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Abstract
The interactions between phytoplankton, bacteria and resources, irradiance, and nutrients, leading to the

formation of deep chlorophyll maxima (DCMs), are little understood in acid lakes. In “El Sancho” reservoir
(Iberian Pyritic belt, Huelva, Spain), an acid mine drainage impacted waterbody (pH 3.5–4.0), a strong DCM forms
in the metalimnion during the stratification period. The DCM was located always below the 1% irradiance level,
where the decreasing irradiance profile overlapped with a dissolved inorganic carbon concentration (CO2) gradient
decreasing upward from the hypolimnion. The DCM was dominated by the chlorophyte Carteria sp. and showed
the highest volumetric photosynthetic and dark respiration rates. The DCM, however, only contributed around
20% of water column integrated gross primary production, while it accounted for 54–66% of water column chloro-
phyll. The total bacterial abundance correlated significantly with the CO2 concentration (r = 0.74). To test the
hypothesis of a possible dependence of the formation of the DCM in acid lakes on the production of CO2 by
heterotrophic bacteria, a one-dimensional reactive transport model (DCM-CO2) was developed and tested. The
DCM-CO2 model simulated the vertical distribution of chlorophyll (R2 > 0.63) and the vertical profile of CO2

rather accurately (R2 > 0.79), the position of DCM depending on both light penetration and an upward flux of
CO2 produced by hypolimnetic heterotrophic bacteria. Overall, the results support the hypothesis of microbial
degradation of organic matter being a source of CO2 for acid lake primary producers at the DCM.

Deep chlorophyll maxima (DCMs) are subsurface water
layers enriched in chlorophyll commonly found in relatively
nutrient-poor stratified open ocean waters (Cullen 1982;
Huisman et al. 2006; Martin et al. 2010; Latasa et al. 2017)
and lakes (Abbott et al. 1984; Barbiero and Tuchman 2004;
Clegg et al. 2012). Generally, most DCMs result both from a
certain increase in chlorophyll per cell (Latasa et al. 2017) and
from the accumulation of phytoplankton cells, forming deep
biomass maxima (DBMs) as well. Coinciding DCMs and DBMs
can be found at the intersection of two opposite resource

gradients, light from the surface, and nutrients from the bot-
tom (Abbott et al. 1984; Durham and Stocker 2012).

Acid lakes (Nixdorf et al. 1998; Tittel et al. 2003), due to
the high concentration of dissolved metals and low pH in the
water column, are extreme environments with specific biogeo-
chemical characteristics and microbiotas (Nixdorf et al. 1998;
Torres et al. 2014; Corzo et al. 2018). Thus, while in typical
aquatic ecosystems nitrogen and phosphorous are often con-
sidered as the primary limiting nutrients, in acid lakes, carbon
and phosphorous have been suggested as the main nutrients
limiting phytoplankton primary production (Nixdorf et al.
1998). In the epilimnion of these environments, dissolved
inorganic carbon (DIC) is available primarily as carbon dioxide
(CO2), at concentrations near the equilibrium with air as
determined by Henry’s law (Nixdorf et al. 1998; Tittel et al.
2005). However, although phosphates are highly soluble at
low pH, the high concentrations of metals in acid lakes pro-
mote their coprecipitation with Fe(III) oxyhydroxides under
aerobic conditions, reducing their bioavailability for the
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photosynthetic organisms in the water column (Nixdorf et al.
2001). Despite these limitations under extreme conditions,
DCMs have been reported in acid lakes, where chlorophyll a
(Chl a) concentrations may reach about 30 μg L−1 similar to
the values found in eutrophic lakes (Nixdorf et al. 1998).
Therefore, DCMs can contribute significantly to the water
column-integrated primary production in acid environments.
However, the physicochemical and biological processes that
determine and favor the development of DCM and whether
this coincides with a DBM in different aquatic environments
and especially in acid lake settings are still under debate
(Fennel and Boss 2003; Cullen 2015).

El Sancho reservoir (SW Spain), located in Iberian Pyritic
Belt, is a warm monomictic freshwater reservoir that has under-
gone an acidification process over the years (pH 3.5–4.5) due to
ongoing pollution by acid mine drainage (AMD) (Torres et al.
2013, 2014). In summer, during the stratification season, a
sharp DCM appears at the bottom of the photic layer; however,
its ecological characteristics, including the vertical distribution
of phyto- and bacterioplankton, are unknown (Torres et al.
2016). Previously, the microbial community and the limnologi-
cal characteristics have been studied in small pit acidic lakes in
the Iberian Pyritic Belt; however, these systems are not compa-
rable to El Sancho reservoir due to their different origin, small
dimensions, and more extreme conditions (pH < 3) (Sánchez-
España et al. 2012; Santofimia et al. 2013).

Here, we present a detailed description of the conditions
under which the seasonal DCM develops in El Sancho, focus-
ing on the net metabolism of the plankton community and
on the interactions between the main pelagic microbial com-
munities: phyto- and bacterioplankton. We provide field
experimental evidence supporting the hypothesis that bacte-
rial CO2 production in the hypolimnion is an important
source of inorganic carbon contributing to the formation of
the DCM. This hypothesis was tested by a one-dimensional
(1D) reactive transport model, which predicted the photo-
trophic biomass and CO2 vertical distribution as a function of
irradiance and the abundance of heterotrophic bacteria.

Materials and methods
Study site and sampling collection

El Sancho Reservoir (4.27 km2, 58 hm3) was built in 1962. Its
main tributary, the River Meca (pH 2.6) is heavily contaminated
by AMD with high concentrations of trace metals, iron and sul-
fate and is responsible for its acidification (Torres et al. 2013).

Samplings were carried out at one station (37�2704900N,
6�590300W) located at the deepest part of the El Sancho reser-
voir (34.5 m average depth) four times during the stratification
period in 2013 (12th, 18th, and 25th September 2013 and 8th

October 2013) (Supporting Information Fig. S1). Vertical tem-
perature (T, �C), pH, and fluorescence (relative units, r.u.) pro-
files were obtained using a multiparameter probe (Hydrolab
MS5). Photosynthetically active irradiance profiles (PAR)

(μmol photons m−2 s−1) were obtained using a LiCor (Li-1400)
radiometer equipped with a planar probe; the light extinction
coefficient (k) was then calculated (Kirk 1994). Based on the
fluorescence profile, water samples were collected using a
10-liter Van Dorn bottle (7–17 depths).

Sediment cores (n = 8) (Plexiglas tubes, i.d. 5.8 cm, length
60 cm) were collected using a Kajak corer (KC Denmark A/S),
stored on ice (4�C) in the dark, and kept under water at 13�C
overnight once in the laboratory after 4–5 h.

Two independent sets of sediment traps were deployed on
September 12th. In each set, four traps (Plexiglas tubes, i.d. 7 cm,
length 50 cm) were installed between 23 and 25 m and another
four between 31 and 34 m. Traps were left in situ for 28 d.

Water column and sediment analyses
Samples for dissolved oxygen (O2) determination (n = 2 per

depth) were collected and fixed in 12 mL Exetainer tubes (Labco,
UK) following Labasque et al. (2004), stored in darkness at 4�C,
andanalyzedwithin24 h(limitofdetection[LOD]=3.8μmol L−1).
O2 saturation was determined as a function of the water column
temperature according to García and Gordon (1992). High-
resolutionO2 profiles were determined on the 2th and 8thOctober
with a modified MP4 Miniprofiler (UNISENSE, Supporting Infor-
mation Fig. S2). CO2 samples (n = 1 per depth) were collected in
5 mL Exetainer tubes, fixed with 100 μL saturated HgCl2 and
stored in darkness at 4�Cuntil analysis. CO2wasmeasured follow-
ing the setup of Hall and Aller 1992 on an InfraRed Gas Analyzer
(Qubit systems, S151CO2 analyzer) (LOD= 6.8 μmol L−1).

