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Abstract

Reservoirs are important sites for nitrogen processing, especially those located in agricultural and urban
watersheds. Nitrogen inputs promote N,O production and emission, but the microbial pathways controlling
N,O have been seldom studied in reservoir water columns. We determined N,O concentration in the water
column of 12 reservoirs during the summer stratification and winter mixing. We explored the potential
microbial sources and sinks of N,O by quantifying key genes involved in ammonia oxidation (bacterial and
archaeal amoA) and denitrification (nirS and nosZ). Dissolved N,O varied up to three orders of magnitude
(4.7-2441.2 nmol L™%) across systems, from undersaturated to supersaturated values (37%-24,174%)
depending on reservoirs and depths. N,O concentration depended on nitrogen and oxygen availabilities,
with the lowest and highest N,O values at suboxic conditions. Ammonia-oxidizing archaea dominated over
ammonia-oxidizing bacteria but were not related to the dissolved N,O. In contrast, the abundance of the nirS
gene was significantly related to N,O concentration, and three orders of magnitude higher than amoA
abundance. Denitrifying bacteria appeared consistently in the water column of all reservoirs. The nir§S and
nosZ genes appeared in oxic and suboxic waters, but they were more abundant in suboxic waters. The nitrate
concentration, and nirS and nosZ relative abundances explained the dissolved N,O. Besides, nir§ abundance
was related positively with total phosphorus and cumulative chlorophyll a, a proxy for fresh organic matter.
Therefore, P inputs, not just N inputs, promoted N,O production by denitrification in the water column
of reservoirs.

The anthropogenic production of fertilizer has doubled the
inputs of nitrogen (N) to the Earth’s surface, increasing their
exports to freshwaters and boosting the production of nitrous
oxide (N2O) (e.g., Seitzinger et al. 2000; Beaulieu et al. 2011).
N,O is a potent greenhouse gas with 298 times the warming
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effect of CO; in a 100-yr time horizon (IPCC 2013) and the
primary driver of stratospheric ozone depletion (Ravishankara
et al. 2009). The studies on N,O emissions in freshwaters have
mainly focused on streams and rivers (Beaulieu et al. 2015),
with an estimated N,O emission of 0.68 Tg N,O-N yr!
(Beaulieu et al. 2011). Nevertheless, the longer water
residence time of lentic systems such as lakes and reservoirs
results in substantial N processing (Wetzel 2001). The N,O
emission from lakes and reservoirs was recently estimated
at ~ 0.3 Tg N,O-Nyr ' based on a scarce dataset (DelSontro
et al. 2018). Reservoirs are enlarged water bodies behind a dam,
and their number has increased significantly over the past
60 years, reaching over 16.7 million globally (Lehner
et al. 2011). In spite of this, reservoirs are particularly under-
studied, although they process a disproportionately high frac-
tion of N from the catchment in comparison to lakes due to
their higher catchment area, and higher drainage ratio (i.e., the
catchment area: lake or reservoir surface area) (Harrison
et al. 2009). They may support exceptionally high N,O emis-
sions due to substantial N loadings from the agricultural and
urban areas in their watersheds, exceeding punctually the cli-
matic forcing produced by CH, emissions (e.g., Iznajar reservoir
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in Ledn-Palmero et al. 2020a). Therefore, a better understand-
ing of the controlling factors that lead to N,O production and
consumption in the water column of reservoirs is needed, espe-
cially regarding the increasing trend in reservoir construction at
a global scale (Zarfl et al. 2015).

Microbial nitrification and denitrification  produce
N,O. Nitrification consists of the oxidation of ammonia to
nitrite (i.e., ammonia oxidation) and to nitrate (i.e., nitrite
oxidation). Ammonia oxidation is the rate-limiting step, and
it is performed by ammonia-oxidizing bacteria (AOB) and
ammonia-oxidizing archaea (AOA) (Kowalchuk and Ste-
phen 2001; Kénneke et al. 2005). The global significance of
this process and the relative contribution of AOB and AOA
have been deduced from the abundance of the bacterial and
the archaeal amoA genes, which encode the subunit A of the
key enzyme ammonia monooxygenase (Kowalchuk and Ste-
phen 2001; Francis et al. 2005). N,O is a by-product of AOB
and AOA in oxic conditions through different pathways
(Ward 2013a; Stein 2019). While N,O production in AOB
occurs through enzymatic activity via the two obligate inter-
mediates hydroxylamine (NH,OH) and nitric oxide
(NO) (Caranto and Lancaster 2017); the N,O formation in
AOA seems to be a hybrid process, where NO reacts with
NH,OH (Kozlowski et al. 2016), although specific details per-
sist controversial. At low oxygen conditions, AOB also per-
forms nitrifier denitrification, which consists of reducing
nitrite to NO and N;O, increasing the yield of N,O produced
relative to the ammonia oxidized (Wrage et al. 2001;
Ward 2013a). For both cases, N,O production rates reached
maxima at suboxic conditions (< 10umol L") (Hink
et al. 2017). AOA are present in marine waters and sediments
in large numbers, contributing significantly to the N,O pro-
duction (e.g., Francis et al. 2005; Loscher et al. 2012). How-
ever, the contribution of ammonia-oxidizing microorganisms
to dissolved N,O in reservoirs has not been studied.

Denitrification consists of the subsequent reduction of
nitrate to nitrite, NO, N,O, and dinitrogen (N,), generally
coupled to the oxidation of organic matter. It can be a source
or a sink of N,O depending on the rate of N,O production
compared to the rate of N,O reduction to N,. The genes that
code the nitrite reductases (i.e., nirS, nirK) during denitrifica-
tion are widely used to infer the abundance and the contribu-
tion of the denitrifying bacteria to the dissolved N,O budget,
while the gene that code the nitrous oxide reductase
(i.e., nosZ) is used to address the capacity of reducing N,O to
N, (Hallin et al. 2018). Besides, denitrification is usually con-
sidered as a facultative anaerobic respiration because oxygen
regulates the sequence of the denitrification enzymes, espe-
cially the nitrous oxide reductase coded by nosZ, which is
inhibited even at very low oxygen concentrations (Bonin
et al. 1989; Dalsgaard et al. 2014). Consequently, the studies
on denitrification in freshwaters have focused on anoxic
waters, particularly, on sediments (Pifia-Ochoa and Alvarez-
Cobelas 2006). However, denitrifiers are also present in the
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water column of lakes (Junier et al. 2008; Kim et al. 2011;
Pajares et al. 2017), and the influence of O, concentration on
the denitrifying activity appears to differ from one bacterium
to another (Lloyd 1993).

