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Abstract
The shallow lakes are important freshwater ecosystems, since they support much of biodiversity and ecosystem services of life 
on land. Shallow lakes are highly dynamic ecological entities that can exist in several alternative stable states through regime 
shift caused by a natural or human disturbance that exceeds ecological thresholds for biological communities composition 
and structure equilibria. The sediment as a reservoir has a key role in the limnological regulation of wetlands linked to the 
fluxes of nutrients and elements in the biogeochemical interplay with the water and macrophytes. For this reason, the role of 
sediment in the limnology of the shallow coastal lake of Xuño (NW Iberian Peninsula) was explored by seasonally monitoring 
the chemical composition of water and sediments, also according to macrophyte species. The shallow depth determines the 
high availability of light in the bottom and a well-mixed water column maintain the surface of the water–sediment interface 
oxygenated. The oxic conditions of the bottom implies a top-down regulation of the water column in the Xuño shallow 
lake that limits the diffusion of phosphorus and trace metals (Fe, Mn, Cu, and Co) to the water, buffering eutrophication or 
contamination levels by immobilization in the sediments. In fact, the concentration of Hg in the lake water in spring, and 
also its bioavailability, are high due to its release from the sediment in suboxic conditions. The cover of helophyte species 
Phragmites Australis and Schoenoplectus Lacustris showed differences in the assimilation of organic monoester and diester 
phosphorus forms in the sediment. However, the water of the Xuño Lake shows an eutrophic status by the nutrient input 
associated with the birds populations as indicated by microbiological data.
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Introduction

Shallow lakes are very dynamic ecosystems that can change 
from one ecological status to another if an impact is greater 
than the ecosystem’s resilience thresholds (Jeppesen et al. 
1997; Moss et al. 1997; Scheffer and van Nees 2007). The 
depth of shallow lakes allows light to reach the bottom 
throughout the year, leading to high nutrient recycling rates 
in the water column, mainly of phosphorus, which is the 
limiting element in freshwater wetlands. This implies an 
interplay between phytoplankton in the water column and 
bottom-rooted macrophytes bound to the sediment, which 
determines the ecological structure of the lake ecosystem, so 
that it can recruit a high biodiversity in its optimal ecological 
state (Jeppesen et al. 1997).

In addition, the shallow depth implies a water volume 
to sediment surface area high ratio, which may play an 
important role in top-down or bottom-up regulation of the 
limnology of shallow lakes (Vadeboncoeur et  al. 2001; 
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Søndergaard et al. 2003; Janse et al. 2008; Harrault et al. 
2014). The regime shift of freshwater aquatic ecosystems 
is highly dependent on the bioavailability of phosphorus in 
the water column, although phosphorus levels are modulated 
by the interaction with iron and sequestered in the sediment 
depending on environmental conditions (Gebremariam et al. 
2021; Li et al. 2021). Sediments are a reservoir of nutrients, 
metals, and other elements that are several orders of magni-
tude higher than in the water column; thus, a small alteration 
of the equilibrium of the sediment–water interface can lead 
to drastic geochemical changes in water composition, greatly 
impacting the structure of biological communities (Hupfer 
and Dollan 2003; Kim et al. 2003; Nowlin et al. 2005; Zhu 
et al. 2013). In addition, metal bioavailability has important 
repercussions at the level of the entire food web (Janssen 
et al. 2021).

Shallow lakes are highly productive ecosystems that sup-
port a major aquatic and terrestrial biodiversity, even despite 
the small dimensions of some lakes, but they maintain a 
fragile balance that can be altered by an increase in nutrients 
leading to a regime shift, with a high loss of biodiversity and 
deterioration of ecosystem services (Declerck et al. 2005). 
Shallow wetlands are especially important in bird conserva-
tion because of their crucial role in supporting waterbirds 
populations and biodiversity, or as favourable migration or 
breeding habitat for many bird species (Kleijn et al. 2014; 
Zhang et al. 2015; Gaget et al. 2020), although the influence 
of birds on the trophic status of shallow wetlands is still 
widely unknown (Dejoux 1983; Gere and Andrikovics 1992; 
Suter 1994; Hansson et al. 2010).

Currently, global change entails an alteration in the cli-
matic parameters that affect hydrological regimes and tem-
peratures in wetlands worldwide (Foley et al. 2012; Jeppesen 
et al. 2014; Yankova et al. 2017; Maberly et al. 2020; Wool-
way et al. 2021). Therefore, unravelling the complex abi-
otic and biotic interactions that regulate biogeochemical 
cycling of nutrients and metals in the different geochemi-
cal compartments of lake ecosystems is a major challenge, 
especially due to the spatial heterogeneity in the distribution 
of macrophytes and the large seasonal fluctuations in the 
chemical conditions of the water column. For this reason, the 
role of sediment in the complex regulation of nutrients and 
metal mobility in freshwater aquatic ecosystems has been 
studied by monitoring an unpolluted shallow coastal lake in 
Galicia (NW Iberian Peninsula).

Study area

Xuño Lake is located in the town of Porto do Son (A 
Coruña, Galicia) (UTM 29 T 496856 X, 4,720,099 Y; 
Datum ETRS89) in the NW Iberian Peninsula (Fig. 1). 
It is a shallow freshwater coastal lake with an area of 

2.67 ha and a maximum depth of 2 m. The lake is fed by a 
478.6 m-long freshwater stream and experiences a severe 
drop in water levels during the summer, even drying out 

Fig. 1   Location of the Xuño shallow coastal lake (Galicia, NW Ibe-
rian Peninsula): a Detail of the lake, the areas dominated by helo-
phytes and the sampling points: L1—area dominated by P. aus-
tralis, L2—area dominated by S. lacustris, L3—open water area, 
R—stream, and C—lake channel; b, c area of the Xuño Lake hydro-
logical basin, b aerial orthophoto (PNOA 2010) and c terrain eleva-
tion model (LiDAR 2008–2015) (Spanish National Center for Geo-
graphic Information (CNIG): https://​www.​ign.​es/​web/​gl/​qsm-​cnig)

https://www.ign.es/web/gl/qsm-cnig
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completely in some years depending on seasonal rainfall. 
Xuño Lake is perched atop elevated raised granite prom-
ontory at an altitude of 5.5 m a.s.l. closed by the forma-
tion of a sand dune; thus, it is a back-barrier perched lake, 
according to the typology described by Sáez et al. (2018), 
and it drains through a short stream across the dune into 
the long channel of the nearby Muro Lagoon. The basin 
of the lake, with a total area of 52.63 ha, is dominated by 
of schists and paragneisses, although the lake is located 
on a small Holocene alluvial plain (IGME1981). Land use 
comprises a mosaic of suburban areas (5.71%), groups 
of small agricultural plots (36.27%), forest plantations 
(Pinus spp., Eucalyptus spp.) (31.48%), and renaturalized 
areas (21.47%) around the Xuño Lake (Fig. 1).

Xuño Lake corresponds to Habitat 3130, Oligotrophic 
to mesotrophic standing waters with vegetation of the 
Littorelletea uniflorae, and 3150 Natural eutrophic lakes 
with Magnopotamion or Hydrocharition-type vegetation 
(European Union Habitats Directive 92/43/CEE 1992), 
and it is included in the Natura 2000 Network, protected 
by the Corrubedo Wetland Complex Special Area of Con-
servation ZEC ES1110006 (Decree 37/2014). Its shallow 
depth allows for the development of macrophytic vegeta-
tion across the lake’s surface during the summer. The 
aquatic vegetation is dominated mainly by hydrophytes 
Nymphaea alba, Potamogeton trichoides, and Utricularia 
australis, while the shoreline is dominated by helophytes 
Phragmites australis, Typha latifolia and Schoenoplectus 
lacustris; in addition, Littorella uniflora is abundant in 
the shallow edge areas with great seasonal fluctuations 
in water level.