Inorganic nutrients were analyzed in filtered water samples
(MF 300, 0.7 μm, 47 mm, Fisherbrand™), stored on ice and
frozen at −20�C upon return to the laboratory. Ammonium

(NH+
4 ) (Bower and Holm-Hansen 1980), phosphate (PO3−

4 )
(Grasshoff et al. 1999), and nitrate (NO−

3 ) and nitrite (NO−
2 )

(García-Robledo et al. 2014) were measured with LOD between
0.1 and 0.5 μmolL−1.

For determination of Chl a, water samples (1 L) were filtered
in situ through precombusted filters (GF/F glass fiber filters,
0.7 μm, 47 mm, Whatman®), stored on ice in darkness, and fro-
zen at −20�C upon return to the laboratory. Chl a was extracted
at 4�C for 12 h with 4 mL of acetone 90%, tubes centrifuged
(2200 × g, 5 min) and the absorbance of the extracts measured
on a UV 1700 Pharmaspec Shimadzu spectrophotometer. Chl a
concentration was calculated according to Ritchie (2008).

Dissolved organic carbon (DOC) was measured in water sam-
ples (approximately 20 mL), filtered through nylon filters (Nylon
Syringe filters,0.2 μm, 25 mm, Fisher Scientific™) in acid-washed
glass vials (n = 1), and stored at 4�C. DOC contents were deter-
mined on a Shimadzu TOC-5050 analyzer on acidified samples
(1 mL of phosphoric acid 1:3) (ICMAN-CSIC external services).
Particulate organic carbon (POC) and total nitrogen (PTN) sam-
ples were collected similarly to chlorophyll on preweighed filters
and determined on a FlashEA1112 (ThermoFinnigan) elemental
analyzer (University of A Coruña external services).
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Sediment cores (two replicates per sampling) were sliced at a
1-cm interval for the first 6 cm and 2-cm intervals down to
18 cm depth within 24 h of collection under a flow of N2, and
slices from the same depth pooled. Pore water was extracted by
centrifugation from each layer, filtered through nylon filters
(Nylon Syringe filters,0.2 μm, 25 mm, Fisher Scientific™), and
stored at −20�C until analysis of NH+

4 and NO−
3 as described

previously. Total organic carbon (Corg) and total nitrogen con-
tents (NT) were analyzed on a FlashEA1112 (ThermoFinnigan)
elemental analyzer using standard protocols (University of A
Coruña external services) on sediment samples dried at 60�C
for 24h (expressed as g [g dry sediment]−1×100).

For pore-water CO2 determination, sediment cores (three
replicates) were sliced every 2 cm for the first 6 cm and every
4 cm down to 18 cm depth within 24 h. Extracted pore water
was fixed with 100 μL saturated HgCl2 and stored in darkness
at 4�C until analysis as described previously.

Collected sediment traps, once in the lab, were left undisturbed
at 4�C to allow the particles to settle, supernatant removed and
particulate material dried at 60�C and analyzed for Corg and NT as
described previously.

Fluxes calculation through water column and sediment
Assuming steady state conditions, the net rates of O2, CO2,

NH+
4 , and NO−

3 production and consumption were calculated
for the epilimnion, metalimnion, and hypolimnion layers
according to Fick’s first law applied to turbulent diffusion
(Okubo and Levin 2001).

JC =−Kd
dC
dz

ð1Þ

where JC is the net flux of substance C, Kd is the vertical turbu-
lent diffusion coefficient, and dC/dz is the concentration
gradient. Here, dC/dz was calculated for each layer from the
measured concentration profiles and Kd (m2 s−1) was calcu-
lated by Eq. 2 (Osborn 1980):

Kd =
γε

N2 ð2Þ

where γ is the mixing coefficient and ε is the dissipation rate of
turbulent kinetic energy. Values of 0.15 for ε and 9 × 10−9W kg−1

for ε were used (Wuest et al. 2000). The frequency of Brunt-
Väisälä (N, s−1), which measures the stability of the water col-
umn, was calculated according to Eq. 3 from the density gradient
in depth (dρ/dz) in each layer (Gargett 1984):

N2 =
g
ρ

dρ
dz

ð3Þ

where g is the gravitational acceleration and ρ is the mean
water density for each layer.

CO2 and NH+
4 fluxes at the sediment–water interface were

calculated using Fick’s law applied to molecular diffusion and

the concentration gradient with depth from 2 cm above the
sediment surface to 5.5 cm below the sediment surface (maxi-
mum linearity). The apparent molecular diffusion coefficient
(Ds, m2 d−1) for each substance was calculated with Marelac R
package (version 2.1.9) (Soetaert et al. 2010) the specific in situ
T and pressure, and taking into account the average porosity
(0.88) of the sediment (0–5.5 cm) (Torres et al. 2014).

Microbial community analyses
Water samples were fixed in cryotubes (4.5 mL) using glutaral-

dehyde (1% final concentration) and frozen at−80�Cuntil analy-
sis by flow cytometry. Prior to the analyses, autofluorescent beads
(1.1 μm diameter, Ex/Em: 430/465 nm, FluoSpheres® Molecular
Probes™) were added to each sample (1 mL) as an internal stan-
dard. Phytoplankton was identified based on autofluorescence.
For bacterioplankton, 10 μL of SYBR® Green-I (Molecular Probes
#S7563) (2.5 μmol L−1 final concentration) was added to each
sample and incubated for 10 min at room temperature in dark-
ness before analysis. Samples were analyzed on a Dako CyAnTM
ADP (Beckman Coulter™) flow cytometer. Further methodologi-
cal details can be found in Corzo et al. (1999), Gasol and del
Giorgio (2000), and Corzo et al. (2005). Biomass of each group
(in μg CL−1) was estimated from cell diameter and cell abundance
using published empirical equations (Supporting Information).

Taxonomic identification of phytoplankton was carried on
an inverted light microscope (Nikon Eclipse Ti-U) in water sam-
ples collected in polyethylene bottles (100 mL), stored in vivo
at 4�C in dark, and analyzed within 24 h after collection.

Photosynthesis-irradiance curves
Water samples from specific depths (0, 5, 16, 22.5, and 30 m

depth) were collected using a 10-liter Van Dorn bottle
(September 25th) and transported to the laboratory. Incubations
were performed in special bottles under continuous stirring at
17�C under increasing irradiances (0, 50, 100, 200, 400, and
600 μmol photons m−2 s−1). Changes in O2 concentration to
determine net primary production (Pn) and dark respiration
(Rd) rates were measured with STOX sensors (Revsbech et al.
2011), with a resolution lower than 2 nmol O2 L−1 h−1 (Tiano
et al. 2014). Photosynthesis-irradiance (P–E) curves for each
water depth and the corresponding photosynthetic parameters
were obtained after fitting the experimental data to the Jassby
and Platt (1976) model (Supporting Information).