Lakes and reservoirs can be essential players in the N
removal at the landscape scale, acting as N,O sources in areas
subjected to high N inputs (McCrackin and Elser 2011) or
N,O sinks as, for instance, in boreal lakes (Soued et al. 2015).
However, only some studies have focused on the role of reser-
voirs as sinks or sources of N,O, specially regarding their water
columns. Here, we quantified the dissolved N,O concentration
during the summer stratification and the winter mixing in the
water column of 12 temperate Mediterranean reservoirs cover-
ing a broad spectrum of ages, morphometries, chemical char-
acteristics, and watershed land uses. We examined the main
drivers of N,O concentration in the water column. We also
studied the relationship between the nitrifiers and denitrifiers
abundance and the N,O concentration. Finally, we connected
the landscape and the chemical and biological properties to
provide an ecosystemic perspective of N,O cycling in
IeServoirs.

Material and methods

Study reservoirs, morphometry, and watershed land uses

We sampled the water column of 12 reservoirs located in
southern Spain between July 2016 and August 2017, once dur-
ing summer stratification and once during winter mixing. The
location of these reservoirs is shown in Supporting Informa-
tion Fig. Sla,b. The study reservoirs were built between 1932
and 2003 for water supply and agriculture irrigation, and they
differ in morphometry, water chemistry, and trophic status. In
Supplementary Table S1, we showed the geographical coordi-
nates, age, and the morphometric description of the study res-
ervoirs. They are in watersheds with contrasting land uses,
ranging from forested landscape (e.g., San Clemente reservoir
in Supporting Information Fig. S1c) to agricultural and urban
landscape (e.g., Izndjar reservoir, in Supporting Information
Fig. S1d). We provided more information and detailed maps
in Leén-Palmero et al. (2019, 2020a,b,c,d).

Water column sampling

Vertical profiles and water column sampling were per-
formed near the dam, in the open waters of the reservoir,
selecting the same location during the stratification and the
mixing period. First, we performed the vertical profile using a
Sea-Bird 19plus CTD profiler. Then, based on the temperature
and oxygen profiles, we selected six to nine depths rep-
resenting the epilimnion, metalimnion (oxycline), and hypo-
limnion. We took the water samples at these depths using a
5-1 UWITEC sampling bottle for the chemical and biological
analysis explained below. We selected 178 depths in total,
96 depths during stratification and 82 depths during mixing.
From these samples, the concentrations of the dissolved N,O

850807 SUOWIWOD A0 3|dedl|dde auy Aq peuenob afe Sao1le YO ‘8SN JO SaINJ 10§ AkeidT8UlUO AB]IAA UO (SUONIPUOD-PUE-SWIBI W00 A8 | 1M AlRIq | BU1 UO//:SdNY) SUOIPUOD pue Swie | 81 8aS *[£202/90/0€] UO AReiqiTaulluo A8|IM epeueio 8@ pepsieAlun Aq T8EZT 0U|/Z00T OT/I0pAu0d-Ae|im Areiq1pul|uo'sgndose//:sdny wolj pepeojumod ‘0 ‘06556E6T



Leon-Palmero et al.

and chlorophyll a (Chl a), and the abundance of prokaryotes
were analyzed. For the analysis of the major nutrients and
functional genes, we selected three or four representative
depths of the epilimnion, metalimnion (oxycline), and hypo-
limnion, or bottom waters during the stratification period
(n=41), and three or four equivalent depths during the
mixing period (n = 36).

Dissolved N,O in the water column

Samples for the dissolved N,O analysis were carefully col-
lected in 125 or 250 mL airtight Winkler bottles in duplicate
(250 mL) or in triplicate (125 mL), preserved with a solution
of HgCl, (final concentration 1 mmol LY to inhibit biologi-
cal activity, and sealed with Apiezon® grease to prevent gas
exchange. We stored these samples in the dark at controlled
temperature (25°C) until analysis. We measured dissolved
N,O using headspace equilibration in a 50 mL airtight glass
syringe (Agilent P/N 5190-1547; Sierra et al. 2017). We
obtained two replicates for each 125 mL Winkler bottle and
three replicates for each 250 mL Winkler bottle. We took a
quantity of 25 g of water (£ 0.01 g) using the airtight syringe
and added a quantity of 25 mL of a standard gas mixture that
had a N,O concentration similar to atmospheric values (0.3
ppmv) to complete the volume of the syringe. The syringes
were shaken for 5 min (Vibromatic, Selecta) to ensure mixing,
and we waited 5 min to reach complete equilibrium. Then,
the gas in the syringe was injected manually into the gas chro-
matograph (GC; Bruker® GC-450). We daily calibrated the
detectors using three standard gas mixtures with N,O concen-
trations of 305, 474, 2000 ppbv, made and certified by Air
Liquide (France). The precision for the gas mixture of N,O
used in the headspace equilibrium (0.3 ppmv) was 7.8%
(n = 108). We calculated the gas concentration in equilibrium
using the Bunsen solubilities for N,O (Weiss and Price 1980).
The precision of the measurement of the dissolved N,O con-
centration, that included the analytical processing of the sam-
ples and the equilibration step, was 3.1% (N,O) for four to six
replicates of each sample. We calculated the saturation values
(%) as the ratio between the concentration of the dissolved
gas measured and the gas concentration expected in equilib-
rium considering the temperature, salinity, and barometric
pressure of each reservoir.

