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Abstract Reservoir drawdown areas (DAs) can be both important nitrogen (N) sources to river networks
and hot spots for N removal from freshwater ecosystems. The net effect of DAs on the N availability in
reservoirs within a full hydrological cycle remains unclear. In this paper, the N dynamics in the DA of the Three
Gorges Reservoir, Yangtze River, China, are investigated through a combination of discrete and continuous in
situ observations and sampling over a span of 2 years, complemented by numerical modeling. We show that the
DA is a net source of N to the water column, and that about 30% of the total annual N load released from the DA
is mitigated by the sediment through denitrification and capture. The annual net load of the total N from the DA
to the reservoir is ca. 0.59 kg per meter along the river, which is on the same order of magnitude as the input load
from the density current of the Yangtze River to its tributaries, generally considered to be the primary driver of
eutrophication in tributaries. N release in the DA mainly occurs during the drying period, whereas
denitrification in the sediment mostly takes place during the flooding period when the oxido‐reducing potential
is low. Our findings quantify and therefore clarify the N source/sink dynamics from the DA to the reservoir,
offering a new perspective on the importance of DA nutrient loading in decision‐making related to integrated
management of inundated lands to alleviate reservoir eutrophication by river damming.

Plain Language Summary Nitrogen (N) is an essential nutrient element, but it can be harmful to
water quality in excess amounts. Drawdown areas (DAs) are regions at the edges of reservoirs that are
alternately flooded and dried as water levels rise and fall. In some conditions, DAs can cause N pollution by
adding N to the reservoirs, while in other conditions, DAs can alleviate pollution by removing N from the
reservoir by turning it into a gas through the process of denitrification. The annual balance for these pollution‐
driving versus pollution‐alleviating processes across the entire year remains unclear. Based on 2 years of
continuous field observations and modeling of N cycling in the DA of the Three Gorges Reservoir, China, this
paper finds that annually sediment denitrification and retention in the DA eliminates 30% of the N load released
from the sediment itself. N release in the DA mainly occurs when reservoir water level falls as the weather
warms up. Denitrification, which turns nitrate into a gas that can leave the reservoir and enter the atmosphere, in
sediment under high water levels is the main mechanism that removes N from the DAs. We find that the amount
of N released to the reservoir from the DAs is similar in size to the N load received from the upstream river, and
thus needs to be considered in reservoir water quality management decisions.

1. Introduction
Dam reservoirs are constructed because they can present socioeconomic benefits, including flood control. Among
the 23,853 purpose‐specific global reservoirs tabulated in the Global Dam Tracker database (Zhang & Gu, 2023),
nearly 10% have the primary function of flood control. This number is tripled when all reservoirs with flood
control as one of the functions are considered (Liu, 2022). Reservoir drawdown areas (DA) are subject to manual
regulation corresponding to dam operation, driving large fluctuations in water level and a wide area around a
reservoir perimeter that is periodically inundated and then dried (Bao et al., 2015). Reservoirs with flood control
as the primary function usually have large DAs around their perimeter, accounting for 10%–25% of the surface
area of a reservoir at its maximum filling level (Keller et al., 2021). The DAs of flood control reservoirs often
reverse the natural timeframe of alternating wetting and drying; that is, wet during the natural dry season, and vice
versa (Bao et al., 2015; He et al., 2020).

Watershed managers and local stakeholders often anecdotally assume that the DAs of flood control reservoirs
cause nitrogen (N) release and therefore N pollution to the reservoir water column, but scientific evidence remains
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unclear. In dry seasons, reservoir impoundment quickly inundates the DA, driving sediment N release to the
reservoir via diffusion (S. Wang et al., 2019; Xu et al., 2010). The decomposition of flooded vegetation in the DA
can also act as a means for the release of N nutrients to the water column. For example, Chang and Wen (1997)
found that the nutrients released from the decay of plants in the DAs were a key driver of the surge in total nitrogen
(TN) during the early stage of reservoir impoundment. Similarly, Xiao et al. (2017) showed via in situ experi-
mental decomposition of plants carried out in the Three Gorges Reservoir (TGR) that the TN load from the
dominant plant species in the DA reached 81.1 kg ha− 1, a flux high enough to damage the aquatic environment of
the reservoir by promoting eutrophication, which tends to occur in this system at TN concentrations in excess of
1.3 mg/L (Tang et al., 2016). In several studies of reservoirs in the US and China, the DA was considered a non‐
negligible contributor to the increased risk of reservoir eutrophication (Chen et al., 2019; Gao et al., 2016;
Harrison et al., 2017; Lin et al., 2019).