Numerical modeling of the Chl a and CO2 vertical
distributions

A 1D reactive transport model was developed to predict the
spatial distribution of the phototrophic biomass (Chl a,
mg m−3) for the four sampling dates. The basic equations of
this model were based on pre-existing literature about DCM
(Fennel and Boss 2003; Huisman et al. 2006; Gong et al. 2015)
and coupled the light and inorganic carbon dependency of
growth with both turbulent diffusion (mixing) and a sinking
term along the vertical axis, according to Eq. 4:
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∂B
∂t

= μ− lð Þ*B+Kd
∂2B
∂z2

 !
−Ws

∂B
∂z

� �
ð4Þ

where z is depth (m, in positive values), B is the Chl a concen-
tration (mg m−3), μ is the specific growth rate (d−1), l is the
natural mortality (d−1), Kd is the turbulent diffusion coeffi-
cient (m2 d−1), and Ws is the bulk sinking velocity of phyto-
plankton (m d−1). Biomass production was set by the variable
μ, which depended on the maximum growth rate μmax and a
minimum law (Liebig’s law) applied to the two limiting fac-
tors, light and inorganic carbon by two respective dependent
functions (i.e., f(E) and f(CO2)), according to Eq. 5:

μ E zð Þ,CO2 zð Þð Þ= μmaxmin f E zð Þð Þ, f CO2 zð Þð Þð Þ ð5Þ

The f(E(z)) was modeled as a hyperbolic light-production
curve (Jassby and Platt 1976), according to the Eq. 6:

f E zð Þð Þ= tanh E zð Þ
Ek zð Þ
� �

ð6Þ

where E(z) is the light irradiance at depth z (which obeys to an
exponential attenuation) and Ek is the light-saturation of photo-
synthesis (μmol photons m−2 s−1). To account for the pho-
toacclimation of cells, a critical process in oligotrophic lakes
(Fennel and Boss 2003; Leach et al. 2018), the Ek parameters
which were obtained with the five experimental P–E curves
(i.e., at 0, 5, 16, 22.5, and 30 m depth, see “Photosynthesis-
irradiance curves” section) were linearly interpolated along pro-
files. Due to the acidic conditions of the water column in our sys-
tem, HCO−

3 is < 0.1% of total DIC; therefore, CO2 was the only
inorganic carbon specie considered in the model. The f(CO2)
was set to a Monod type response according to the Eq. 7:

f CO2 zð Þð Þ= CO2 zð Þ
CO2half +CO2 zð Þ ð7Þ

where CO2 (z) is the inorganic carbon concentration at depth
z (μmol L−1) and CO2 half is the half-saturation constant
(μmol L−1, Reynolds and Irish 1997). The observed values of
CO2 concentrations at the epilimnion layer were assumed to
be close to 0 μmol L−1 since concentrations were below the
detection limit (i.e., < 6.85 μmol L−1).

In addition to modeling the DCM, the profiles of CO2 were
modeled as a function of two reaction terms (i.e., CO2 produc-
tion by heterotrophic bacteria − CO2 consumption by primary
producers), according to Eq. 8:

∂CO2

∂t
=Kd

∂2CO2

∂z2

 !
+ R−Pð Þ ð8Þ

where R is the CO2 production due to the mineralization of
organic matter (OM) (mmol C m−3 d−1) and P is the CO2

consumption rate due to the net photosynthesis of phyto-
plankton (mmol C m−3 d−1).

The term P was estimated as a function of growth rate, bio-
mass abundance, and the C:Chl a and represent the CO2

demand at a given depth (Eq. 9; Cloern et al. 1995)

P zð Þ= μ zð Þ*B zð Þ* C :Chlað Þ* 1
12

� �
ð9Þ

where μ was calculated from Eq. 8 and C:Chl a is the mg C:
mg Chl a ratio. Two different values of the C:Chl a were used by
the epi- and metalimnion layers since experimental POC:Chl a
showed awide range throughout the corresponding depths.

Rates of Pg were also extracted from the model, in order to
compare with the experimental values calculated from the P–E
curves. The conversion of P values to Pg rates was addressed
by considering two respiratory terms, that is, a basal respira-
tion of phytoplankton (Rmin) which is independent on the
photosynthetic gross production rate, and a second respiration
term which increase linearly with photosynthesis (Rphot,
Eq. 10). These parameters were initially obtained from the uni-
versal relationship between growth rate and respiration
reported by Cloern et al. (1995), but recalibrated to better fit
with our Pg and Chl a data.

Pg zð Þ= 1
1−Rphot
� �* μ zð Þ+Rminð Þ*B zð Þ* C :Chlað Þ* 1

12

� �
ð10Þ

where Rmin is the minimum respiration rate (≈ 0.015 d−1) and
Rphot is the fraction of Pg respired (≈ 0.15, Cloern et al. 1995).

Bacterial respiration was considered to be the result of both
aerobic and anaerobic respiration since O2 levels decreased
from 400 μmol L−1 to nearly 0 μmol L−1 through the water col-
umn depth. Therefore, R was a function of T, bacterial abun-
dance, and O2 availability (Eq. 11, Grégoire et al. 2008)

R zð Þ= Bact zð Þ* RA*
O2 zð Þ

O2 zð Þ+KS

� �
+RAn* 1−

O2 zð Þ
O2 zð Þ+KI

� �� �
* f Tð Þ

� �
ð11Þ

where Bact (z) is the measured bacterial abundance (cell m−3),
RA is the maximal specific rate of aerobic respiration
(mmol C cell−1 d−1), RAn is the maximal anaerobic respiration
(Soetaert et al. 1996), O2 (z) is oxygen concentration at depth
z (μmol L−1), KS is the half-saturation constant for aerobic res-
piration (μmol L−1), KI is the half-inhibitory constant for
anaerobic respiration (μmol L−1), and f(T) is a correction factor
of R as a function of T (Eq. 12)

f Tð Þ=Q10

T zð Þ−Trefð Þ
10

� �
ð12Þ

where Q10 is the metabolic enhancement factor, T(z) is T at
depth z (�C), and Tref is the superficial temperature for each
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sampling period (�C). Note that Eq. 11 allows a clear vertical
structure of metabolisms for extremely high or extremely low
values of O2, but also a coexistence of both anaerobic and aer-
obic activities for depths with low O2 concentrations, as other

authors confirmed in marine ecosystems (Grégoire et al. 2008;
García-Robledo et al. 2017).

Numerical simulations of Chl a and CO2 profiles were car-
ried out by solving the steady state of both Eqs. 4, 8 across a

Fig. 1. Depth profiles of water column variables during the sampling period in El Sancho reservoir. (a) Chl a ( ), POC ( ), fluorescence ( ), and
irradiance expressed as percent of photosynthetically active radiation at the surface (PAR, ); (b) PTN ( ), temperature (T, ), and pH ( );
(c) dissolved oxygen (O2, ), percent saturation of dissolved oxygen (O2, ), and carbon dioxide (CO2, ); (d) ammonium (NH+

4 , ), nitrate
(NO−

3 , ), and DOC ( ). The bottom of reservoir is shown with a horizontal black line.
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10−2 m resolution grid, that is, with a linear system of
2 × 3300 equations for a maximal depth of ≈ 33 m. Spatial
discretization was performed with a second-order approxima-
tion of derivatives, but a purely upwind scheme for the sink-
ing term to avoid numerical instabilities (Soetaert and
Herman 2009). Boundary conditions for Chl a were set as
zero-flux at z = 0 (Huisman et al. 2006) and as known Chl a
values (measured in every sampling date) at the maximum
depth, that is, biomass export toward the sediment was
allowed (Torres et al. 2013). Boundary conditions for CO2 at
the water-atmosphere interface followed a piston-based flux
according to Eq. 13 (Schindler 1975; Cole and Caraco 1998;
Cole et al. 2002):

Fatm
CO2

z=0ð Þ=Kpiston* Ceq−CO2 z=0ð Þ� � ð13Þ

where Fatm
CO2

z=0ð Þ (mmolCm−2 d−1) and CO2 (z = 0)
(μmol L−1) are respectively the imposed flux and concentration
at the upper boundary of the profile, Kpiston = 10−5m s−1 is the
piston velocity of CO2 with no wind and with no chemical
enhancement (Jørgensen 1979a,b), and Ceq is the equilibrium
concentration according to Henry’s law (μmol L−1, Soetaert
et al. 2010). At the bottom boundary, sediment was a net
source of CO2 due to mineralization of OM. Values of this flux

were estimated by inverse modeling considering a range
between the zero-flux of CO2 from the sediment as the “mini-
mum flux” and the flux of CO2 in the hypolimnion as the
“maximum flux,” which was determined for each sampling.
Sediment CO2 fluxes were similar to the experimentally deter-
mined CO2 efflux obtained on the September 25th and to pre-
vious studies (Torres et al. 2014; Corzo et al. 2018).