Chl a and major nutrient analysis in the water column
Water samples for chemical and biological analysis were
maintained at 4°C until arrival at the laboratory. We deter-
mined Chl a concentration by filtering the particulate material
of 500 to 2000 mL of water through 0.7 yum pore-size
Whatman GF/F glass-fiber filters. Then, we extracted the pig-
ments from the filters with 95% methanol in the dark at 4°C
for 24 h (APHA 1992). We measured Chl a absorption at the
wavelength of 665 nm using a Perkin Elmer UV-Lambda
40 spectrophotometer, and we corrected the solution
scattering at 750 nm. To obtain the cumulative Chl a in the
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whole water column (mg Chl a m~2), from the discrete
depths, we added the concentration of Chl a from each
stratum using the trapezoidal rule as described previously
(Le6n-Palmero et al. 2020b).

We used the filtered water to determine the concentrations
of dissolved nutrients, and the unfiltered water for total nutri-
ents. We acidified the samples for dissolved organic carbon
(DOC), total dissolved nitrogen (TDN), and total nitrogen
(TN) concentration with phosphoric acid (final pH < 2). We
measured DOC, TN, and TDN by high-temperature catalytic
oxidation using a Shimadzu total organic carbon analyzer
(Model TOC-V CSH) coupled to nitrogen analyzer (TNM-1;
Alvarez-Salgado and Miller 1998). We measured the nitrate
(NO3™) concentration using the ultraviolet spectrophotomet-
ric method with a Perkin Elmer UV-Lambda 40 spectropho-
tometer at the wavelength of 220nm and including
corrections for DOC absorbance at 275 nm (APHA 1992). We
measured the nitrite (NO,”) concentration by inductively
coupled plasma optical emission spectrometry. In this work,
we calculated the dissolved inorganic nitrogen as the addition
of the NO3~ and NO,~ concentrations. We measured total
phosphorus (TP) concentration by triplicate using the molyb-
denum blue method after digestion with a mixture of potas-
sium persulfate and boric acid at 120°C for 30 min
(APHA 1992).

Abundance of prokaryotes

The abundances of total prokaryotes were determined using
flow cytometry in unfiltered water following the procedures
proposed by Gasol and del Giorgio (2000). We collected and
fixed the samples with a mixture of 1% paraformaldehyde and
0.05% glutaraldehyde for 30 min in the dark at 4°C. Then, we
froze the samples in liquid nitrogen and stored them at —80°C
until analysis. We analyzed the samples in triplicate in a
FACScalibur flow cytometer equipped with the BD CellQuest
Pro software for data analysis. Before analysis, we stained the
samples (500 L) for 10 min in the dark with a DMSO diluted
SYBR Green I (Molecular Probes) stock (1 : 200) at 10 gmol L™*
final concentration. We used yellow-green 0.92 um latex
beads (Polysciences) as an internal standard to control the
cytometer performance every day. Samples were run at low
speed for 2 min and detected by their signature in bivariate
plots SSD vs. FL1 (green fluorescence of the DNA stained with
SYBR Green I).

Quantitative PCR (qQPCR) assays

We quantified the abundance of unique functional genes
involved in N,O cycling using qPCR. We also calculated the
ratio between the abundances of the specific genes (copies
mL ') and total prokaryotes (cell mL™') to distinguish the
effect of different chemical and biological drivers on the total
abundance of prokaryotes vs. the abundance of the specific
groups. We targeted the amoA gene, which encodes the cata-
lytic subunit of ammonia monooxygenase (Kowalchuk and
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Stephen 2001), to study the AOB (bac-amoA), and the AOA
(arch-amoA). To study the denitrifier abundance, we targeted
the nirS and the nosZ genes. The nirS gene encodes the nitrite
reductase that catalyzes the transformation of nitrite to NO,
while the nosZ gene encodes the nitrous oxide reductase, that
reduces N,O to N,. We chose specific primers from previous
studies performed in freshwaters. Pure cultures were used as
positive controls in PCR, and for qPCR standard preparation.
Primers, amplicon length, annealing temperature, and pure
cultures are shown in Supplementary Table S2. We provide
further details on the DNA extraction and qPCR procedure in
the Supporting Information (Extended Materials and
methods).

Statistical tests and software

We used linear regression analysis and generalized additive
models (GAMs) (Wood 2006). We examined the concurvity
among predictors and fitted the models to minimize the
Akaike information criterion and the generalized cross valida-
tion criterion values. We conducted all the statistical analysis
in R software (R Core Team 2019). We also used R and
Inkscape™ (Inkscape Project 2017) to plot the results and cre-
ate the figures. We provide further details on the statistical
analysis performed in the Supporting Information (extended
materials and methods).

Results and discussion

Profile description: N,O sinks vs. sources

We found prominent changes in the dissolved N,O con-
centration among reservoirs, depths, and seasons (Figs. 1, 2,
Supporting Information Figs. $2-S11 and summarized in Sup-
plementary Table S3). The N,O concentration and % of satura-
tion ranged up to three orders of magnitude from 4.7 to
2441.2 nmol L™, and from 37% to 24,174%. To facilitate the
result presentation, we grouped the reservoirs as sinks if the
sum of the N,O fluxes during the summer stratification and
winter mixing was < 0; or sources if the sum was > 0 according
to our previous study on N,O fluxes in these 12 reservoirs
(Leén-Palmero et al. 2020a). The eight reservoirs that acted as
N,O sinks (hereafter, sinks) were: San Clemente, La Bolera,
Francisco Abellan, Jandula, Negratin, El Portillo, Rules, and
Los Bermejales (Fig. 1; Supporting Information Figs. S2-S8).
The four reservoirs that acted as sources of N,O (hereafter,
sources) were: Izndjar, Béznar, Cubillas, and Colomera (Fig. 2;
Supporting Information Figs. S9-S11). N,O concentration in
the water column of the sinks varied from 4.7 to
46.1 nmol L™! (median = 12.3 nmol L™'), and from 12.6 to
2441.2nmol L ! in the sources (median = 20.3 nmol L™1).
While the sources were always supersaturated in N,O
(109%-24,174%), the sinks showed supersaturation and
undersaturation at different depths of the same profile
(37%-366%). The median concentration and % of N,O in the
sinks were lower than in the sources (Supporting Information