Materials and methods

Xuño Lake was monitored at five sampling points. Three 
of these points were located on the lake in the deepest 
zone according to the different vegetation zones (Fig. 1): 
two points in areas dominated by helophytes Phragmites 
australis (Cav.) Trin. Ex Steud. (L1) (UTM 29 T 496842 
X, 4,720,141 Y; ETRS98) and Schoenoplectus lacus-
tris (L.) Pallas (L2) (UTM 29 T 496785 X, 4,720,150 
Y; ETRS98) and another point in the open water zone 
dominated by hydrophytes (L3) (UTM 29 T 496800 X, 
4,720,135 Y; ETRS98). The two remaining sampling 
points were located in the tributary stream that feeds the 
lake I (UTM 29 T 496952 X, 4,719,955 Y; ETRS98) and 
in the lake’s drainage channel(C) (UTM 29 T 496704 
X, 4,720,138 Y; ETRS98). Points were sampled season-
ally three times a year (i.e., in the winter, spring, sum-
mer–autumn) from autumn 2009 to autumn 2011.

Water analyses

Water chemical analyses

Temperature (ºC), pH, electrical conductivity (E.C.) (µS 
cm−1), salinity (‰), oxygen saturation percentage (%), and 
redox potential (Eh) (mV) were measured in situ using 
a Hanna HI9828 multiparametric probe. Salinity ranges 
were established according to The Venice System for the 
Classification of Marine Waters According to Salinity 
(1959). Water sampling stations for chemical analyses 
were located at 0.5 m depth in the water column. Water 
samples were collected with 1 L Teflon bottles and divided 
into subsamples for the different laboratory analyses; sub-
samples were stored at 4 °C and avoiding direct sunlight.

Biochemistry Oxygen Demand (BOD5) was measured 
in the laboratory on the day of collection using an OxiTop 
Box (WTW). Water samples for nutrient determination 
(NO3

−, NO2
−, NH4

+, PO4
3−) were stored in 50 mL bottles 

and frozen at – 20 °C until analysis. In addition, water 
samples for the determination of dissolved organic car-
bon (DOC), alkalinity, major anionic ions (SO4

2−, Cl−), 
sodium (Na+) and total suspended solids (TSS) were stored 
in 150 mL bottles at 4 °C, avoiding direct sunlight. DOC 
(mg L−1)—analyzed using a Systea-Flowsys equipment—
alkalinity (meq L−1) and nutrients in water (NO3

−, NO2
−, 

NH4
+, PO4

3−) (mg L−1) were analyzed using standard 
colorimetric methods (Hansen and Koroleff 1999). Major 
anionic ions (SO4

2−, Cl−) (mg L−1) were analyzed using a 
Dionex 4500I Ion exchange chromatographer. Sodium was 
analyzed using a 7900 × Agilent ICP-MS at the University 
of Santiago de Compostela’s research services (Red de 
Infraestructuras de Apoyo a la Investigación y al Desar-
rollo Tecnológico; RIAIDT-USC).

Total suspended solids (TSS) (mg L−1) in water were 
determined by filtering 100 mL in water volume through 
GF/F filters and calculating the difference in weight between 
the filters before and after drying at least 1 h at 104 °C.

Water samples were taken in the lake and outlet chan-
nel in spring of 2010 for trace metal determination were 
stored in 50 mL teflon bottles and pre-acidified with 0.02 
N nitric acid (pH < 2) at 4 °C and avoiding direct sunlight. 
Trace metals and metalloids in water (i.e., As, Cd, Co, Cr, 
Cu, Fe, Hg, Mn, Mo, Na, Ni, Pb, Se and Zn) were analyzed 
using a 7900 × Agilent ICP-MS at the University of Santiago 
de Compostela’s research services (Red de Infraestructuras 
de Apoyo a la Investigación y al Desarrollo Tecnológico; 
RIAIDT-USC).

Measurement precision was assessed by relative standard 
deviation (RSD), which remained lower than 5%. Detection 
limits, expressed as three times the standard deviation of 10 
replicate measurements of reagent blanks, were 1 mg L−1 
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for DBO5, 0.01 mg L−1 for DOC, 0.04 mg L−1 for nitrate, 
0.01 mg L−1 for nitrite, 0.02 mg L−1 for ammonium, 0.02 mg 
L−1 µM for phosphate and 0.01 µg L−1 for trace metals.

Water microbiological analyses

Water samples for microbiological analyses were taken at 
0.5 m depth in the water column and stored in 2 L sterile 
bottles at 4 °C, avoiding direct sunlight, until analysis in 
the laboratory. Water samples were filtered (0.45 µm pore 
size, 47 mm diameter; Whatman® nylon membrane filters) 
to quantify total coliforms, fecal coliforms and fecal strep-
tococci over a range of dilutions via standard membrane 
filtration methods according to the European Union Direc-
tive (2006/7/CE).

Sediment analyses

Grain size analysis and chemical analysis

Bottom sediments were taken by extracting cores from lake 
sampling points L1–L3 using PVC tubes: two cores with a 
length of 50 cm and a diameter of 10.3 cm were collected at 
points L1 P. australis vegetated and L2 S. lacustris, and one 
core with a length of 110 cm and a diameter of 4.5 cm was 
collected at open-water point L3 point. The cores were kept 
tightly closed and in an upright position during transport to 
the laboratory and subsequently opened in half and sampled 
at 2.5 cm-thick levels. Samples from each hemicylinder were 
ground after drying in an oven at ~ 40 ºC for 48 h or storage 
at – 20 ºC, respectively.

pH and redox potential were determined on wet sediment 
samples within 24 h of collection using a micro pH 2000 and 
a GLP31 Crison device, respectively. Total carbon (TC) and 
sulfur (TS) contents were determined from dry ground sedi-
ment samples using a Leco CS144DR combustion elemental 
analyzer. Grain sizes were determined on a 2 g dry sediment 
subsample by sieving through 2–0.05 mm mesh sizes for the 
sandy fraction and < 0.05 mm for the fine fraction (silts and 
clays), respectively.

Metals

Chemical speciation of metals iron (Fe), manganese (Mn), 
copper (Cu) and cobalt (Co) was determined by a sequen-
tial extraction process according to Otero et al. (2000, 2005, 
2009) and Otero and Macías (2003) on 2 g wet sediment 
samples to avoid disturbance of the reduced forms, a modi-
fication from the combination of methodologies by Tessier 
et al. (1979), Fortin et al. (1993) and Huerta-Díaz and Morse 
(1990). Metals in the different fractions were measured on 
the supernatant recovered after chemical attack by serial cen-
trifugation at 1200×g for 30 min at 4 ºC (Tessier et al. 1979).

–	 Metal fraction 1 (F1) is associated with mobile and inter-
changeable metals. This fraction was extracted from 2 g 
of wet sediments by adding 30 ml 1 M MgCl2 (pH = 7) 
and shaking for 30 min (Tessier et al. 1979).

–	 Metal fraction 2 (F2) is associated with carbonates. This 
fraction was extracted from the pellet of the previous F1 
sample by adding 30 ml 1 M sodium acetate (pH = 5) and 
shaking for 5 h (Tessier et al. 1979).

–	 Metal fraction 3 (F3) is associated with iron oxides and 
hydroxides, both crystalline (i.e., goethite and hematite) 
and amorphous (i.e., lepidocrocite, ferrihydrite). This 
fraction was extracted from the pellet of the previous 
F2 sample by adding a 1:1 dissolution of 20 ml 0.25 M 
sodium citrate and 11 M sodium bicarbonate with 3 g 
sodium dithionite and shaking for 30 min at 75 ºC (Fortin 
et al. 1993).

–	 Metal fraction 4 (F4) is associated with pyrite. Fe asso-
ciated with silicates and organic matter were previously 
removed from the F3 sample pellet by two successive 
acid treatment steps: (i) the sample was treated with 10 M 
HF and shaken for 16 h, then treated with H3BO3 and 
shaken for 8 h; (ii) the sample was treated with H2SO4 
and shaken for 2 h. Finally, F4 was extracted by adding 
10 ml of HNO3 and shaking for 2 h, after which 15 ml of 
bi-distilled water were added (Otero et al. 2023).

Iron, manganese, copper and cobalt contents of each frac-
tion were determined by spectroscopy, according to Bru-
land et al. (1979). Fe and Mn were measured using a Perkin 
Elmer 1100B flame atomic absorption spectrometer. Cu and 
Co were measured using a Perkin Elmer 4110ZL graphite 
furnace atomic absorption spectrometer. Detection limits, 
expressed as three times the standard deviation of 10 rep-
licate measurements of reagent blanks, were 0.03 µmol g−1 
for Fe, 5 nmol g−1 for Mn and 0.1 nmol g−1 for Cu and Co.