The coupled DCM-CO2 model included a total of 14 parame-
ters that were calibrated simultaneously to fit the experimental
information on each sampling date. The minimum and maxi-
mum limits for calibrated parameters were taken from the liter-
ature (see references from Table 3). In addition, Ws was
determined from the dominant (in biomass) phytoplankton
at the DCM, Carteria sp. (ca. 1.9 × 10−5 m s−1, calculated by
Stoke’s law). Since the error threshold for growth rates
according to Cloern et al. (1995) were up to 35%, a reasonable
uncertainty in the respiration of phytoplankton was considered
accordingly, and the upper and lower limits for Rmin and Rphot
were set as � 20% of the original parameters calculated by these
authors. Calibrations were made with ReacTran R package (ver-
sion 1.4.3.1) by adequately arranging model parameters to the
spatial grid (Soetaert and Meysman 2012). Whereas Kd and Ek
were measured, the remaining parameters were calibrated by
the pseudo-random algorithm of Price until the predicted Chl a

Fig. 2. Water column depth profiles of the POC:Chl a, POC: PTN, and DOC:POC during the sampling period in El Sancho reservoir: 12th

September ( ), 18th September ( ), 25th September ( ), and 8th October ( ) of 2013. The bottom of reservoir is shown with a hori-
zontal black line.

Table 1. Mean turbulent diffusion coefficient (Kd, m
2 s−1) and mean net fluxes of O2, CO2, NH+

4 , and NO−
3 (mmolm−2 d−1) within

every layer, that is, epilimnion, metalimnion, hypolimnion, and sediment and their thickness (m for water column layers and cm for sed-
iment layer) calculated from the corresponding observed vertical profiles. Fluxes within the sediment were calculated using different
apparent molecular diffusion coefficients (Ds, m2 d−1) for every substance and taking into account the sediment porosity. Mean molecu-
lar diffusion coefficients: CO2: 1.17×10−4, NH+

4 : 1.31×10−4. Positive and negative signs are net production and net consumption rates,
respectively, within the corresponding layer. Data are n = 4� SE.

Layer Thickness Kd O2 CO2 NH+
4 NO−

3

Epilimnion 0–15 7.3 × 10−5 � 4 × 10−5 2.7 � 1 — −0.5 � 0.4 0.12 � 0.11

Metalimnion 15–24 5.2 × 10−7 � 1.4 × 10−8 6.2 � 0.4 0.8 � 0.2 0.1 � 0.02 −0.004 � 0.001

Hypolimnion 24–33 8.6 × 10−6 � 5.4 × 10−7 −7.3 � 0.5 34 � 5.6 4 � 0.3 −0.08 � 0.01

Sediment −2 to 5.5 — 0 2.62 1.2 � 0.3 —
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and the CO2 profiles fitted with the field observations
(EcolMod R package version 1.2.6, Soetaert and Herman 2009).
Further details of the model, as well as a description of the R
code, are included within Supporting Information.

Statistical analyses
Simple linear correlation (Spearman correlation) and regres-

sion analyses were used to test statistical significance of varia-
tion between different variables through both spatial and
temporal scales. A correlation of observed vs. predicted values
was used to check the goodness of fit of the model outputs.
Percentage of variation explained by the ecological model was
calculated by the R2 coefficients, testing first that the intercept
and the slope were not statistically different from zero and
from 1 (t-test), respectively. All analyses were made with Stats
R package (version 3.5.2) (R Core Team 2014).

Results
Water column structure

The photic layer extended down to 18–22 mdepth (1% of sur-
face irradiance) depending on sampling date (Fig. 1a). The k value
for light attenuation increased considerably at 18–19 m, from
0.12 to 0.18 m−1 in the epilimnion to very high values at the

bottom of the thermocline (0.71–0.97 m−1). Fluorescence and
Chl a showed a similar vertical distribution (r = 0.65, p < 0.001,
n = 45), showing a pronounced DCM at the bottom of the photic
layer at irradiances between 1.3–11.1 μmol photons m−2 s−1.
Chl a concentration was 1–2 orders of magnitude higher at the
DCMpeak compared to surfacewaters.

POC showed a vertical distribution similar to Chl a (r = 0.94,
p < 0.001, n = 45), including a peak in POC at the same depth as
Chl a. POC:Chl a ratio (mg C:mg Chl a−1) at the epilimnion
changed considerably between samplings but decreased with
depth showing a minimum (72.4 � 4.4) at the DCM. From the
DCM toward the bottom, POC:Chl a increased due to a relative

Fig. 3. Sediment depth profiles of (a) percent of organic carbon (Corg), percent of total nitrogen (NT), and carbon to nitrogen ratio (Corg:NT), (b) carbon
dioxide (CO2) (n = 3) and ammonium (NH+

4 ) during the sampling period.: 12th September ( ), 18th September ( ), 25th September ( ), and
8th October ( ) of 2013. CO2 data correspond to a single sampling (16th September, ). The bottom of reservoir is shown with a horizontal
black line.

Table 2. The relative biomass contribution (%) of the main phyto-
plankton groups, that is, Synechococcus-like (Synech), PicoEukaryotes
(PEuk), and Carteria sp., within the thermal layers of the water col-
umn in El Sancho reservoir. Data are n = 4 � SE.

Layers Synech PEuk Carteria sp.

Epilimnion 0.0 100.0 0.0

Metalimnion 0.1 0.7 � 0.1 99.2 � 0.1

Hypolimnion 0.1 � 0.1 0.4 � 0.4 99.4 � 0.5
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decrease in Chl a (Fig. 2). The POC:PTN ratio decreased from the
DCM depth toward the bottom due to the relatively higher
decrease of POC with respect to PTN (Fig. 2).

The water column was stratified showing a marked thermo-
cline between 15 and 24 m depth (Fig. 1b). Temperature
decreased from 25.5�C on average in the epilimnion to less
than 13.5�C in the hypolimnion. pH was rather constant in

the epilimnion and metalimnion (around 3.5), increasing line-
arly with depth in the hypolimnion up to 4.5 (Fig. 1b).