N0 in the water column of reservoirs

Fig. S12). We detected the minimum value of N,O in the
hypolimnion of San Clemente (4.7 nmol L™}, 37%, Fig. 1a),
and the maximum value in the hypolimnion of Izndjar
(2441.2 nmol L™, 24,174%, Fig. 2a); both of them at suboxic
conditions (i.e., DO < 10 ymol L™'). These two reservoirs also
showed the minimum and maximum N,O fluxes in Ledn-
Palmero et al. (2020a). In addition, we also observed N,O
undersaturation at other depths of the water column in oxic
conditions, as in La Bolera, Negratin, and El Portillo reservoirs
(Supporting Information Figs. S2b, S5b, S6b). In San
Clemente, La Bolera, Francisco Abellan, and Jandula reservoirs
(sinks), we found a N,O peak above the oxycline (Fig. 1a;
Supporting Information Figs. S2—-4a), and a decrease in N,O to
undersaturated values below the oxycline, reaching 37% in
San Clemente reservoir, and 84% in La Bolera reservoir. In
both systems, we detected high abundances of the nosZ gene
that could explain the net consumption of N,O during the
last step of denitrification (i.e., the conversion of N,O to N,).
In contrast, N,O increased below the oxycline in reservoirs
acting as sources, leading to massive accumulations of N,O
(Fig. 2a; Supporting Information Figs. S9a-S11a). In Izndjar,
Béznar, and Cubillas reservoirs we detected high abundances
of archaeal amoA gene and nirS gene at these sites, suggesting
that the accumulation of N,O may be produced by ammonia
oxidizers or denitrifiers (Fig. 2a; Supporting Information
Figs. S9a, S10a). Both processes have the highest yields of N,O
at low oxygen concentrations. We show the distribution of
N,O, dissolved oxygen (DO), and other chemical and biologi-
cal variables in Supplementary Tables S3-S5 and in Supporting
Information Fig. S12.

The wide range in N,O concentration and % of saturation
found in this study covers values reported in temperate and
subtropical reservoirs (Deemer et al. 2011; Liang et al. 2019),
and it is broader than the variability found in alpine and sub-
tropical reservoirs (Diem et al. 2012; Musenze et al. 2014). The
maximum N,O concentration found in Iznéjar reservoir was
higher than the maximum values detected in surface and deep
waters in other studies (Diem et al. 2012; Musenze et al. 2014;
Beaulieu et al. 2015; Liang et al. 2019). Previous studies also
detected peaks of N,O at the oxic-anoxic interface in stratified
lakes and reservoirs (Beaulieu et al. 2015), and large accumula-
tions of N,O below the oxycline of reservoirs (Deemer
et al. 2011; Beaulieu et al. 2015). In a survey of 20 reservoirs,
Beaulieu et al. (2015) also found that some reservoirs were
supersaturated in N,O, while others presented undersaturation
values.

Biogeochemical control on N,O concentration

N,O concentration was a positive power function of the
nitrogen content in different chemical forms in the water col-
umn (Supplementary Table S6). In particular, TN or nitrate
concentration explained 43% of the variance in the N,O con-
centration (Supporting Information Fig. S13). Besides, N,O
was also a negative power function of the oxygen availability
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(a)

N0 in the water column of reservoirs
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Fig. 1. Vertical profiles of physicochemical and biological variables in San Clemente reservoir. N,O concentration (nmol L', mean =+ standard error, cir-
cles), N;O saturation (%, mean + standard error, diamonds), and atmospheric equilibrium concentration (discontinuous line); water temperature (°C);
DO concentration (umol L™"); Chl a concentration (xg L™') and TP concentration (umol-P L™'); TN concentration (umol-N L™"); abundance of the amoA
genes (bacterial amoA and archaeal amoA, x 10% copies mL~', mean + standard deviation); and abundance of the nirS and nosZ genes (x 10* copies
mL~", mean + standard deviation) during the stratification period (a) and the mixing period (b). Note that the gene abundance axes are in logarithmic
and different scale. The gray area represents the suboxic zone (DO < 10 ymol L™").

(Supporting Information Fig. S14). Combined in a GAM,
nitrate and DO concentrations explained 64% of the variance
in the N,O concentration, and up to 81% of the variance
when the interaction between both was included in the model

(Fig. 3; Supplementary Table S7). The partial response of N,O
with respect to nitrate concentration shows a positive func-
tion (Fig. 3b), but negative with respect to DO concentration
(Fig. 3c). Moreover, the model in Fig. 3a shows the interaction
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N0 in the water column of reservoirs
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Fig. 2. Vertical profiles of physicochemical and biological variables in Iznajar reservoir. N,O concentration (nmol L™, mean + standard error, circles),
N,O saturation (%, mean =+ standard error, diamonds), and atmospheric equilibrium concentration (discontinuous line); water temperature (°C); DO
concentration (umol L™"); Chl a concentration (ug L") and TP concentration (umol-P L™'); TN concentration (xumol-N L~'); abundance of the amoA
genes (bacterial amoA and archaeal amoA, x 10% copies mL~', mean + standard deviation); and abundance of the nirS and nosZ genes (x 10* copies
mL~", mean =+ standard deviation) during the stratification period (a) and the mixing period (b). Note that the N,O, and the gene abundance axes are
in logarithmic and different scale. The gray area represents the suboxic zone (DO < 10 gmol L™").

between nitrate and DO concentrations. N,O was consumed
at low oxygen conditions when the nitrogen concentration
was lower (i.e., sinks), but N,O production increased at low
oxygen conditions when the nitrogen concentration was

higher (i.e., sources). The eight reservoirs that experienced
suboxic conditions (DO <10 yumol L™') in their hypolim-
nions during the summer stratification showed this
trend: four of them were classified as sinks (i.e., Fig. 1la;
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Fig. 3. GAM fitted to N,O concentration (logio N,O, nmol L™"), as function of nitrate (log1o NO5™, umol-N L"), and DO concentration (logyo DO,
umol L. (a) Contour plot showing the relationship between nitrate (x-axis) and DO (y-axis) with N,O concentration (z-axis, contour lines). The model
includes the interaction between nitrate and DO concentrations. Partial response plots showing the partial effects of (b) nitrate and (¢) DO on N,O con-
centration. Rugs on x-axis are the observed data points. The lines are the smoothing functions, and the shaded areas indicate the 95% confidence inter-

vals. More details in Supplementary Table S6.