Phosphorus speciation

Phosphorus adsorbed on Fe–Mn oxides and Al–silica clay 
oxides was extracted jointly with NaOH (Ann et al. 2000a, 
2000b; Schlichting et al. 2002; Hogan et al. 2004), a modi-
fication of the original method according to Paludan and 
Jensen (1995) and Paludan and Morris (1999). The P content 
in sediment samples, measured as soluble P after chemi-
cal extraction of fractions, was analysed using a Helios γ 
Thermo Spectronic spectrophotometer according to standard 
colorimetric methods (Hansen and Koroleff 1999). P in the 
different fractions was measured on the supernatant recov-
ered after subjecting 2 g of wet sediment sample to chemical 
attack by serial centrifugation at 1200×g for 30 min at 4 ºC.

Fraction 1 (F1) is soluble and adsorbed P. A 2 g wet sedi-
ment subsample was treated with 20 ml of MgCl2 1 M and 
shaken for 1 h.
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Fraction 2 (F2) is P adsorbed on Fe oxides and hydrox-
ides. The F1 pellet was treated with a 1:1 dissolution of 
20 ml 0.11 M NaHCO3 and 0.11 M Na2S2O4 and shaken 
for 18 h.

Fraction 3 (F3) is P associated with silica clay minerals 
and Al hydroxides. The F2 pellet was treated with 20 ml 
0.1 M NaOH and shaken for 18 h. Fraction 3B (F3B), P 
associated with humic acids, was extracted to avoid interfer-
ences in colorimetric measurements due to solubilization of 
humic acids in alkaline conditions. A F3 supernatant sub-
sample was treated with 2.5 ml H2SO4 for 12 h; the samples 
were subsequently filtered through an Albert paper and dried 
in a stove at 45 ºC. Once dry, the paper was cut into pieces, 
placed in crucibles and calcined at 520 ºC in a muffle for 
2 h (Holmboe et al. 2001). F3B was extracted using 10 ml 
of boiling 1 M HCL (Paludan and Jensen 1995; Paludan and 
Morris 1999).

Fraction 4 (F4) is P linked to apatite. The F3 pellet was 
treated with 0.5 M HCl and shaken for 1 h.

Fraction 5 (F5) is P associated with refractory organic 
matter. The F4 pellet was dried at 45 ºC in an oven. Once 
dry, the sample was burned in a muffle at 520 ºC for 2 h, 
and the sample was subsequently transferred to a tube with 
10 ml 1 M HCl for 20 min at 100 ºC. Samples were topped 
up to 100 ml with bi-distilled water. 20-ml aliquots were 
collected in plastic tubes and stored at 3 ºC in a refrigerator 
until analysis.

Organic phosphorus

Organic phosphorus was extracted from sediment using 
NaOH–EDTA (Noack et al. 2012). The organic fraction was 
extracted from 1 g of wet sediment by adding 30 ml 0.25 M 
NaOH and 50 mM EDTA and shaking for 16 h. After this 
treatment, the organic extract was recovered by centrifuga-
tion at 900×g for 10 min, and 20 ml of the supernatant were 
transferred to a new tube. Subsequently, 1 ml of 50 mg ml−1 
methylene diphosphonic acid (MDPA) was added as an 
internal standard, and the extract was frozen to -80 ºC and 
freeze-dried until analysis. Organic P speciation was deter-
mined by nuclear magnetic resonance (NMR) spectroscopy 
of 31P (Cade-Menun 2005). 300 mg subsamples from each 
freeze-dried sample were redissolved in 0.3 ml D2O and 
2.7 ml of a 1:1 dissolution of 0.1 M NaOH and 0.1 M EDTA. 
The spectra were obtained using a VNMRS-500-WB NMR 
spectrometer at a frequency of 202.296 MHz and at a tem-
perature of 25 ºC (García-Oliva et al. 2018).

The spectroscopic signals were assigned to the different 
forms of P according to Turner et al. (2003): orthophosphate 
(5.3 ppm), orthophosphate monoesters (3–5.1 ppm), pyroph-
osphate (5.5 ppm) and orthophosphate diester (0–2 ppm). 
Spectra were processed using the MestreNova 8.1.0 program 
(Mestrelab Research Inc., Santiago de Compostela, Spain).

Results

Water chemical and microbiological analyses

The main physico-chemical parameters of the water are 
summarized in Table 1. Freshwater from Xuño Lake did 
not show any seawater intrusion throughout the year, with 
a Na/Cl ratio > 0.86, and were found to be poorly min-
eralized waters with salinity < 0.5‰ and electrical con-
ductivity < 500 µS cm−1 (Fig. 2), except for the summer 
season, when the lack of rain and water inputs from the 
lake basin led to strong evaporation and even to desicca-
tion, with increased salinity levels within the oligohaline 
range (< 2‰) and electrical conductivity < 1000 µS cm−1. 
Major ion concentrations were low (Cl− 47.0–827.5 mg 
L−1; SO4

2− 2.25–26.2 mg L−1; Na+ 29.5–33.4 mg L−1). 
pH range was circumneutral (5.7–7.4) (Table 1; Fig. 2). 
Waters of Xuño Lake were well-oxygenated during the 
rainy season period, as indicated by oxygen concentrations 
of 4–15 mg L−1 and redox potential values (Eh) > 400 mV, 
and showed a low organic load, as indicated by DBO5 
levels fo 0–19  mg L−1 and TOC values < 10  mg L−1, 
although the low water level and high evaporation rate 
at the end of summer caused a period of anoxia, with 
oxygen concentration < 3  mg L−1 and redox poten-
tial < 250 mV (Table 1). Nutrient levels were low all year 
round, both for N (NO3

− < 0.50 mg L−1, NO2
− < 0.06 mg 

L−1, NH4
+  < 0.50 mg L−1) and for P (PO4

3− < 0.050 mg 
L−1), although nitrates were related to the inflow of runoff 
water during the rainy season, while reduced nitrogen and 
phosphates forms were associated with the anoxic period 
during the summer (Table 1). Moreover, trace metal con-
centrations in water were very low < 1 µg L−1 (Table 1).

The microbiological data of the tributary stream are sum-
marized in Table 2. Values were low for aerobic bacteria, 
faecal streptococci, and faecal and total coliforms (Royal 
Decree 817/2015), although an increase was observed in 
the summer, particularly in total coliforms (> 103 UFC 
100 mL−1) and total aerobic bacteria (> 103 UFC mL−1).

Sediment analysis

Grain size and geochemistry of lacustrine sediments

The granulometry of sediments from Xuño Lake showed 
a higher percentage of fine particles (clays and silts) in 
surface levels across the profile, with a drastic increase in 
sand with depth (> 85–90%). This change occurred at a 
depth of 12 cm in the zone dominated by S. lacustris and 
at a depth of 30 cm in the P. australis zone and the central 
open-water zone (Fig. 3).
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Table 1   Summary of the main parameters of the water of Xuño Lake 
(2009–2011): a biochemical oxygen demand (BOD5) (mg l−1), b oxy-
gen concentration (mg l−1), c suspended solids (g l−1), d redox poten-
tial (mV), e alkalinity (meq l−1), f dissolved organic carbon (DOC) 

(mg l−1), g ammonium (mg l−1), h nitrites (mg l−1), i nitrates (mg 
l−1), j phosphates (mg l−1), k chlorides (mg l−1), l sulfides (mg l−1), m 
trace metals in water (µg l−1) (As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, 
Na, Ni, Pb, Se, Zn) (spring 2010)

(a) DBO5 (mg L−1)

Autumn 2009 Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Summer 2011 Autumn 2011

L1 n.a. 0 n.a. 3 n.m 8 9
L2 n.a. 1 n.a. 3 n.a. 19 n.a.
L3 n.a. 0 n.a. 3 n.m n.m n.a.
C n.a. n.a. n.a. n.a. n.a. 3 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. 6

(b) O2 (mg L−1)

Autumn 2009 Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Summer 2011 Autumn 2011

L1 4 13.20 9–80 13.20 n.m 10.08 n.a.
L2 5 13.08 8.63 13.60 n.a. 11.60 n.a.
L3 4 11.94 8.11 13.20 n.m n.m n.a.
C n.a. n.a. 5.37 n.a. n.a. n.a. n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(c) Solids in suspension (g L−1)