Oxygen concentration was constant in the epilimnion
(270 � 5 μmol L−1), increasing sharply right below the begin-
ning of the thermocline where it ranged from 362 to
439 μmol L−1 (Fig. 1c) (129–158% saturation) (Fig. 1c). From
this peak, O2 decreased down to 20–25 m depth to concentra-
tions below 10 μmol L−1 (often below the LOD) until the bot-
tom (Fig. 1c). CO2 concentrations were below the LOD in the
epilimnion and in the upper part of the thermocline, but
increased linearly with the depth up to 670 μmol L−1 near the
bottom (r = 0.94, p < 0.001, n = 43) (Fig. 1c). CO2 and O2 con-
centrations showed a strong inverse correlation in the hypo-
limnion (r = −0.97, p< 0.001, n = 15).

NH+
4 concentrations were constant in the epilimnion and

increased linearly from the thermocline downward, reaching
concentrations > 100 μmol L−1 close to the sediment surface
(Fig. 1d). In the hypolimnion, NH+

4 tended to increase slightly
during successive samplings and showed a high positive corre-
lation with CO2 (r = 0.93, p<0.001, n = 43). NO−

3 concentra-
tions were much lower (< 3 μmolL−1) and showed an inversed

vertical distribution to those of NH+
4 (Fig. 1d). PO3−

4 and NO−
2

Fig. 4. Water column depth profiles of phytoplankton ( ) and bacter-
ioplankton ( ) biomass during the sampling period in El Sancho reser-
voir. Fluorescence ( ) profiles are also shown for comparison. The bottom
of reservoir is shown with a horizontal black line.

Fig. 5. (a) Photosynthesis-irradiance (P–E) curves (volumetric rates) and
(b) P–E curves normalized to Chl a on 25th September of the phytoplank-
ton community at different depths: 0 m ( ), 5 m ( ), 16 m ( ),
22.5 m ( ), and 30 m ( ) depth under increasing irradiance. Data
are means � standard error (SE) (n = 3 or 5 depending on the depth).
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were always below the LOD. DOC concentration did not show
any consistent vertical pattern (Fig. 1d). DOC:POC in the epi-
limnion decreased toward the DCM layer and remained con-
stant with depth in the hypolimnion (Fig. 2).

Water column net fluxes
The shape of the vertical profiles of O2, CO2, NH+

4 , and
NO−

3 indicated the existence of strong gradients associated
with the presence of the DCM (Fig. 1c,d). Kd values were
higher and more variable between samplings in the epilim-
nion, particularly due to a very high value on September 25th,
while the values at the hypolimnion and metalimnion were
one-order and three-orders of magnitude lower, respectively,
and more constant (Table 1).

Despite the relatively high homogeneity of O2 concentra-
tion in the epilimnion, we calculated a relatively high O2 pro-
duction rate and net flux toward the atmosphere due to the
high Kd estimated for the epilimnion (Table 1). The O2 con-
centration peak in the metalimnion was associated with high
O2 production rates (6.2 � 0.4 mmol O2 m−2 d−1) in this layer
(15–24 m). O2 net consumption rate in the hypolimnion was
very low, mainly due to the very low O2 available in this lake
compartment (Fig. 1; Table 1).

Vertical profiles of CO2 clearly indicated a strong gradient
from the bottom of the reservoir to the metalimnion where it
was consumed. While in the hypolimnion’s CO2 presented an

upward flux ranging from 19.8 to 46.7 mmol CO2 m−2 d−1,
the net flux in the metalimnion was considerably lower due to
both a decrease in the concentration gradient and a much
lower Kd than in the hypolimnion (Table 1).

Ammonium net fluxes at the epilimnion were very vari-
able due to the variability of concentrations and the value
of Kd across samplings (Table 1). In contrast, NH+

4 was
always consumed in the metalimnion, whereas a high net
upward flux in the hypolimnion toward the DCM was
detected in all samplings (4�0.3mmolm−2 d−1). CO2:NH+

4

upward flux stoichiometry was about 8.5�0.9. Nitrate net
fluxes were always one to several orders of magnitude lower
than those calculated for NH+

4 (Table 1). In the epilimnion,
NO−

3 was generally produced, while it was consumed in the
meta- and hypolimnion.

Sedimentation rate of OM from the DCM, measured with
sediment traps, was 19.9 � 3.2 mmol Corg m−2 d−1 with a C:N
stoichiometry of 9.6 � 0.3, similar to the CO2:NH+

4 upward
flux stoichiometry. An estimate for the average sedimentation
velocity (v) of POC, calculated from POC sedimentation rates
(traps) and POC concentration at the DCM peak (v = POC
downward flux/POC concentration at DCM), gives values
between 0.15 and 0.23md−1. These values are much lower
than those calculated using the cell size of the main contribu-
tor to the phytoplanktonic biomass (Carteria sp., see below)
using the Stokes equation (0.78–1.68md−1).

Fig. 6. Water column depth profiles of (a) photosynthetic parameters and respiration rate ( , volume units) and (b) photosynthetic parameters and res-
piration rate normalized to Chl a ( ) on 25th September at 0, 5, 16, 22.5, and 30 m depth. Pgmax is the maximum gross production, R is the respiration
rate in the dark, α is the photosynthetic efficiency, Ec is the light compensation point, and Ek is the light saturation point.
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Sediment concentrations and net fluxes to the water
column

Corg and NT decreased considerably from ~ 12% to 3% and
from ~ 1.4% to 0.3%, respectively, in upper 7.5 cm sediment
layer, remaining constant with depth below (Fig. 3a).Corg:NT was
10.1 � 0.1 at the sediment surface and changed very little with

depth (Fig. 3a). The CO2 profile indicated net production in the
uppermost sediment layers increasing from 640 μmol L−1 in
the bottom water to about 2500 μmol L−1 at 5 cm depth within
the sediment, remaining constant or even decreasing slightly at
higher depths (Fig. 3b). CO2 production rate and subsequent
efflux to the water columnwas 2.6 mmol CO2 m

−2 d−1 (Table 1).

Table 3. Parameter values of the model and their description.

Simulations Parameter Description Min Max Units Range values (Reference)

Chl a (μg L−1) μmax Maximal specific growth rate

of phytoplankton

1.1 3 d−1 0.44–3 (Fennel and Boss

2003; Tittel et al. 2005)

KCO2 Half-saturation constant for

CO2 uptake

16.3 208.6 μmol C L−1 0.1–200 (Hein 1997; Reynolds

and Irish 1997; Monorey

2001)

l Natural mortality rate of

phytoplankton

0.02 0.1 d−1 0.03–0.14 (Soetaert et al.

2001; Huisman et al. 2004;

Torres et al. 2016)

Ws Bulk sinking velocity of

phytoplankton

0.1 0.2 m d−1 0.1–7.7 (Gálvez et al. 1993,

Present study, calculated

from Stokes equation)

R2 0.63 0.77

p 1.3 × 10−11 6.6 × 10−8

CO2 (μmol L−1) RA Maximal specific rate of

aerobic respiration

1.3 × 10−12 3 × 10−12 mmol C cell−1 d−1 8.2 × 10−13 to 1.4 × 10−11

(Smith and Prairie 2004)

KI Half-inhibitory constant for

anaerobic respiration

1.3 4.7 μmol O2 L
−1 1–30 (Soetaert et al. 1996;

Grégoire et al. 2008)

KS Half-saturation constant for

aerobic respiration

2.2 5 μmol O2 L
−1 0.1–5 (Grégoire et al. 2008)

FluxsedCO2
Flux of CO2 from the sediment 2.9 4.2 mmol C m−2 d−1 0.02–7 (Torres et al. 2015;

Corzo et al. 2018)

FluxatmCO2
Flux of CO2 from the

atmosphere

4.3 7.6 mmol C m−2 d−1 (−40 to 8) (Emerson and

Broecker 1973; Kelly et al.