Supporting Information Figs. S2-4a) and four as sources
(Fig. 2a; Supporting Information Figs. S$9-S11a).

Nitrogen and oxygen availabilities control dissolved N,O in
the water column because they affect the microbial processes
that determine the production and consumption of
N,O. These microbial processes will be further discussed in the
next section. Previous studies demonstrated that N,O is
closely linked to N availability in freshwaters (e.g., Seitzinger
et al. 2000; Beaulieu et al. 2011, 2015; Zhou et al. 2021).
Beaulieu et al. (2015) found a positive relationship between
mean epilimnion N,O concentration and both NO,™ and
NO3;~ concentrations in reservoirs. In addition, they also
found a net consumption of N,O in the hypolimnions with
low nitrogen content, but a net production in the hypolim-
nions with higher nitrogen content. Zhou et al. (2021)
detected a positive relationship between the N availability
(TN and nitrate) and N,O fluxes in shallow lake sediments. In
other aquatic environments, as the Chesapeake Bay, the pro-
duction of N,O was also controlled by nitrogen and oxygen
availabilities (Ji et al. 2018).

Microbial groups affecting N,O balance
Distribution and drivers of the microbial groups in the water
column

The abundances of the bacterial and archaeal amoA
(i.e., AOB and AOA), and the nir§ and nosZ (i.e., denitrifying
bacteria) genes are shown in Figs. 1, 2, Supporting Informa-
tion Figs. S2-S11 and summarized in Supplementary Table S5.
The archaeal amoA gene appeared in all the study reservoirs,

but not in all the depths (i.e., 56 out of 77 samples), while the
bacterial amoA gene appeared only in four samples. The
median abundance of the archaeal amoA gene was 301 copies
mL !, ranging from 0 to 1.9 x 10* copies mL~'. The maxi-
mum abundances were in Los Bermejales, Negratin, and La
Bolera reservoirs during the winter mixing (Supporting Infor-
mation Figs. S8b, S5b, S2b). Archaeal amoA abundance did not
show a significant relationship to the DO (n =77, p = 0.147,
Supporting Information Fig. S15a), or the nitrite concentra-
tion (n=77, p=0.484, Supporting Information Fig. S16).
That may suggest that ammonium oxidation is coupled to
nitrite oxidation. Previous studies in temperate lakes also
found that AOA dominated over AOB (Small et al. 2013;
Palacin-Lizarbe et al. 2019), while Pajares et al. (2017) found
similar abundances of both groups in a tropical oligotrophic
lake, with an abundance of the archaeal amoA gene similar to
our study. Recent investigations pointed out that AOA may
dominate over AOB in oligotrophic environments with a low
ammonia supply (i.e., ocean; Martens-Habbena et al. 2009).
The nirS gene was ubiquitous, appearing in considerable
abundances in the water column of all the reservoirs during
both periods. We detected the maximum abundances of the
nirS gene in Izndjar, Béznar, and Cubillas reservoirs during the
stratification period together to high concentrations of N,O
(Fig. 2a; Supporting Information Figs. S9a, S10a). The median
abundance of the nirS gene was 3.2 x 10° copies mL ™', rang-
ing from 0 to 1.1 x 10® copies mL™'. We did not detect the
nirS gene only in 8 samples out of 77, and we did not include
these samples in the statistical tests since they were statistical
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outliers (G =0.25, p<0.001). Besides, the nirS abundance
was a negative power function to the DO concentration
(n=69, p<0.001; Supporting Information Fig. S15b). The
concentration of nitrate, which is the main substrate of deni-
trification, was not significantly related to the abundance of
nirS gene, total prokaryotes, or the nirS : prokaryotes ratio
(Supplementary Table S8; Supporting Information Fig. S17a—c).
However, the nirS gene, and the nirS : prokaryotes ratio were
negatively related to the nitrite concentration when the con-
centration was over detection level (Supporting Information
Fig. S17e,f). We also found that TP concentration and cumula-
tive Chl g, which is a proxy for the total phytoplanktonic bio-
mass exported from the water column, were positive and
significantly related to the abundance of the nirS gene, and,
specifically, the nirS : prokaryotes ratio, but they were not
related to the total abundance of prokaryotes (Fig. 4). There-
fore, the effects of TP and cumulative Chl a are specific on the
denitrifying bacteria (i.e., nirS gene). Together, DO and TP
concentrations explained the abundance of denitrifiers in the
water column of these reservoirs (n =69, adj R?>=0.68,
Supporting Information Fig. S18; Supplementary Table S9),
showing the highest nir§ abundances at low DO and high TP
concentrations (Supporting Information Fig. S18a). On the

@ A Sinks

(a) _ (b)
Prokaryotic abundance

nirS abundance
1.4 x10%x"12 R? = 0.21

N0 in the water column of reservoirs

other hand, we detected the nosZ gene in 37 out of 77 samples
analyzed in oxic and suboxic conditions (Supporting Informa-
tion Fig. S15¢). The abundance of the nosZ gene ranged from
0 to 3.1 x 10* copies mL™! (median =0 copies mL™!). The
maximum abundances of the nosZ gene were in the hypolim-
nia of San Clemente and La Bolera reservoirs at suboxic condi-
tions, where we also detected the lowest N,O saturation
values (i.e., 37%, and 86%; Fig. 1a; Supporting Information
Fig. S2a).

The abundance of nirS gene is a biomarker for the den-
itrifying community, while the nosZ gene is a proxy for the
bacteria that reduces N,O to N, because this gene code the
nitrous oxide reductase (Hallin et al. 2018). Our results indi-
cate that denitrifying bacteria (i.e., nirS gene) are ubiquitous
and very abundant in the water column of the study reser-
voirs. Besides, nirS abundance was 3 orders of magnitude
higher (median = 3.2 x 10° copies mL™') than the abundance
of the amoA gene (median = 301 copies mL™!), and the nosZ
gene (median =0 copies mL™!). nirS gene codes the nitrite
reductase that reduce nitrite during denitrification, and that
may explain its relationship with the nitrite concentration. In
this study we targeted only nirS-type denitrifiers, however
nirK-type denitrifiers may be also present in these systems.