Autumn 2009 Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Summer 2011 Autumn 2011

L1 0.02 0.03 0.02 n.a. n.m n.a. n.a.
L2 0.16 0.04 0.04 n.a. n.a. n.a. n.a.
L3 0.18 0.05 0.05 n.a. n.m n.a. n.a.
C n.a. n.a. 0.01 n.a. n.a. n.a. n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(d) Redox potential (Eh) (mV)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1 196 394 414 383 538 n.m 153 180
L2 319 304 411 357 470 335 272 n.a.
L3 231 388 390 345 456 n.m n.m n.a.
C n.a. n.a. n.a. 335 n.a. 290 -6 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(e) Alkalinity (meq L−1 H+)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1 1.30 0.57 0.30 0.99 0.21 n.m 1.44 2.58
L2 1.24 0.56 0.28 0.57 0.42 0.44 2.41 n.a.
L3 1.32 0.60 .30 0.88 0.25 n.m n.m n.a.
C n.a. n.a. n.a. 0.99 n.a. 0.22 0.24 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(f) DOC (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1 20.60 2.27 2.83 4.16 n.a. n.m 11.9 n.a.
L2 22.90 1.33 3.61 2.12 5.86 1.54 12.55 n.a.
L3 2.77 1.06 3.75 5.10 n.a. n.m n.m n.a.



Environmental Earth Sciences (2023) 82:515	

1 3

Page 7 of 24  515

Table 1   (continued)

(f) DOC (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

C n.a. n.a. n.a. 7.32 n.a.  < 0.50 6.17 n.a.

R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(g) NH4
+ (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1  < 0.05  < 0.05  < 0.05  < 0.05  < 0.05 n.m  < 0.05 n.a.
L2  < 0.05  < 0.05  < 0.05  < 0.05  < 0.05 0.32  < 0.05 n.a.
L3 0.37  < 0.05  < 0.05  < 0.05  < 0.05 n.m n.m n.a.
C n.a. n.a. n.a.  < 0.05 n.a. 0.32 0.09 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(h) NO2
− (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1  < 0.02  < 0.02  < 0.02 0.02 0.07 n.m 0.02 n.m
L2  < 0.02  < 0.02  < 0.02  < 0.02 0.03  < 0.02 0.03 n.m
L3  < 0.02  < 0.02  < 0.02 0.05 0.08 n.m n.m n.m
C n.a. n.a. n.a.  < 0.02 n.a.  < 0.02  < 0.02 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(i) NO3
− (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1 0.11 0.05 6.26  < 1.00 n.a. n.m 0.75 n.a.
L2 0.11 0.06 4.47  < 1.00  < 1.00 n.a. 0.65 n.a.
L3 0.10 0.06 3.21  < 1.00 n.a. n.m n.m n.a.
C n.a. n.a. n.a.  < 1.00 n.a. 202 6.02 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(j) PO4
3− (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1  < 0.05 0.05  < 0.05  < 0.05  < 0.05 n.m  < 0.05 n.a.
L2 0.05 0.05  < 0.05 0.14 0.14 0.14  < 0.05 n.a.
L3 0.05  < 0.05  < 0.05 0.85 0.05 n.m n.m n.a.
C n.a. n.a. n.a.  < 0.05 n.a. 0.18  < 0.05 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(k) Cl− (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1 137 828 47.2 67.5 95.8 n.m 200 n.a.
L2 145 82.3 47.0 58.1 94.8 134.0 257 n.a.
L3 119 86.7 47–5 63.0 101 n.m n.m n.a.
C n.a. n.a. n.a. 251.97 n.a. 2636 68.8 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.



	 Environmental Earth Sciences (2023) 82:515

1 3

515  Page 8 of 24

The TC and TS content in sediments were determined 
by granulometry: in both cases, values were higher in 
the upper levels, with a higher proportion of fine frac-
tions. No seasonal differences were observed in TC and 
TS contents in sediment profiles. TC ((1.0) 6.0–36.5%) 
and TS content (0.31–1%) were higher in the upper lev-
els but drastically stabilized around the minimum values 
(TC < 0.5%, TS < (0.1) 0.2%) in deep layers, consistently 
with the higher proportion of sands, although this stabili-
zation occurred more progressively in the vegetated zone 
dominated by S. lacustris (Fig. 4). TS content showed an 
increase in the lower levels in all the profiles and in the 
intermediate levels in the case of the central zone, consist-
ently with the presence of black mottles that corresponded 
to iron sulfides, pyrite (FeS2) or pyrite metastable forms 
(FeS and Fe2S3) (Fig. 4). The S:C ratio was low in all 
profiles and values were within the range of freshwater 
sediments (Fig. 5).

The pH value of the reaction (pH) showed mean circum-
neutral values ranging from slightly acidic (4.6) to alkaline 
(8.3), as summarized in Fig. 6. pH values were slightly 
acidic, showing a drastic increase to slightly alkaline val-
ues at a depth of 60–80 cm in the central zone and at a 
depth of 20–25 cm in the S. lacustris zone. However, pH 
remained stable at slightly acidic values (5.3–7.0) in the 
P. australis zone. Redox potential (Eh) ranged between 0 
and 450 mV, with minimum values in winter and increasing 
values towards autumn; black mottles were also detected in 
deep levels, with lower redox potential values in all profiles 
(Fig. 6). Electrical conductivity (E.C.) showed higher val-
ues surface levels of the profiles, stabilizing around mini-
mum values in the deeper levels in all the profiles. Electrical 

conductivity (E.C.) fluctuated between 0.04 and 3.45 dS 
m−1, with higher values in the upper levels of the central 
zone than in vegetation zones dominated by helophytes S. 
lacustris and P. australis. Moreover, the highest values were 
found in the upper levels for all profiles, stabilizing around 
minimum values in the deeper levels regardless of season-
ality (Fig. 6). Seasonal fluctuations in E.C. in the upper 
levels were wider in the central zone than in the vegetated 
zone dominated by helophytes; in the upper levels, values 
decreased seasonally from spring to autumn in the central 
zone but showed no oscillations in the vegetated zones domi-
nated by both helophytes. pH, electrical conductivity (E.C.) 
and redox potential (Eh) values showed a marked change in 
lower levels in all profiles, specifically at a depth > 50 cm in 
the central zone and > 20 cm in the vegetated zones domi-
nated by both helophytes.

The proportion of clay fraction and organic matter was 
inverse with depth of the sedimentary profile. Fractions F3 
and F5 of P, F2 and F3 of Fe, and F2 of Cu show higher 
values with the increasing percentage of clay fraction in the 
sediment. F1 and F3 of Fe, F1–F3 of Mn and all fractions of 
Cu and P, except for F4 of P, showed a with the increasing 
of organic matter (TC, TS) in sedimentary profiles. F1 of Fe 
showed a positive correlation with all fractions of P, with the 
exception of F4. In addition, F4 of P (apatite), Fe and Mn 
(pyrite) showed higher values with the increasing proportion 
of sand fraction in the sediment.

Phosphorus dynamics in sediments

Phosphorus concentration in the central zone was as 
follows: F5 = F3B > F3 > (F4 > F2 > F1). The results 

Table 1   (continued)

(l) SO4
2− (mg L−1)

Autumn 2009 Autumn 
(after rain)

Winter 2010 Spring 2010 Autumn 2010 Winter 2011 Spring 2011 Autumn 2011

L1 2.43 3.76 10.53 7.00 22.76 n.m 23.10 n.a.