2001; Morales-Pineda et al.

2016)

C:Chlepi POC-to-Chl a in epilimnion 95.6 149.2 mg C mg Chl a−1 10–333 (Falkowski and Kiefer

1985; Geider 1987; Yacobi

and Zohary 2010; Clegg

et al. 2012)

C:Chlmeta POC-to-Chl a in metalimnion 15.1 34.4 mg C mg Chl a−1 10–333 (Falkowski and Kiefer

1985; Geider 1987; Yacobi

and Zohary 2010; Clegg

et al. 2012)

Q10 Temperature coefficient 1.91 2 1–3 (Jørgensen 1979b)

Rmin Minimum basal respiration

rate

0.012 0.012 d−1 0.01–0.2 (Geider and Osborne

1989; Van den Meersche

et al. 2004; Clegg et al. 2012)

Rphot Part of photosynthesis used

for respiration

0.12 0.16 0.1–0.25 (Cloern et al. 1995;

Van den Meersche et al.

2004; Gal et al. 2009)

R2 0.79 0.91

p 2 × 10−6 7.2 × 10−3
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Pore-water NH+
4 profiles indicated a net production of NH+

4

within the sediment (Fig. 3b) and a net efflux of NH+
4 to the

water column of 1.19�0.3mmol NH+
4 m−2 d−1 (Table 1).

Interestingly, CO2:NH+
4 stoichiometric efflux from the sedi-

ment was about ~ 2, much lower than the stoichiometry of
the upward flux in the hypolimnion and the downward
flux of OM.

Microbial community structure
Three main phytoplankton populations were discriminated

in El Sancho by their flow cytometry signatures (result not
shown). Two of them were in the pico-size fraction, identified as
PicoEukaryotes (PEuk) and Synechococcus–like cells (Synech),
while the other one was in the nano-size fraction. These cells
were identified by optical microscopy as the Chlorophyte
Carteria sp.

Phytoplanktonic groups presented a clear niche separation.
PEuk (1.4 × 106 to 1.5 × 107 cells L−1) was the only fraction
observed in the epilimnion, whereas the DCM was formed by
the accumulation of Synech (3.3 × 106 to 7.2 × 107 cells L−1)
and Carteria sp. (1.7 × 105 to 3.2 × 106 cells L−1). Despite being
less abundant, Carteria represented most of the phytoplankton
biomass (> 99%) at the DCM and in the hypolimnion due
to their much higher cell size (Table 2). In addition, of the three
phytoplanktonic groups, Carteria abundance showed the highest
correlation with Chl a (r = 0.79, p < 0.001, n = 43). The

coincidence of vertical distributions of total phytoplankton bio-
mass, Chl a concentration, and fluorescence clearly confirmed
that the DCM was a biomass maximum as well (Fig. 4).

Fig. 7. Comparison of Chl a ( ) and CO2 ( ) depth profiles data against model prediction values with ( ) and without sediment CO2 fluxes ( )
during the sampling period in El Sancho reservoir. The bottom of reservoir is shown with a horizontal black line.

Fig. 8. (a) Comparisons of modeled ( ) and observed ( ) gross pro-
duction rates (Pg, mmol C m−3 d−1) on 25th September. Observed Pg
rates were calculated from experimentally determined P–E curves at 0, 5,
16, 22.5, and 30 m depth and the irradiance corresponding to each
depth in situ. (b) Modeled vertical profiles of phytoplankton net growth
rate (d−1) assuming saturating irradiance ( ), therefore microalgae are
limited only by CO2, and limited by light (PAR) at saturating CO2 concen-
trations ( ). The bottom of reservoir is shown with a horizontal
black line.
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Bacterioplankton abundance ranged between 4 × 107 and
5.2 × 108 cells L−1 depending on sampling date anddepth. Bacte-
rial biomass was low and rather constant in the epilimnion as
observed previously for the phytoplanktonic biomass. It
increased with depth from the thermocline to the hypolimnion,
especially in the last sampling (Fig. 4) and was clearly associated
with the DCM’s position. From the thermocline down to the bot-
tom of the hypolimnion, total bacterial biomass was highly cor-
relatedwithCO2 concentration (r = 0.68, p < 0.001, n = 31).

P–E curves
P–E curves showed marked difference in the photosynthetic

characteristics of the phytoplankton communities at the DCM
and other depths (Fig. 5). Surprisingly, there was no evidence
of photoinhibition (up to 600 μmol photons m−2 s−1 tested) at
any depth, despite the much lower in situ irradiance observed
at increasing depths (Fig. 1a). Highest values of Pgmax and α

were observed at the DCM (22.5 m depth), being much lower
in the rest of the water column (Fig. 6a). The lowest Ec was
determined for the DCM (19 � 3 μmol photons m−2 s−1),
while the lowest Ek was at 16 m depth (Fig. 6a). Rd rates were
less variable along the water column, showing a minimum at
30 m depth (Fig. 6a). Rates normalized to Chl a showed a dif-
ferent pattern. Maxima of Pgmax Chla and RdChla were at the
surface and the highest αChla was determined at 16 m depth
(Fig. 6b). EcChla and EkChla had similar values and vertical pat-
tern to those obtained when Pg was expressed by volume
(Fig. 6b).

Numerical simulation of the coupled Chl a and CO2

profiles
We tested through the DCM-CO2 model whether the CO2

produced from the mineralization of the OM in the hypolim-
nion and in the sediments can be the main source for photo-
synthetic carbon fixation at the DCM. The values obtained for
the calibrated parameters were consistent with values reported
in the literature (Table 3).

The modeled Chl a, CO2, and Pg values agreed well with the
experimental data (Figs. 7, 8a). Correlation between modeled
and observed data yielded values of R2 between 0.63 and 0.77
for Chl a (p < 0.001), between 0.79 and 0.91 for CO2

(p < 0.001), and 0.65 for Pg (p = 0.1). The model reproduced
rather accurately the DCM in the last two samplings in which
the spatial resolution of the experimental data was higher. In
addition, the model also reproduced well the temporal evolu-
tion of the DCM toward shallower peaks along the studied
period (Fig. 7). However, the model estimates of Chl a at the
DCM were always lower than the observed values. When the
contribution of the sediment mineralization to the DCM was
analyzed by running the model assuming zero CO2 release
from the sediment, we observed a general but very variable
decrease of the DCM peak. The model reproduced well the
changes in the observed CO2 vertical profiles, except in the

abrupt change of slope in the metalimnion–hypolimnion tran-
sition, likely due to the imposed abrupt changes in Kd that
likely did not exist in situ (Table 1, Fig. 7). Despite an evident
resemblance, the correlation between modeled and experimen-
tally determined vertical changes in Pg rates was not statisti-
cally significant (only five pairs of points were available for the
statistical correlation). Nonetheless, the model reproduced well
the high rates observed in the upper part of the epilimnion and
at the DCM (Fig. 8a). Phytoplankton growth rates extracted
from the model (0.1–0.3 d−1) showed a maximum at about
20.7 m depth, 2 m shallower than the peak of DCM (Fig. 8b).
Phytoplankton growth was generally limited by CO2 in the epi-
limnion, while it was light-limited in the meta- and in the
hypolimnion.