@A Sources O Oxic /\ Suboxic

(c)

nirS : prokaryotes
1.2x"®°R?2=0.19

A 50.00 - A A

1.00

copies : cells

0.02

6_ 3 x 108
) 3x10 etod o, 3
| ® o.’. S
Eix100] *To ¢ § 1x10°
© el o0 @ A =1
8 Foo'e g
o
e A
3x 101 | | 3x10°1L
0.1 0.5 25 0.1

TP (umol-P L)

(e)

Prokaryotic abundance

TP (umol-P L)

nirS abundance
5.9 x 10* x%% R2 = 0.20

0.5 0.5

TP (umol-P L")

(f)

nirS : prokaryotes
52 x 102 x*%* R2=0.19

8] A 50.00 A A
3 x 108 A0 _ 3x10
_ :.so 30 _E, % AA‘QA‘
6 _] -
E i iole ooleippd ¢ 1x10 = 1.00 °8 o
o) o o® se | 3 Ko e &
& e %2 o |3 o
o @ A 3 (6]
3x10°, | | 3x105—| j j o.oz—I .| °
1 20 400 1 20 400 1 20 400

Cumulative Chl a (mg m?)

Cumulative Chl a (mg m?)

Cumulative Chl a (mg m?)
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Few studies have analyzed the occurrence or distribution of
the nirS, nirK, or nosZ genes in the water column of lakes or
reservoirs (Junier et al. 2008; Kim et al. 2011; Pajares
et al. 2017; Mao et al. 2017). Junier et al. (2008) and Kim et al.
(2011) detected the nirS gene in the water column of lakes,
with the higher diversity in the epilimnion, and different den-
itrifying communities in the water column and the sediments.
The maximum abundance detected in our study was up to
3 orders of magnitude higher than the maximum detected by
Pajares et al. (2017) in a tropical lake, who also described a
similar abundance of the nirK gene, but the nir§ abundance in
our study was similar to the abundance detected by Mao et al.
(2017). Mao et al. (2017) also detected the nosZ gene in the
water column of lakes, with an abundance several orders of
magnitude higher than the abundance detected in our work.
In the study reservoirs, the occurrence of the gene nosZ was
more limited than the occurrence of the nirS gene, and we
only detected nosZ in about half the samples analyzed. This
finding may reflect a real limitation in the distribution of the
nosZ gene in the study reservoirs. However, this could also be
due to a methodological limitation, as we may not have
detected all nosZ gene variants by using primers that may only
capture typical nosZ variants (Clade I). Nitrous oxide reduc-
tases reducing N,O to N, are not always affiliated with den-
itrifying microorganisms. Recent findings showed that some
organisms possess a Clade II (atypical) nosZ gene, and this
atypical nosZ gene can even dominate marine microbiomes
(Bertagnolli et al. 2020). nirS and nosZ genes were present in
both oxic and suboxic conditions, but they showed a prefer-
ence for low oxygen environments. nirS abundance was nega-
tively related to the oxygen availability, and the nosZ
abundance showed the highest abundances at low oxygen
conditions. Therefore, DO concentration may affect, but not
inhibit, denitrification. In this regard, previous studies stated
that denitrification is a facultative anaerobic process, and its
last step of N,O reduction is strongly sensitive to even traces
of oxygen (Dalsgaard et al. 2014). However, other studies
detected the occurrence of denitrifying bacteria (i.e., nir§ nirK
and nosZ genes) in oxic and anoxic conditions in the lake
water column (Junier et al. 2008; Kim et al. 2011; Mao
et al. 2017; Pajares et al. 2017). Aerobic denitrifying bacteria
occur in diverse environments, and the effect of DO may
depend on the specific microorganism (Lloyd 1993).

In addition to DO, TP and cumulative Chl a concentrations
in the water column had a specific positive effect on the deni-
trifier abundance (i.e., nirS and nirS : prokaryotes ratio). Pajares
et al. (2017) also reported that phosphorus concentration was
positively related to the abundance of denitrifiers in a tropical
lake. Phosphorus is a rate-limiting nutrient in natural systems
(Guignard et al. 2017), and may affect denitrifying bacteria
replication or performance. In fact, the study of Arat et al.
(2015) suggested that P availability affects denitrification gene
expression. This study was based on the gene regulatory and
metabolic network for the denitrification pathway in

N0 in the water column of reservoirs

Pseudomonas aeruginosa PAO1 under different environmental
conditions. They also confirmed experimentally that
phosphate concentration increased N,O production in
P. aeruginosa cultures. Although this study was performed only
with one bacterium, other denitrifying bacteria may have sim-
ilar regulation systems, and that may explain the relationship
between nirS gene abundance and TP concentration that we
found in the study reservoirs. Much attention has been paid
to the effect of nitrogen on the N,O production or denitrifica-
tion, but P results being a key nutrient, and it may have a
more relevant role in denitrification that expected.

On the other hand, in this study the abundance of the nirS
gene did not depend on DOC concentration (Supplementary
Table S8), but it depended on the cumulative Chl
a concentration. This relationship may suggest that denitrifi-
cation is stimulated by fresh autochthonous organic matter,
that can serve as labile carbon source, as they are heterotro-
phic organisms. This idea was also suggested by previous stud-
ies in freshwaters (McMillan et al. 2010; Chen et al. 2012).
Denitrification rates in the ocean depend on the organic mat-
ter exported from the photic zone derived from primary pro-
duction, and affected by the quality and quantity of organic
matter (Kalvelage et al. 2013; Ward 2013b; Babbin et al. 2014).
In addition, the high algal biomass of eutrophic reservoirs can
result in hypoxia events that also stimulate denitrification. In
the second place, this relationship may also suggest that deni-
trification and N,O production in the water column is
enhanced by sinking particles derived from the phytoplank-
ton community (Zhou et al. 2019b).