L2 2.25 3.38 9.98  < 2.50 21.31 12.05 18.30 n.a.
L3 2.29 3.40 9.05  < 2.50 26.22 n.m n.m n.a.
C n.a. n.a. n.a. 19.37 n.a. 538 6.78 n.a.
R n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

(m) Trace metals (Spring 2010) (µg L−1)

As Cd Co Cr Cu Fe Hg Mn Mo Na Ni Pb Se Zn

L1 0.98 0.016 0.05 0.18 0.53 5.56 0.15 6.75 0.19 30,828.55 0.29 0.05 0.33 2.99
L2 0.61 0.022 0.06 0.19 1.10 15.66 0.14 25.78 0.23 29,466.36 0.21 0.01 0.23 1.13
L3 1.09 0.011 0.10 0.18 1.54 10.71 0.11 48.96 0.19 33,354.48 0.66 0.12 0.21 1.09
C 0.80 0.028 0.08 0.27 2.03 19.79 0.14 36.83 0.14 86,052.51 0.32 0.07 0.51 1.38
R
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showed that phosphorus was mainly associated with 
F5, refractory organic matter, and F3B, humic acids. F5 
showed a peak concentration of 2.2–24 µmol  g−1 (sum-
mer)/12–27.8 µmol g−1 (autumn) in the upper levels, with a 
higher proportion of fine fractions at a depth < 20 cm, with 
a steep decline < 3 µmol g−1 in the lower levels, at a depth 
of > 20 cm. F3B showed a peak of P overlapping with F5 
in upper levels, with high values [5–21.8 µmol g−1 (sum-
mer)/12.3–25.8 µmol  g−1 (autumn)] at a depth < 20 cm, 
with a steep decline < 1 µmol g−1 in the lower levels, at a 
depth of > 20 cm. F3 had maximum values of 2 µmol g−1 on 
the surface with but dropped abruptly to < 0.05 µmol g−1 in 
depth. F4 showed low concentrations (< 2 µmol g−1) along 
all profiles, but unlike the other fractions, the highest values 
were found in the lower levels of profiles: 0.9 µmol g−1 at 
a depth of 72 cm and 1.2 µmol g−1 at a depth of 101 cm. 
F2 and F1 showed very low concentrations: < 0.5 µmol g−1 
(summer)/ < 2.25 µmol g−1 (autumn) and < 0.05 µmol g−1, 
respectively, although values decreased to < 0.1 µmol g−1 at 
a depth > 10 cm (Fig. 7).

The 31P NMR spectra showed that the dominant form 
of P extracted with NaOH–EDTA in the central zone was 
monoester phosphorus (381–544 mg  kg−1) > orthophos-
phate (399–414  mg  kg−1) > diester phosphorus 
(10–147 mg kg−1) > pyrophosphate (7–44 mg kg−1), both 
on the surface and in depth in sedimentary profiles. Phos-
phorus extracted with NaOH–EDTA in sediments from the 
P. australis zone showed the same pattern as those from the 
central zone; however, in the S. lacustris zone, orthophos-
phate was predominant (52–541 mg  kg−1), followed by 
monoester phosphorus (287 mg kg−1), diester phosphorus 
(< 25 mg kg−1), and pyrophosphate (< 10 mg kg−1) (Fig. 7).

Iron dynamics in sediments

Iron (Fe) concentration in the central zone and in the 
zones dominated by both helophytes was as follows: 
F3 > F2 > F1 > F4, with higher contents of all iron fractions in 
the upper levels of all profiles. Seasonally, iron concentration 
of fractions F1, F2 and F4 decreased from spring to autumn, 
although F3 showed a high increase in all profiles (Fig. 8).

Fig. 2   Spatial and temporal variation of the main chemical parame-
ters in the water of Xuño Lake (2009–2011): a salinity (‰), b electri-
cal conductivity (E.C) (µS cm−1) and c pH at the sampling points in 
Xuño Lake

Table 2   Summary of microbiological data from the water of Xuño Lake (2010–2011): total coliforms, faecal coliforms, faecal Streptococci, and 
total aerobic bacteria (25 ºC/37 ºC)

Date Total Coliforms Faecal Coliforms Faecal Streptococci Total aerobic (25 ºC) Total aerobic (37 ºC)
(UFC 100 ml−1) (UFC 100 ml−1) (UFC 100 ml−1) (UFC ml−1) (UFC ml−1)

05/2010 13 66 30 6.6 × 102 5.5 × 102

10/2010  > 104 190 290 2.5 × 103 2.7 × 103

10/2011 21 540 69  > 104 6.8 × 103
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The values in the P. australis zone were as follows: F1: 
2–30 µmol g−1 (< 17 cm) and 0.01–0.11 µmol g−1 (> 17 cm); 
F2: 3–37 µmol g−1 (< 17 cm) and < 2 µmol g−1 (> 17 cm); 
F3: 240–628  µmol  g−1 (< 17  cm) and < 3  µmol  g−1 
(> 17  cm); and F4: 0.25–0.64  µmol  g−1 (< 8  cm) and 
0.01–0.15 µmol g−1 (> 8 cm). F3 showed a high increase, 
with a subsurface peak up to 628  µmol  g−1 (< 17  cm) 
towards the autumn. In addition, F1 and F2 had a maximum 
peak of 0.84 µmol g−1 at a depth of 10–20 cm, while F4 had 
an increase up to 0.15 µmol g−1 at lower levels towards the 
autumn (Fig. 8).

As for the S. lacustris zone, the values were the fol-
lowing: F1: 0.14  µmol  g−1 (< 10  cm), with subsurface 
maximum values and 0.01–0.02 µmol g−1 (> 10 cm); F2: 
6–25 µmol g−1 (< 10 cm) and < 4 µmol g−1 (> 10 cm); F3: 
284–296 µmol g−1 (< 10 cm) and 9–79 µmol g−1 (> 10 cm); 
and F4: 0.1–0.36 µmol g−1 (< 3 cm) and 0.01–0.04 µmol g−1 
(> 3 cm). F3 showed a high increase towards the surface, 
with a peak of up to 500 µmol g−1 (0–22.5 cm) in autumn 
(Fig. 8).

The central zone showed the following values: F1: 
0.38–69 µmol g−1 (< 25 cm), with a subsurface maximum 
and 0.17–3.10 µmol g−1 (> 25 cm); F2: 20–88 µmol g−1 
(< 25 cm) and < 5 µmol g−1 (> 25 cm), with slight, irregular 

increases between 40 and 50 cm; F3: 167–324 µmol g−1 
(< 25  cm) and 2–45  µmol  g−1 (> 25  cm), with slight, 
irregular increases of up to 31 µmol  g−1 (40–50 cm) or 
0.38 µmol g−1 (59–62.5 cm); F4: 0.38 µmol g−1 (< 5 cm) 
and < 0.1 µmol g−1 (> 5 cm), although with a seasonal peak 
of 164 µmol g−1 in spring in the lower levels (45–50 cm). 
F2 and F3 showed peaks towards the sediment surface, up 
to 424 µmol g−1 for F3 (0–1 cm). Conversely, F1 and F4 
showed peaks in depth: F1 with 0.31 µmol g−1 at 38 cm and 
F4 with 49 µmol g−1 at 38 cm and with an abrupt decrease 
of 0.17 µmol g−1 at 50.5 cm (Fig. 8).

Manganese dynamics in sediments

Manganese (Mn) concentrations in the central zone and in 
the zones dominated by both helophytes were as follows: 
F1 = F3 > F2 > F4, with higher contents of all manganese 
fractions in the upper levels with greater proportions of fine 
for all profiles: central zone at a depth < 22.5(27.5) cm, P. 
australis zone at a depth < 17 cm and S. lacustris zone at 
a depth < 10 cm. Seasonally, F1 was dominant in the area 
covered by P. australis, while F3 was dominant in the central 
zone and in the area covered by S. lacustris in the sedimen-
tary profiles (Fig. 9).

Fig. 3   Grain size analysis of 
sediment profiles from Xuño 
Lake against depth in the three 
sampling points within the lake: 
L1—P. australis area, L2—S. 
lacustris area and L3—open 
waters
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In the P. australis zone, in the upper levels of the pro-
files (< 17 cm), concentrations of manganese were: F1: 
180–1270  nmol  g−1 (spring)/30–110  nmol  g−1 (sum-
mer–autumn), with 10–14  nmol  g−1 in the lower lev-
els; F2: 30–80  nmol  g−1 (spring)/85–144  nmol  g−1 
( s u m m e r – a u t u m n ) ;  F 3 :  3 3 0 – 4 0 0   n m o l   g − 1 
(spring)/430–720  nmol  g−1 (summer–autumn), with 
10–59 nmol  g−1 in the lower levels; F4: < 0.1 nmol  g−1 
throughout the whole profile (Fig. 9).

