solid circles) and in
Quéntar (empty circles).

reservoirs. The higher effect of chromophoric component in-
puts on light attenuation was observed, as expected, in the
reservoir characterized by the most oligotrophic conditions
(Quéntar) and in the reservoir with the smallest epilimnetic
volume in relation to its surface area (Cubillas). These two
features (oligotrophy and shallowness) are finally responsi-
ble for the lower dilution of the chromophoric components
associated with the dust inputs in the reservoir waters being,
therefore, more easily detectable.

The estimations of the mean residence time (a320
reservoir/a320 inputs) in the epilimnion of these chro-
mophoric components provided by dust inputs ranged from
9.6 days in Qúentar to 23.1 days in B́eznar. It is noteworthy
that the residence times of the chromophoric components de-
rived from atmospheric inputs are in terms of days, unlike
the residence times of WSOC expressed in terms of years
(Table 6).

The values of the residence time of the chromophoric com-
pound inputs in the reservoirs are comparable to rough es-
timations of the losses due to photobleaching. In particu-
lar, if we estimate photobleaching losses in the study reser-
voirs using their conductivity values (Table 1), the equa-
tion proposed by Reche et al. (1999) (photobleaching rate
((E m−2)−1

× 10−4) =−15 + 8.9 ln conductivity) and the av-
erage measured daily incident sunlight (61 E m−2 d−1), and
we express them in terms of half-life (= ln 0.5/photobleach-
ing rates; i.e. CDOM reduced to half of its initial conditions),
the values range from 2.8 days in Cubillas to 3.2 days in
Quéntar. Overall, the residence time of chromophoric inputs
and the half-life by photobleaching in the reservoirs are in
terms of a few days, whereas the residence times of atmo-
spheric organic C inputs are in terms of years.
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Table 6.Contributions of water-soluble organic carbon (WSOC) inputs to mean dissolved organic carbon (DOC) pool into the epilimnion of
the three study reservoirs and to the total DOC inputs (atmospheric+ phytoplankton exudation) during the stratification period.

Reservoir
Quéntar Cubillas B́eznar

Year 2004 2005 2004 2005 2004 2005

Epilimnetic DOC 301 979 296 787 1 434 127 1 107 836 2 423 874 1 902 893
pool (mol)

Atmospheric WSOC 11 562 10 622 80 934 70 218 65 236 47 094
inputs (mol)

Residence time (yr) 6.7 7.2 4.6 8.8 9.6 10.4

Contribution of WSOC to 3.8 3.6 5.6 6.3 2.7 2.5
DOC pool (%)

Estimations of DOC inputs 93 549 2 108 444 2 500 606
from phytoplankton
exudation (mol)

Contribution of WSOC to 11 3.7 2.5
DOC inputs during
stratification (%)
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The apparently contradictory results of the strong syn-
chronies and correlations between WSOC inputs on DOC
dynamics and the low quantitative contribution of WSOC in-
puts to the DOC pool could be explained to some extent by
strong indirect effects that dust inputs also may produce in
the reservoirs.

4.2 Indirect effects of dust deposition on reservoir
DOC and CDOM

It is well understood that dust is a vector, besides organic
C, of mineral nutrients such as P, Fe, Ca, Mg and K (Jick-
ells et al., 2005; Pulido-Villena et al., 2006; Mahowald et al.,
2008; Ballantyne et al., 2011). In the study region, a previ-
ous work by Morales-Baquero et al. (2006) reported that dry
deposition was P-enriched and caused a significant increase

of chlorophylla in two alpine lakes. Therefore, an expected
stimulus of the primary producers by dust inputs could indi-
rectly increase DOC pool via the exudation of DOC by phy-
toplankton (Baines and Pace, 1991). Hence, the additive ef-
fects of the direct WSOC inputs and the indirect DOC inputs
derived from an increase in phytoplankton exudates could
help to explain the synchronous patterns between WSOC in-
puts and DOC dynamics in two out of the three studied reser-
voirs. In fact, the only reservoir where we did not find a sig-
nificant correlation between WSOC inputs and DOC concen-
trations was B́eznar. This last reservoir has the lowestN : P

ratio, being the leastP -limited (Table 1), and likely phyto-
plankton did not significantly respond to theP inputs asso-
ciated with dust.

In the Table 6, we compared the contribution of WSOC
inputs to DOC pool with the estimation of the DOC in-
puts provided by phytoplankton exudation. We estimated pri-
mary productivity for each reservoir from chlorophyll-a data
(Smith, 1979), and we assumed an exudation rate of 13 % of
primary productivity (Baines and Pace, 1991). Whereas esti-
mations of DOC derived from phytoplankton for the whole
stratification period could be between 31 % (Quéntar) and
147 % (Cubillas) of the DOC pool, the WSOC inputs ranged
from 2.5 % (B́eznar) to 11 % (Qúentar). This comparison
suggests a low to moderate contribution of atmospheric in-
puts to DOC pool being higher in the more oligotrophic
reservoir. The importance of the degree of oligotrophy to de-
tect the dust effects has been previously reported for marine
ecosystems (Marañón et al., 2010).

On the other hand, the substantial direct effects of dust
on water transparency could be even boosted since bacteria
can be also significantly stimulated by dust inputs (Pulido-
Villena et al., 2008a, b; Reche et al., 2009). Bacteria, as a
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result of their own metabolism, also produce relevant quan-
tities of chromophoric components (Ortega-Retuerta et al.,
2009; Romera-Castillo et al., 2011). Therefore, a stimulus
of bacterioplankton by dust inputs may also produce more
CDOM. Indeed, Mladenov et al. (2008, 2011) found that
dust and bacteria are the major factors controlling the optical
properties of dissolved organic matter in oligotrophic high
mountain lakes.

5 Conclusions and environmental implications

We obtained a low direct contribution of water-soluble or-
ganic carbon (WSOC) inputs to DOC pool with a residence
time in terms of years in the epilimnion of the three study
reservoirs. By contrast, the chromophoric components asso-
ciated with the dust inputs affected significantly the water
transparency to ultraviolet radiation with a residence time of
the chromophoric components in terms of days in the epil-
imnion of the three study reservoirs.

The DOC synchrony among reservoirs and the significant
correlations between WSOC inputs and DOC concentrations
in two out of three reservoirs could be explained by a proba-
ble indirect contribution of phytoplankton exudates to DOC
pool. The phosphorus associated with the dust may stimu-
late phytoplankton that release organic exudates promoting
the synchrony between theP -limited reservoirs. The trophic
status and the morphometry of the reservoir were key prop-
erties to detect the effects of dust inputs. We found that both
the most oligotrophic and the most shallow of the three reser-
voirs included in this study were the most sensitive to dust
inputs.

The WSOC anda320 synchrony among the atmospheric
collectors and the coincidence of their maximum inputs with
important Saharan dust intrusions in the study area underline
the role of dust exports as a relevant environmental factor for
the aquatic ecosystems.

Currently, processes associated with global change, such
as desertification and land use changes, are promoting an in-
crease in dust exports to the atmosphere (Prospero and Lamb,
2003; Moulin and Chiapello, 2006; Mulitza et al., 2010).
These increases of dust exports can have consequences for
the aquatic ecosystems where the dust is deposited. Water
transparency can be significantly reduced by dust deposition
with consequences for the quality of freshwater resources as
alpine lakes (Mladenov et al., 2011) as well as in reservoirs
supplying drinking water to human population as it is shown
in this work.
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