Microbial control on N,O concentration

We found that the N,O concentration (nmolL™?)
depended on the nirS abundance (copies mL™") following a
power function (N,O = 0.27 nirs*33, n =69, adj R*=0.28,
p <0.001; Fig. 5b). N,O also depended on the nir$ : prokary-
otes ratio (n = 69, adj R?*=0.22, p <0.001; Fig. Se). However,
N,O was not significantly related to the abundances of amoA
or nosZ separately (Fig. 5a,c). When we modeled the effect of
the three genes on the N,O using a GAM, we found that the
abundance of nosZ also affected significantly the N,O concen-
tration, in combination with the nirS gene (Supplementary
Table S10). Together, they explained up to 34% of the vari-
ance, and up to 40% when we used the gene: prokaryotes
ratios (i.e., relative abundance) instead of the absolute gene
abundances. We also studied the relationship between the
amoA : nirS and the nirS : nosZ ratios with the N,O, but the
results were not significant (Supporting Information Fig. 519).
Finally, we modeled the N,O concentration in the water col-
umn as function of the concentration of the main substrate
for denitrification (i.e., NO3~), and the relative abundance
of denitrifiers, which are involved in the production
(i.e., nirS : prokaryotes) and the consumption of N,O (i. e,
nosZ : prokaryotes ratios) (Fig. 6). N;O concentration
was a positive exponential function of the nitrate and the
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the abundance of the related groups: (a) archaeal amoA gene (copies mL™");

(b) nirS gene (n =69, p<0.001); (c) nosZ gene; (d) archaeal amoA : prokaryotes ratio (amoA copies: prokaryotic cells); and (e) nirS : prokaryotes ratio
(nir§ copies: prokaryotic cells) (n = 69, p < 0.001); and (f) nosZ : prokaryotes ratio (nosZ copies: prokaryotic cells). Reservoirs acting as sinks are represen-
ted in brown, while reservoirs acting as sources of N,O are represented in green. The dots stand for the oxic samples, and the triangles stand for the

suboxic samples. Note the log scale in X and Y axes.

nirS : prokaryotes ratio, but a negative linear function of the
nosZ : prokaryotes ratio. This model had an explained devi-
ance of 68.3%, and adjusted R? of 0.66 (n = 69). We show the
effect of the two-by-two explanatory variables on the N,O in
the contour plots (Fig. 6a,c,e), and the partial responses of
each variable on the N,O concentration in Fig. 6b,d,f. Further
statistical details are provided in Supplementary Table S10.
Our results strongly suggest that denitrification may be the
main microbial metabolism controlling the N,O budget in the
water column of the study reservoirs. In this work we modeled
N,O concentration as function of the nitrate and DO concen-
trations, with a negative interaction between both variables
(Fig. 3), but also as function of nitrate and denitrifiers relative
abundances (Fig. 6). Both models are connected. Nitrate and
DO significantly affect denitrification. Nitrate is the substrate
for denitrification, and its higher availability will determine a
higher N,O production, however the effect of DO differs
depending on the N availability. Denitrifiers were present at
oxic and suboxic conditions, but they were more abundant at

low oxygen conditions, and they can both produce (i.e., nirS
gene) and consume N,O (i.e., nosZ gene). The undersaturated
values for N,O concentration were associated to low N and
DO availabilities (Fig. 3a), where denitrifiers are abundant, but
the low substrate availability may determine that they reduce
N,O to N, at a higher rate that they produce N,O, leading to
N,O undersaturation. In contrast, the highest N,O concentra-
tions were located at high nitrate but low DO concentrations
(Fig. 3a). At these conditions, denitrifiers have no substrate
limitation and reach their higher N,O yields. Previous studies
have also suggested that denitrification may have a major role
in N,O production in different ecosystems. Zhou
et al. (2019a) suggested that aerobic denitrification dominated
the nitrogen losses in a reservoir. A previous survey in 17 shal-
low lakes also found a correlation between the abundance of
denitrifiers (i.e., nirS/nirK) in lake sediments and N,O fluxes
(Zhou et al. 2021). Dai et al. (2022) found that archaeal amoA
genes and transcripts were more dominant in the coastal and
estuarine areas which had low nitrogen concentration, while
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Fig. 6. GAM fitted to N,O concentration (logio N,O, nmol L™"), as function of nitrate (log1o NO3~, umol-N L"), the nirs : prokaryotes ratio (logyo
nir§ : prokaryotes, copies cells™") and the nosZ : prokaryotes ratio (logqo nosZ : prokaryotes + 1, copies cells™"). The effect of the explanatory variables on
the N,O concentration is shown in two-by-two contour plots (a, ¢, ) and on the individual partial response plots (b, d, f). Contour plot showing the
relationship between (a) nitrate (x-axis) and nirS : prokaryotes (y-axis); (b) nirS : prokaryotes (x-axis) and nosZ : prokaryotes (y-axis); and (c) nosZ: pro-
karyotes (x-axis) and nitrate (y-axis) with the N,O concentration (z-axis, contour lines). Individual partial response plots showing the partial effects of
(b) nitrate, (d) nir$ : prokaryotes, and (f) nosZ : prokaryotes in the model. Rugs on x-axis are the observed data points. The lines are the smoothing func-
tions, and the shaded areas indicate the 95% confidence intervals. More details in Supplementary Table S10.

nirS genes and transcripts dominated in the areas of high On the other hand, this result does not mean that AOA are

nitrogen inputs. Based on the distribution patterns, the not contributing at all to N,O budget. AOA may be producing

authors suggested that denitrification may control N,O emis-  N,O, specially in some reservoirs or under specific conditions

sions. Li et al. (2016) found a positive correlation between nirK (i.e., suboxic waters), but their contribution is difficult to

abundance and N,O fluxes in composting piles, while a nega- assess with this methodology. The analysis of functional genes

tive correlation between nosZ and N,O fluxes. as molecular markers for microbial processes is a widely
11
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applied approach to understand biogeochemical processes in
natural ecosystems. In particular, the abundances of amoA,
nirS, or nosZ genes are frequently used to assess the contribu-
tion of these microbial groups to the N,O budget
(e.g., Loscher et al. 2012; Zhou et al. 2021). However, this
methodology does not quantify the N,O production or con-
sumption rates. Therefore, the findings presented in this work
should be confirmed using experimental measurements, as
rates determination using '°N-labeled substrates. Ammonia
oxidation has been suggested as the primary process contrib-
uting to the N,O production in oxic waters, but we did not
find a significant relationship between the abundance of
archaeal amoA gene and the dissolved N,O concentration in
the study reservoirs. The archaeal amoA gene has been exten-
sively studied in the marine waters and sediments, where it is
present in large numbers and contribute significantly to the
N,O production (e.g., Francis et al. 2005; Loscher et al. 2012;
Trimmer et al. 2016). However, their role in N,O production
in freshwaters is less known.