The values in the S. lacustris zone were as follows: F1: 
310–2723 nmol g−1, with < 53 (100) nmol g−1 in the lower 
levels (spring)/16(86)–1184 nmol g−1 (summer–autumn); 
F2: 173–474 nmol  g−1, with < 10 nmol  g−1 in the lower 
levels (spring)/21–219  nmol  g−1 (summer–autumn); 
F3: 424–578 nmol g−1, with < 121 nmol g−1 in the lower 
levels (spring)/168–2946  nmol  g−1 (summer–autumn), 
with < 6 nmol g−1 (summer)/27–39 nmol g−1 (autumn) in the 
lower levels; F4: < 15 nmol g−1 (summer) or < 5 nmol g−1 
(autumn) in the upper levels and < 0.1 nmol g−1 throughout 
the profile in the lower levels (Fig. 9).

In the central zone, ain the upper levels of the pro-
files (< 22.5(27.5) cm), the manganese concentrations 
showed the following values: F1: 357–4552  nmol  g−1 
(spring)/79–1381 nmol g−1 (summer–autumn) (< 22.5 cm) 

Fig. 4   Spatial and temporal variation of a–c total carbon (TC) and 
d–f total sulphur (TS) contents in sediment profiles from Xuño Lake 
against depth in the three sampling points within the lake and in three 

different seasons (spring, summer and autumn 2011): L1—P. austra-
lis area, L2—S. lacustris area and L3—open waters

Fig. 5   Relationship between total S and total organic C in sediments 
from Xuño Lake in the three spatial sampling points (i.e., L1—P. 
australis area, L2—S. lacustris area and L3—open water). The solid 
black lines represent the typical relationship for modern marine sedi-
ments (C:S = 2.8 ± 1.5, Berner 1982; Berner and Raiswell 1984), 
while the dotted line represents the same relationship for euxinic 
environments and the dot–dashed line represents the typical relation-
ship in freshwater environments with low sulphate concentrations 
(Leventhal, 1995)



	 Environmental Earth Sciences (2023) 82:515

1 3

515  Page 12 of 24

Fig. 6   Spatial and temporal 
variations in pH, redox potential 
(mV) and electrical conductiv-
ity (EC) (µS cm−1) in sediment 
profiles from Xuño Lake against 
depth in the three sampling 
points within the lake and in 
three different seasons (spring, 
summer and autumn 2011): 
L1—P. australis area, L2—S. 
lacustris area and L3—open 
waters
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with 25 nmol g−1 in lower levels; F2: 108–352 nmol g−1 
(spring)/163–3459 nmol g−1 (summer–autumn) (< 22.5 cm); 
F3: 185–569 nmol  g−1 (< 27.5 cm)/200–3758 nmol  g−1 
(summer–autumn); F4: < 0.1 nmol g−1 throughout the pro-
file. The lower levels with a higher proportion of sand had 
manganese values < 1 (5) nmol g−1, with the exception of 
F4, with a peak up to 48 nmol g−1 at a depth of 88.5 cm in 
summer and 100 nmol g−1 at a depth of 47 cm in autumn 
(Fig. 9).

Copper and Cobalt dynamics in sediments

Copper (Cu) concentrations in the central zone were as fol-
lows: F4 (high in spring)/F3 (high in summer) > F1 > F2, 
with a higher content of all Cu fractions in the upper lev-
els with higher proportions of fine fractions in all profiles. 
Cu showed a high degree of pyritization in spring but it 
decreased in summer; therefore, Cu showed a different 
dynamic than Fe and Mn (Fig. 10).

Copper (Cu) concentrations in the upper levels of the pro-
files were the following: F1: < 0.1 nmol g−1 up to < 37.5 cm), 
with irregular increases 42.5–62  cm and a peak of 
78 nmol  g−1 at a depth of 47.5 cm; F2: < 8.7 nmol  g−1 
(spring)/ < 3 nmol  g−1 (summer) throughout the profile; 
F3: 13–27 nmol g−1 (< 22.5 cm) (spring)/48–202 nmol g−1 
(summer), with a steep decline < 5 nmol g−1 throughout the 
profile; F4: 390 nmol g−1 (< 10 cm) (spring)/ < 70 nmol g−1 
(< 22.5  cm) (summer), with a steep decline up to 
7–13 nmol  g−1 at a depth of 12.5–22.5 cm and a slight 
increase up to 33 nmol  g−1 at a depth of 42.5–47.5 cm 
(Fig. 10).

Cobalt (Co) showed the highest concentrations in F3: 
1.5–19 nmol  g−1 (< 50 cm) (spring)/8.7–20.4 nmol  g−1 
(< 20 cm) (summer) in the upper levels with the highest 
proportion of fine fractions and < 0.1 nmol g−1 in the lower 
levels (Fig. 10). Co concentrations in F1, F2 and F4 were 
below the detection limit (< 0.1 nmol g−1).

Discussion

Trophic status of Xuño Lake

The composition and parameters of the water in Xuño Lake 
showed values typical of poorly mineralised (0.5 dS cm−1) 
freshwaters in Iberian siliceous rock areas with no marine 
influence (Membiela et al. 1991), although with an increase 
in salinity (2 dS cm−1) and suboxia/anoxia (< 10%) associ-
ated with a water deficit and higher evaporation rates dur-
ing the summer. The small volume and the important sea-
sonal fluctuations in the hydrological regime of Xuño Lake 
make the ecological status of the wetland very sensitive to 
any human disturbance. The concentration of metals and 

metalloids (i.e., As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Na, 
Ni, Pb, Se, Zn) (Table 1) and sediments (i.e., Fe, Mn, Cu, 
Co) (Figs. 8, 9 and 10) showed values below the contamina-
tion threshold: As = 25 µg l−1, Cd = 1–3 µg l−1, Co = 1 µg l−1 
(1.69 109  nmol  g−1 in sediments), Cr = 3.4–4.7  µg  l−1, 
Cu = 5–30 µg l−1 (1.57 109 nmol g−1 in sediments), Fe = no 
limit (179 106 µmol g−1 in sediments), Hg = 0.07 µg l−1, 
Mn = µg l−1 (91 106 µmol g−1 in sediments), Mo = 70 µg l−1, 
Na = no limit, Ni = 4 µg l−1, Pb = 1.2 µg l−1, Se = 1 µg l−1, 
Zn = 5–100 µg l−1 (ATSDR 2004; Bernárdez et al. 2017; 
Smedley and Kinniburgh 2017; Nag and Cummins 2021).

However, Hg shows slightly high levels in the lake and 
channel water (0.11–0.15 µg  l−1), twice the established 
threshold value for Hg in water for human use (0.07 µg l−1) 
(Nag and Cummins 2021), although there are no human 
activities in the Xuño Lake basin that can cause mercury 
contamination. In fact, Hg levels in natural freshwater wet-
lands in the Iberian Peninsula are below 0.05 µg l−1, such as 
the Ebro river (Fernández-Gómez et al. 2012; Sierra et al. 
2017) or unpolluted mountain lakes of the Pyrenees (Duval 
et al. 2023), although mercury concentrations ranging from 
0.01 to 0.10 µg/L have also been reported for unpolluted 
lakes and rivers in Canada (D’Itri 1972).

Mercury (Hg) have a strong affinity with organic com-
pounds and clays suspended; therefore, this causes the 
accumulation of Hg in the sediments and very low levels 
in water (D’Itri 1972; Nag and Cummins 2021). However, 
anoxia in the water column changes the reduction–oxida-
tion conditions favoring the release of Hg from the sedi-
ment (Branfireun et al. 2020), and the Hg levels recorded 
in the water of Xuño Lake in the spring of 2010 can be 
explained by the suboxic conditions in the water column 
(< 10% oxygen saturation) during the summer period, since 
the lake is shallow and has a small volume (Table 1). The 
anoxic conditions of the water limit microbial activity and 
favor the increase of dissolved organic matter (Sobek et al. 
2009; Lau and Del Girogio 2020), as shown by the high 
DOC values in spring–autumn in the Xuño Lake (Table 1) 
and, therefore, also contribute to the increase of Hg in water 
due to its strong affinity for organic compounds. In anoxic 
sediments and water, the bioavailability of Hg are largely 
governed by reactions between Hg(II), inorganic sulfides, 
and natural organic matter (Gu et al. 2011; Hsu-Kim et al. 
2013). However, the Hg levels registered in the water of 
Lake Xuño are the result of natural fluctuations, so they can-
not be considered contamination.