Discussion
The ecological “niche” of the DCM in El Sancho

The DCM in El Sancho represents a DBM as observed in
other freshwater (Gálvez et al. 1988; Sterner 2010; Leach et al.
2018) and marine ecosystems (Latasa et al. 2017) (Figs. 1, 4).
Chl a at the DCM represented 54–66% of the Chl a integrated
in the entire water column. Nonetheless, the low POC:Chl a
ratio observed at the DCM suggests the presence of pho-
toacclimation mechanisms (Fennel and Boss 2003; Clegg et al.
2012) and it was in the typical range of actively growing phyto-
plankton (Cloern et al. 1995; Wang et al. 2009; Yacobi and
Zohary 2010). DCM usually develop in a stable water column
at the depth where at least two opposed resource gradients, for
example, light and nutrients, interact in the right proportion
(Abbott et al. 1984; Camacho 2006; Martin et al. 2010; Durham
and Stocker 2012). In El Sancho reservoir, due to a highly trans-
parent epilimnion, the photic layer (Zeu) extended down to
18–22 m, well below the bottom of the surface mixing layer
(Zsml) found at 15 m (Fig. 1). Therefore, the formation and the
vertical position of the DCM (22.5 m depth) fulfilled the condi-
tion of Zeu > Zsml (Hamilton et al. 2010; Brentrup et al. 2016).

In El Sancho, the DCM was located mainly in the meta-
limnion, where the low Kd reduces the exchange of solutes
and particles with the epi- and hypolimnion (Martin et al.
2010). This favors the accumulation of cells and other parti-
cles in this layer and reduces the dispersion of phytoplankton
by wind-induced turbulence as might occur in the epilimnion
(Abbott et al. 1984). Therefore, in addition to the Zeu > Zsml

condition, our results suggest that the formation and mainte-
nance of the DCM is facilitated by a layer with reduced Kd,
where the phytoplankton growth rate plus the sedimentation
from the epilimnion is higher than the losses due to grazing,
viral lysis, and sedimentation toward the hypolimnion (Gong
et al. 2015; Leach et al. 2018).

In the epilimnion, CO2 concentration was below our detec-
tion limit and below the equilibrium with the atmosphere
according to Henry’s law (about 13 μmol L−1) suggesting a
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net consumption by the planktonic community. This low
CO2 concentration likely limits primary production in the epi-
limnion of acid lakes and reservoirs (Satake and Saijo 1974;
Nixdorf et al. 1998; Tittel et al. 2005). However, in the hypo-
limnion, the concentration of CO2 was much higher and
increased with depth. This suggests that the source of CO2 in
the hypolimnion can be the mineralization of OM, either in
the water column or in the sediment (Satake and Saijo 1974).
The observed strong positive correlations of CO2 with NH+

4

and the bacterial abundance support the role of microbial deg-
radation as the main source of CO2 in the hypolimnion.
Therefore, the CO2 produced by OM microbial degradation in
the hypolimnion likely fuels the photosynthetic CO2 fixation
at the DCM. Most of the CO2 consumed at the DCM was pro-
vided by the mineralization of OM in the hypolimnion (90%),
whereas the degradation of OM in the sediment contributed
marginally (7%). It is interesting to note that the sediment in
El Sancho released less CO2 than expected according to the
stoichiometry of the sedimenting OM, which might indicate
the possibility of an important consumption of CO2 within
the sediment by methanogenesis and other chemoautotrophic
metabolisms.

In addition to CO2, phosphorus has been considered a
potential limiting nutrient for primary production in acid
lakes due to the precipitation of phosphate with Fe(III)
oxyhydroxides (Nixdorf et al. 1998, Tittel et al., 2005). Since
phosphate was below our detection limit in the water column
of El Sancho, even in the anoxic hypolimnion, it is a strong
candidate to, at least, colimit primary production in these sys-
tems, although phosphate limitation is unlikely to be respon-
sible for the DCM formation. Dissolved organic compounds
containing phosphorous might be a potential source of this
nutrient for phytoplankton in El Sancho reservoir as has been
found elsewhere (Boavida and Heath 1986).

Contrary to CO2 and phosphate, the inorganic nitrogen
concentration in El Sancho was high, indicating that primary
production in El Sancho was not N-limited. In the epilimnion,
NH+

4 and NO−
3 remained constant with depth but presented

inverse trends in the meta- and hypolimnion, NO−
3 presented

a typical consumption profile suggesting that it was being
used for phytoplankton growth at the DCM and in the oxida-
tion of OM by dissimilatory nitrate reduction in the hypoxic
hypolimnion (Tiedje 1988). In contrast, NH+

4 profiles showed
a characteristic increase with depth in the hypolimnion, same
as for CO2, which suggests that it was being produced during
the degradation of OM and consumed in the DCM as a N
source for phytoplankton growth.

Metalimnetic O2 maxima are typically associated to DCMs in
lakes and the sea (Matthews and Deluna 2008; Wilkinson et al.
2015; Latasa et al. 2017) The cause of the formation and persis-
tence of these O2 maxima is under debate, with both physical
and biological processes being likely involved. The change in
O2 solubility due to thermal difference between the warm

epilimnion and the cooler metalimnion (4–5�C between the epi-
limnion and the O2 maximum in the metalimnion) only repre-
sents an increase in O2 concentration of 26 μmol L−1, whereas
the observed differences were between 95 and 159 μmol L−1.
Therefore, the O2 maximum in El Sancho and its position above
the DCMpeak ismainly the result of a highly positive net photo-
syntheticO2 production (Fig. 8b) due to a higher light availability
at that depth (Clegg et al. 2012; Latasa et al. 2017). Additionally,
the low turbulent diffusivity in the metalimnion likely favored
the accumulation of photosynthetically produced O2. Below the
metalimnetic peak, O2 decreased quickly with depth because its
consumption, in the aerobic oxidation of OM by heterotrophic
bacteria and the oxidation of reduced inorganic compounds
formed during the anaerobic mineralization of OM, exceeded its
supply from theDCM (Friedrich et al. 2014).

Primary production and net metabolism
Production and net metabolism measurements in acidic

lakes are scarce (Nixdorf et al. 2003). The phytoplankton com-
munity at the DCM in El Sancho reservoir was highly produc-
tive. Pg and PgChla rates reached values that were 2–30 times
higher than those measured in some pit lakes with lower pH
(Nixdorf et al. 2003; Gerloff-Elias et al. 2005; Kamjunke et al.
2005), but were far lower than those found in DCM in
circumneutral lakes (Sadro et al. 2011; Staehr et al. 2012).

Photoacclimation of the phytoplankton community to the
in situ light environment in the water column was evident in
the P–E curves when Pg was normalized by Chl a (Fig. 5b).
PgChla was clearly higher at the epilimnion than at the DCM
for a given irradiance, suggesting an increase of Chl a per cell
where irradiance is lower. Photosynthetic parameter Pgmax Chla

and αChla presented similar patterns with depth showing
higher values at the surface and at 16 m depth, just above the
DCM (Fig. 6b), as observed in other acidic lakes (see table 1 in
Gerloff-Elias et al. 2005).