An ecosystemic and global perspective

In essence, human activities in the watersheds of reservoirs
determine their roles as sinks or sources of N,O by increasing
the inputs of nutrients, and then, modifying the activity and
growth of the microbial community. Reservoirs classified in

ropS Urban areas

Forests \ /
+
P

t@éﬁﬁ

+NOy

N inputs
from land

N,O N,
/ X

N0 in the water column of reservoirs

this study as N,O sinks are located in watersheds with more
than ~ 30% of forested areas, while the sources are located in
agricultural and urban landscapes (Ledn-Palmero et al. 2020a).
Crops and urban areas exported nutrients to reservoirs by run-
off, increasing the concentration of N and P in the water col-
umn, while forested areas had the oppositive effect
(Supporting  Information Fig. S20a-h) (Ledén-Palmero
et al. 2021). Besides, the effect of urban areas (%) showed a
higher slope than in the crop areas, highlighting the higher
impact of urban development in comparison to crop areas
(Fig. 7). Land uses in the watershed were also significantly
related to the N,O concentrations and fluxes (Supporting
Information Fig. S20i-p). Our findings are in agreement with
previous works that show that nitrogen inputs into aquatic
systems can boost the production and subsequent emission of
N,O (Seitzinger et al. 2000; Beaulieu et al. 2011, 2015; Baulch
et al. 2011), although most of them focused on the agricul-
tural effects (Baulch et al. 2011; Musenze et al. 2014; Beaulieu
et al. 2015).

Therefore, a reservoir will change from acting as a sink to a
source if it receives N and P inputs from agriculture and urban
areas, which will affect denitrifying bacteria in different ways
(Fig. 7). In this work we found that N inputs directly increase
N,O concentration, whereas P inputs increased the prolifera-
tion of denitrifiers. The increase in the Chl a concentration,

Chla

Hypoxia \+

NO3_ NO3_ Nzo
NO3 N,O N,O N,

—~ |

Atmosphere

\
\

N,O
consumption

N

Sinks of N,O

N,O
production

N Sources of N,O

Net consumption
below the oxycline

» Net production
below the oxycline

Fig. 7. Land uses in the watershed determine the N and P inputs that will modify the functioning of reservoirs, to change from a sink to a source of
N,O. The width of the arrows is proportional to the nutrient inputs from the watershed land uses. The circular model is inspired by Margalef (1983).
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and the hypoxia events during the stratification period are
also consequences of eutrophication that will also promote
denitrification and N,O production. DelSontro et al. (2018)
also found that N,O emission rates depended on Chl a in
lakes and reservoirs. Nutrient-rich conditions and algal accu-
mulation are important drivers of N,O emissions, and these
emissions may increase exponentially with the trophic state,
as recently suggested in shallow lakes (Zhou et al. 2021). How-
ever, as explained previously, low oxygen conditions only
increased the potential capacity of reducing N,O to N, at low
nitrogen concentrations. This behavior was more evident dur-
ing the stratification than during the mixing period, because
of the formation of the suboxic hypolimnion.

Margalef (1983) explained that freshwaters respond to the
anthropogenic N and P inputs with negative feedbacks that
displace a fraction of the materials to their corresponding
boundaries. These boundaries are the sediments for the case
of P, and the atmosphere for the case of N. In other words, an
ecosystem that experiences N loading from human activities
will accelerate denitrification to displace the excess N into the
atmosphere, as N, and, especially, as the potent greenhouse
gas N,O. Therefore, from an ecosystemic point of view, deni-
trification acts as negative feedback process to release the
excess of N inputs in the water column back toward the atmo-
sphere, from where it was extracted first, artificially fixed by
humans. Globally, half of the terrestrial denitrification occurs
in freshwaters, with most of the nitrogen that is denitrified
coming from the surrounding land (Seitzinger et al. 2006). In
Fig. 7 we show a diagram summarizing the content of
this work.

In this study we demonstrated that some reservoirs accu-
mulate large concentrations of N,O in their hypolimnions.
The dissolved N,O stored in deep waters will be emitted to the
atmosphere via other pathways, such as the autumn overturn,
or by degassing at the dam outflow or further downstream
(i.e., indirect emissions). Unlike natural lakes, reservoirs have
water intakes that connect the deep section of the water col-
umn and the downstream river, which provides water to the
turbines to generate electricity. The turbulence and reduced
pressure when the gas-rich water passes through the turbines
and the pipes cause the degasification and direct emission of
gases to the atmosphere at the dam outflow (i.e., degassing
emissions) or the emission from the river surface below
(i.e., downstream emission). Previous works have demon-
strated that degassing and downstream emissions represent a
significant fraction for N,O emissions (Okuku et al. 2019). Res-
ervoirs may have a relevant role in the N loss and N,O emis-
sions globally, especially from those ones located in
agricultural and urban landscapes, while others in forested
areas may uptake N,O. Therefore, these results can be relevant
for reservoir and watershed management, especially consider-
ing the plans for increasing the number of reservoirs world-
wide (Zarfl et al. 2015). Future studies should consider how
human activities can turn reservoirs being sinks to sources of
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N,O, and how the dissolved N,O produced or consumed in
the water column can affect direct and indirect emissions
from reservoirs.
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