The observed BOD5 and microbial load suggest a high 
input of nutrients of organic origin. However, the chemical 
and microbiological parameters below the contamination 
thresholds in the tributary river, as well as the low popula-
tion density in the lake basin and the absence of wastewater 
discharges, does not allow identifying the origin of the con-
tamination source. The faecal coliform: streptococci ratio 
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ranging from 0.6 to 7.8 indicates a contamination of mixed 
origin. High values > 4.4 indicate faecal contamination of 
human origin, while values < 1 are typical of contamination 
of animal origin (Fraga-Santiago et al. 2019). Values around 
0.6 are associated with avian faecal inputs related to the 
presence of ducks and gulls inhabiting the lake, as the high 
N and P contents in bird faeces can lead to a high distur-
bance of a small wetland ecosystem (Otero and Fernández-
Sanjurjo 1999; Ligeza and Smal 2003; Peña-Lastra et al. 
2022). Phosphorus is especially important to determine the 
trophic status in freshwater environments as the main limit-
ing element (Poikane et al. 2019), because it is immobilized 
in sediments, together with Fe, under oxic conditions, lead-
ing to its reduced bioavailability in water (Blomqvist et al. 
2004). However, the N and P levels of 0.14 mg l−1 in the 
water of Xuño Lake is below the eutrophication thresholds 
(Table 1): 0.3 mg l−1 for TP/phosphates, 5 mg l−1 for nitrates 
and 0.5 mg l−1 for nitrites and ammonium (Poikane et al. 
2019), although studies on multiple lake ecosystems in Ger-
many and the British Isles has established an optimal range 
of 0.011–0.075 mg l−1 TP (Willby et al. 2012; Dolman et al. 
2016; Free et al. 2016).

Sediment biogeochemistry, through bottom-up regulation, 
plays a key role in the trophic status of wetlands as sinks for 
organic matter, nutrient and metals (Benndorf et al. 2002). 
The composition of the Xuño Lake sediments is determined 
by their granulometry, with a higher proportion of fine sedi-
ments in the upper levels (Fig. 3). This entails a high content 
of organic matter (Figs. 4a–c, 5), sulphur (TS) (Figs. 4d–f, 
5), nutrients (P) (Fig. 7) and the main trace metals: Fe, Mn, 
Cu and Co (Table 1; Figs. 8, 9 and 10). In addition, the 
high TC:TS ratio (Fig. 5) indicates that the lake sediments 
were originated from inland water environments (Benndorf 
et al. 2002; Hickey and Gibbs 2009; Sinistro 2010; Carey 
and Rydin 2021).

Low pH and anoxic conditions favour the release of P in 
sediments and its diffusion in the water column (Blomqvist 
et al. 2004). The lowest pH values (4–7) were associated with 
samples with the highest organic matter contents, absence 
of carbonates and presence of metastable Fe sulfides. The 
redox potentials observed in fine texture sediment sam-
ples correspond with suboxic environments and fluctuated 

seasonally between oxic conditions in spring (Eh = 424 mV) 
and strongly reduced conditions (Eh = – 9 mV) in autumn. 
The bottom levels of sediment profiles with lower oxygen 
concentrations and low redox potential values are indicative 
of anoxic conditions, as evidenced by the black specks of 
metastable Fe sulfides and by an intense odor of hydrogen 
sulfide (SH2) (Huerta-Díaz et al. 1998).

Phosphorus in sediments is mainly associated with 
organic matter (F5) and humic acids (F3B), since the high 
annual biomass productivity of macrophytes and suboxic 
conditions lead to enrichment of organic matter in sediments 
(Jeppesen et al. 1997), and organic P, such as orthophos-
phate diesters, can be degraded under anoxic conditions to 
inorganic P that are subsequently uptaken by macrophytes 
(Labry et al. 2002; Turner and Newman 2005; Joshi et al. 
2015; Tu et al. 2019). Secondarily, P associated with clay 
and Al hydroxides (F3) is the following dominant frac-
tion and is highly bioavailable for macrophytes (Paludan 
and Morris 1999; Jiménez-Cárceles and Álvarez-Rogel 
2008; Jiménez-Cárceles et al. 2011; Nóbrega et al. 2014; 
Yu et al. 2022). In fact, both helophyte species, P. austra-
lis and S. lacustris, are very efficient in terms of nutrient 
absorption, especially N and P, and are widely used spe-
cies in the design of artificial wetlands for wastewater treat-
ment (Toet et al. 2005). No differences were observed in P 
content and dynamics in sediments between the open water 
area and helophyte-dominated areas, both with P. australis 
and with S. lacustris. However, there were differences in 
the predominance of organic forms of P in sediments, with 
higher P monoester concentrations in open waters and in the 
P. australis area, while P orthophosphate levels were higher 
in the S. lacustris area (Fig. 7), which may suggest different 
physiological preferences in terms of P uptake from sedi-
ments between both helophyte species (Carrillo et al. 2021).

Metals in sediments

The highest concentrations were in the upper levels of all 
profiles, associated with the highest proportion of fine frac-
tions (Figs. 8, 9 and 10). Vegetation cover or the helophyte 
species present did not alter the spatial distribution of Fe and 
Mn levels in sediment profiles (Figs. 8, 9). F3, associated 
with Fe oxides and hydroxides, was the predominant one for 
Fe and Co in sediments from Xuño Lake.

The drop in water level in the central zone towards the 
summer generates oxic conditions (Eh > 350 mV) in the 
water and in surface sediment due to the high photosynthetic 
activity. The greater aeration of the system causes the oxida-
tion of reduced Fe forms, which in turn leads to an increase 
in Fe(III) oxyhydroxides in the surface portion of the sub-
strate, to the clear detriment of the contents of exchangeable 
Fe and Fe sulfides, in comparison with the results obtained 
in the maximum water level period during the spring.

Fig. 7   Spatial and temporal variations in P content (µmol g−1) in 
sediment profiles from Xuño Lake against depth in 2011: a P content 
in open water sediment profiles of Xuño Lake against depth in two 
different seasons (spring and summer): F1—soluble and adsorbed 
P; F2—P adsorbed on Fe oxides and hydroxides; F3—P associated 
with silica clay minerals and Al hydroxides; F3B—P associated with 
humic acids; F4—P linked to apatite; F5—P associated with refrac-
tory organic matter; b content of P forms in three sampling points 
within the lake (L1—P. australis area, L2—S. lacustris area and 
L3—open waters); and c 31P NMR spectrum obtained for the organic 
P fraction of the sediments in the soluble fraction extractable with 
NaOH–EDTA

◂



	 Environmental Earth Sciences (2023) 82:515

1 3

515  Page 16 of 24

Fig. 8   Spatial and temporal variations in the contents of different Fe 
fractions (µmol g−1) in open-water sediment profiles from Xuño Lake 
against depth in three spatial sampling points (i.e., L1—P. australis 
area, L2—S. lacustris area, L3—Open waters) and in two different 

seasons (spring and summer 2011): F1—Fe associated with mobile 
and interchangeable metals; F2—Fe associated with carbonates; F3—
Fe associated with iron oxides and hydroxides; and F4—Fe linked to 
pyrite
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Fig. 9   Spatial and temporal variations in the contents of different Mn 
fractions (µmol g−1) in sediment profiles from Xuño Lake against 
depth in three spatial sampling points (i.e., L1—P. australis area, 
L2—S. lacustris area, L3—open waters) and in three different sea-

sons (spring, summer and autumn 2011): F1—Mn associated with 
mobile and interchangeable metals; F2—Mn associated with carbon-
ates; F3—Mn associated with iron oxides and hydroxides; and F4—
Mn linked to pyrite
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However, Fe content in the oxidizable fractions (F1, F2 
and F4) does not explain the 100–300 µmol g−1 increase 
observed in the F3 fraction in summer–autumn in the surface 

portion (Fig. 8). Therefore, we interpret the increase in Fe 
oxyhydroxides that occurs on the sediment surface also as 
a consequence of the oxidation of soluble Fe mobilized 

Fig. 10   Spatial and temporal variations in contents of different frac-
tions of a Cu and b Co (nmol g−1) in sediment profiles from Xuño 
Lake against depth in open waters (L3) and in two different seasons 
(spring and summer 2011): F1—Cu/Co associated with mobile and 

interchangeable metals; F2—Cu/Co associated with carbonates; F3—
Cu/Co associated with iron oxides and hydroxides; and F4—Cu/Co 
linked to pyrite
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through the water table. The high concentrations of Fe 
associated with fractions F1 and F2 compared with those 
observed in intertidal environments (Otero and Macías 
2011) is consistent with the incorporation of Fe(II) into the 
exchange complex or its precipitation as Fe carbonate.