The planktonic community inhabiting the DCM (dominated
by Carteria sp.) presented an Ec of 19 � 3 μmol photons m−2 s−1,
similar to that of the phylogenetically related Chlamydomonas
acidophila (Clegg et al. 2012). Since this irradiance was higher
than the irradiance measured at the peak of the DCM in situ
(1.3–11.1 μmol photons m−2 s−1), net autotrophic growth at the
DCM peak was not possible. However, vertical migration and
mixotrophic growthhave been suggested asfitness traits favoring
the survival and growth at the light limiting conditions of DCM
(Tittel et al. 2003, 2005; Clegg et al. 2012). Nonetheless, another
explanation is possible. The peaks of net primary production and
biomass are uncoupled in El Sancho reservoir. The primary pro-
duction peak occurs 3–4 m above the maximum of biomass,
where in situ irradiance (14–39.6 μmol photons) is generally
above Ec. Therefore, net autotrophic growth is possible at that
depth (Fig. 8b). The mismatch between the depth of maximum
net growth rate and the DCM has been demonstrated to depend
on the sinking rate and the turbulent diffusivity coefficient
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(Gong et al. 2015). Maximum growth rate is estimated to be
found at 19.3 mdepth, 3–4 m above themean depth of theDCM
in El Sancho according to eq. 12 from Gong et al. (2015). This
estimation is remarkably close to the maximum growth rate
depth predicted by ourmodel (20.7 m).

The RChla were higher than those reported for in situ incu-
bations and cultures of C. acidophila at different irradiances
(Gerloff-Elias et al. 2005; Clegg et al. 2012) but in the low
range of those measured in neutral lakes per unit of volume
(Pace and Prairie 2005). The high respiration rate in the epi-
limnion is likely supported by the relatively high concentra-
tion of DOC, and the high POC:Chl a and DOC:POC ratios
observed in situ (Figs. 1, 2) that likely favored an intense het-
erotrophic bacterial activity. The lowest values of O2 con-
sumption rate measured at 30 m depth suggest a shift from
aerobic to anaerobic pathways of OM oxidation at the bottom
part of the hypolimnion and sediment.

Coupling carbon fixation at the DCM and CO2 production
by heterotrophic respiration: A modeling approach

In the DCM-CO2 coupled model presented here, the verti-
cal distribution of Chl a was modeled as a function of phyto-
plankton net growth-dependent on the opposite vertical
gradients of CO2 and light -, turbulent mixing processes and
sedimentation (Huisman and Sommeijer 2002; Fennel and
Boss 2003; Gong et al. 2015). The bulk sinking rates obtained
from the model were similar to those measured with the sedi-
mentation traps. However, both were lower than those calcu-
lated for passively sinking Carteria cells, likely due to their
capacity to compensate sinking by vertical migration. In addi-
tion, the model takes into account the differences in the phy-
toplanktonic communities between the epilimnion and the
DCM by using two different C:Chl a ratios. The calibrated C:
Chl a ratios produced by the model were very close to those
calculated from experimental data according to Geider (1987),
114 mg C mg Chl a−1 and 22.05 mg C mg Chl a−1 for the epi-
and metalimnion, respectively (Supporting Information
Fig. S3) and within the range of published values (Table 3).
This distinction improved the simulation of the vertical profile
of primary production, specifically the surprisingly high pro-
duction rates measured in the epilimnion (Fig. 8a). Modeled
daily Pg (0.1–1.7 mmol C m−3 d−1) were similar to the daily Pg
at in situ irradiances determined from experimental P–E curves
(0.02–1.9 mmol C m−3 d−1) (Fig. 8a). The model predicted the
high daily Pg observed in the epilimnion and at the DCM, but
slightly underestimated daily Pg in the epilimnion and over-
estimated it at the DCM. The fraction of Pg being consumed
by respiration according to the model was about 12–16%,
which is consistent with the 12% determined from the P–E
curves at the DCM depth and the 13–18% value determined
from C. acidophila cultures (Clegg et al. 2012). Altogether, the
model is able to reproduce noticeably well the Pg and the
Chl a profiles with a high correlation between experimental
data and model estimates (Table 3). This good agreement

supports our initial hypothesis, suggesting that the vertical
position of the DCM and its existence in El Sancho depends
on both the light penetration and the supply of CO2 from the
hypolimnion. The systematic underestimation of the Chl a
concentration measured at the peak of DCM could be due to
the existence of a detrital Chl a fraction at the DCM which is
not considered in the present model formulation.

The DCM-CO2 coupled model takes into account three
CO2 inputs to the water column, that is, from the atmosphere
(upper boundary flux), from bacterial respiration in the water
column and from the sediment (lower boundary flux). This is
a major difference with other models where nutrients are only
recycled from the bottom boundary (Huisman and Sommeijer
2002; Fennel and Boss 2003; Gong et al. 2015). Our model
suggests that the CO2 distribution through the water column
can be explained basically by the bacterial respiration in the
water column. Detrital OM produced in the DCM sunk
through the hypolimnion and was degraded by microorgan-
isms releasing CO2 in the process. This led to an upward net
CO2 flux by turbulent diffusion, which is essential to support
the photoautotrophic primary production and growth at the
DCM. The model takes into account that the mineralization
of OM in the hypolimnion occurs by aerobic and anaerobic
processes. The values of the half-saturation constant for aero-
bic respiration KS and the half-inhibitory constant for anaero-
bic respiration KI and the profiles of the bacterial respiration
rates extracted from the model (results not shown) suggest
that in the hypoxic conditions prevailing at the bottom of the
metalimnion and in the hypolimnion, both aerobic and
anaerobic metabolism occur at the same time (Gerritse et al.
1990). Closer to the sediment, the O2 availability decreases,
and a higher fraction of the OM is probably mineralized by
anaerobic respiration pathways (Torres et al. 2014; Corzo
et al. 2018).

Experimental evidence and the model simulations suggest
that both the input of CO2 from the atmosphere and the
release from the sediment might represent important contri-
butions to the C budget in acid lakes. In the epilimnion, CO2

was in equilibrium with the atmosphere through a piston flux
(Grégoire et al. 2008). Due to the low pH and the efficient
consumption of the CO2 regenerated in the metalimnion by
the DCM, the CO2 demand for the primary production in the
epilimnion was supported from the atmosphere (Gross 2000).
The areal gross primary production in the epilimnion on
September 25th, estimated from the P–E curves and in situ irra-
diance and from the DCM-CO2 model, was similar;
14.9 mmol CO2 m−2 d−1 and 12 mmol CO2 m−2 d−1, respec-
tively. This areal Pg rates represented 69–67% of total water
column integrated Pg. Although the fraction of water column
integrated Chl a was larger in the DCM (56%) than in the epi-
limnion (30%), the contribution of the DCM to the integrated
areal Pg was lower; 4.3 and 5.9 mmol CO2 m−2 d−1, 19.8%
and 32.5%, respectively. The epilimnetic CO2 flux from the
atmosphere was completely consumed by primary producers
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at the epilimnion, that is, virtually no atmospheric CO2

reached the DCM layer. Using the DCM-CO2 coupled model,
we could test, for the first time as far as we know, the potential
contribution of the CO2 released from the sediment to sup-
port the primary producers’ CO2 demand at the DCM. This
contribution ranged between 36% and 58% of the DCM inte-
grated Chl a (Fig. 7), bearing inmind that we are using here a 1D
model which does not take into account any potential lateral
transport within the reservoir. The estimated contribution of
the sediment using the model was higher than that calculated
from the observed CO2 profiles at the hypolimnion and sedi-
ment (Table 1), probably because the modeled CO2 profile in
the hypolimnion systematically underestimated the observed
profiles. Without the contribution of the CO2 from the sedi-
ment, the intensity of the DCM in El Sanchowould be lower.

In conclusion, the DCM-CO2 model is able to reproduce
noticeably well both the Chl a and CO2 profiles, with a high
correlation between experimental and modeled data. This
good agreement supports our initial hypothesis that the verti-
cal position of the DCM and its existence in El Sancho
depends on both the light penetration and the supply of CO2,
which is regenerated by the hypolimnetic heterotrophic bacte-
ria from the water column and the sediment.
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