The drop in water level implies the greatest Fe(III) pre-
cipitation from water-soluble Fe concentrates in the deep-
est part of the lake in summer–autumn. Fe(II), under oxic 
conditions (Eh > 400 mV) and circumneutral pH (∼ 7), pre-
cipitates as Fe(III) oxyhydroxide, according to reaction (1). 
This reaction has fast kinetics; therefore, Fe shows a more 
conservative behaviour in sediment than other metals, such 
as Mn (Otero et al. 2009; Caetano et al. 1997).

The pyritic fraction (F4) is in the minority (< 5 µmol g−1), 
both spatially and throughout sediment depth profiles 
(Figs. 4d–f and 8); thus, most sulfur (S) comes from organic 
matter, unlike in the case of lagoons and marshes (Otero and 
Macías 2002, 2003). The factors limiting the formation of 
pyrite in sediments, according to Berner et al. (1979), are the 
following: (i) absence of labile organic matter available to 
sulfate-reducing bacteria (SRB); (ii) availability of reactive 
Fe (hydro-)oxides; and (iii) below-threshold sulfate concen-
trations in water, limiting the metabolic activity of SRBs.

The high content of organic matter (Fig. 4a–c) and Fe 
in sediments (Fig. 8), especially in upper levels, is not a 
limitation for pyrite formation. The high C:S ratio indicates 
that Xuño Lake is a freshwater environment with low sul-
fate levels due to the siliceous lithology of the watershed 
and the absence of marine influence (Table 1; Fig. 5). Sul-
fates in the lake’s waters are very low throughout the year 
(< 25 mg l−1) (Table 1); in addition, values are lower than 
the activity threshold for SRBs (160–288 mg kg−1) in the 
sediment (Boudreau and Westrich 1984; Van Cappellen and 
Wang 1996).

Mn showed differences with Fe in terms of their geo-
chemical dynamics in Xuño Lake (Fig. 9). Mn fractions in 
sediment showed differences between the zone covered by P. 
australis, dominated by F1, and the other two zones, the cen-
tral zone and the zone covered by S. lacustris, which were 
dominated by F3 (Fig. 9). F1, the fraction of interchangeable 
or soluble Mn(II), is a mineral phase that controls the solu-
bility of this element. The solubility of Mn(II) in non-sul-
fate-reducing or suboxic–anoxic environments is controlled 
by carbonates, either by adsorption or coprecipitation with 
calcite in alkaline waters (Middelburg et al. 1987; Mucci 
1988; Böttcher 1998), by S in sulfide–anoxic environments 
(Huerta Díaz and Morse 1992; Otero and Macías 2003).

The alternation of oxic conditions throughout the year, 
the slightly acidic pH and the low alkalinity of water make 
Mn(II) the most stable geochemical form in the lake, 

(1)4 Fe
2+

+ O
2
+ 6 H

2
O → 4 FeOOH + 8 H

+
.

because it remains reduced even under oxic conditions, since 
its oxidation kinetics are very slow, and Mn(IV) oxides and 
hydroxides that have a high surface area and low crystallin-
ity are rapidly reduced by microbial activity (Stumm and 
Morgan 2003; Otero et al. 2009). Mn also has a low degree 
of pyritization in concordance with Fe: Mn pyritization 
becomes important at pyritization degrees higher than 50% 
of free Fe, since Mn sulfides are very soluble and unsta-
ble (Huerta-Díaz and Morse 1992; Otero and Macías 2002; 
2003).

Copper showed differences with Fe and Mn in terms of 
their geochemical dynamics in Xuño Lake (Fig. 10a). F4, 
the Cu fraction linked to pyrite, is the dominant one, with 
pyritization degrees higher than 75% that can be explained 
by the low sulfate contents and the higher affinity of Cu 
for sulfides (Huerta-Díaz and Morse 1992), which displaces 
Fe in pyritization reaction 1.2 (Di Toro et al. 1990). The 
pyritization of Fe and Cu is approximately 1:1 in marine 
sediments; however, the low sulfate content in the freshwater 
Xuño Lake is the main limitation for pyrite formation (Otero 
et al. 2000):

Cobalt is mainly linked to Fe oxyhydroxides (F2) 
(Fig. 10b), although it also forms highly stable sulfides 
(Huerta-Díaz and Morse 1990; 1992), but the low pyritiza-
tion degree is a result of the high solubility of sulfide Co in 
non-oxidant acids, such as hydrofluoric acid. Thus, it could 
have been dissolved by chemical attacks prior to the extrac-
tion of the pyrite fraction (Morse and Luther 1999).

Comparatively, the levels of metals in the sedi-
ment have been as follows: Mn (0–4300 µmol  g−1) > Fe 
(0–600  µmol  g−1) > Cu (0–400  nmol  g−1) > Co 
(0–21 nmol g−1) (Figs. 8, 9 and 10). The levels of Fe, Mn, 
Cu and Co in the vertical profile of the sedimentary record 
are stable below 20–25 cm depth, with the exception in 
spring of Co up to 55 cm depth. The dominant fraction in 
Fe, Mn and Co is F3 (associated with Fe oxides and hydrox-
ides), with the exception of Mn, since the dominant one is 
F1 (interchangeable or soluble) in the P. australis vegetation 
zone. On the other hand, the dominant fraction in Cu is F4 
(pyritic) due to its high affinity for S, although under sum-
mer anoxia conditions the majority fraction is F3.

Conclusions

The Xuño freshwater coastal shallow lake shows an 
eutrophic status due to its high N and P nutrient levels in 
the water column, although nutrient levels do not come from 
the basin based on the low nutrient levels in the tributary 

(2)FeS + Cu
2+

⇔ Fe
2+

+ CuS.
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river. Microbiological data indicate a great contribution 
from bird droppings in terms of nutrient input into water 
in relation to the lake’s small dimensions. The lake’s oxic 
conditions due to its low volume also entail high oxygena-
tion rates in sediment, even in spite of the high evaporation 
rates during summer, leading to decreased water level and 
increased water conductivity. Depth determines the ecology 
of shallow lakes, which can remain well-mixed and oxygen-
ated from surface to bottom over the summer months, while 
the bottom can receive a sufficient amount of sunlight to 
stimulate phytoplankton and aquatic macrophytes. The oxic 
conditions on the sediment surface limit nutrient diffusion 
in the water–sediment interface, especially in the case of P, 
which remains immobilized by Fe in the sediment, as well as 
of trace metals and metalloids, whose levels remain always 
below the contamination threshold, both in waters and in 
sediments. In addition, oxygen saturation regulates the levels 
and bioavailability of Hg in water, and the Hg concentration 
is even high (0.11–0.15 µg l−1) under suboxic conditions 
(5.37–9.80 O2 mg l−1).

The levels of P and metals (i.e., Fe, Mn, Cu, and Co) are 
higher towards the surface of the profile, where oxic condi-
tions keep them immobilized in the sediment. The majority 
fraction of the metals studied in the sediment is bound to 
Fe oxides and hydroxides, with the exception of the pyritic 
under oxic conditions for Cu and the interchangeable/soluble 
fraction for Mn in the P. australis area. The P and trace met-
als studied in sediment profiles are related to the highest pro-
portion of clay fraction and organic matter in these profiles.

Top-down regulation of the water column in the Xuño 
shallow lake mediates the diffusion of nutrients and metals 
at the sediment–water interface, buffering eutrophication 
levels by keeping P immobilized in the sediment under oxic 
conditions like a nutrient pump. However, a change in water 
conditions can cause a release, primarily of P, and lead to a 
regime shift due to eutrophication, because there is no clear 
component or phase controlling nutrient solubility.

The cover of helophyte species P. australis and S. lacus-
tris showed differences in the assimilation of organic 
monoester and diester P forms in the sediment. Therefore, 
due to the high biomass of macrophytes, they play a key 
role in P recycling within the lake. The cover of macro-
phyte species P. australis and S. lacustris does not determine 
metal dynamics in sediment profiles. However, P. australis 
determines the concentration of Mn fractions in sediment, 
possibly due to its high biomass compared with the other 
studied areas.
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