Conversely, DAs are also known as the “liver” of rivers due to their self‐purification function (Brunke &
Gonser, 1997; Fischer et al., 2005; Zhao et al., 2020). Sequential wetting and drying cycles enable frequent
hyporheic exchange between surface water and sediment pore water in reservoir DAs. Rising water levels during
rewetting carry dissolved inorganic nitrogen (DIN), mainly in the forms of ammonium (NH4

+–N) and nitrate
(NO3

− –N), dissolved oxygen (DO), and dissolved organic carbon, into the sediment, promoting nitrification and
aerobic respiration (Gu et al., 2012), thus removing harmful NH4

+–N from the water column.With the continuous
consumption of DO, denitrification dominates the outflow path during water level decline. This process effi-
ciently converts nitrate N into gaseous N and escapes from the system (Shuai et al., 2017). Moreover, periodic
water level fluctuation improves the abundance and diversity of microorganisms (Deng et al., 2023; Ye
et al., 2017), enabling nitrification, aerobic respiration, and denitrification and thereby the removal of DIN in
DAs. Recent studies have also shown the role of reservoir DAs as hotspots of emissions of N2, the end‐product of
denitrification, and nitrous oxide, a byproduct of nitrification and an intermediate in denitrification (Li
et al., 2015; Shi et al., 2021), which indicates that sediment with dry–wet alternation serves as a primary site for N
removal (Mulholland et al., 2008; Shi et al., 2020; Trauth et al., 2018). In addition to denitrification, DAs can
commonly retain a portion of infiltrated solutes and serve as an N sink (Liu et al., 2019; Mahmood et al., 2019;
Welch et al., 2013).

Whether DAs have a net positive or negative effect on the N water quality of reservoirs within a full hydrological
cycle, that is, a complete wetting and drying period, remains unclear. The characteristics of N cycling in DAs and
the underlying mechanism need to be more fully quantified across seasons. In this paper, the N dynamics, budgets,
and associated exchange mechanisms for DIN, organic nitrogen (ON), and TN in the DA of the TGR, China are
quantified through in situ monitoring, laboratory experiments, and numerical modeling. The paper primarily aims
to (a) reveal the dominant process of N cycling in the DA under different hydrological conditions, (b) clarify the
hydrological mechanism associated with the drivers of N cycling, and (c) quantify the annual budget of the net TN
load to the water column from the DA.

2. Materials and Methods
2.1. Study Area and Sampling Sites

The TGR on the Yangtze River in China is the largest flood control reservoir in the world (Wang
et al., 2021), with a total surface area of 1,084 km2. The reservoir volume is generally reduced to the flood control
minimum limit in wet seasons (June to August), and a high water level is maintained during dry seasons
(November to January) with a total water level variation range of 145–175 m (Yu et al., 2020). When the DA is
exposed, a wide range of hygrophilic herbs grow, but their growth is abruptly halted due to the impoundment of
the reservoir at the end of their growing season. The Pengxi River is the largest tributary of the TGR and is
representative of most other tributaries in terms of regional geographical, geological, and climatic characteristics
(Bao et al., 2015). The DA in the Pengxi River region covers approximately 56.60 km2, accounting for 16.27% of
the total TGR's DA, the largest of any tributary (Figure S1 in Supporting Information S1) (Jin et al., 2021).

The DA in the middle reaches of the Pengxi River in Gaoyang (GY) was selected for this study (Figure 1). The
DA here is free of agricultural activity, and the water bodies around it are minimally affected by potentially
confounding N fluxes from the density current in the mainstream of the Yangtze River (Xiang et al., 2021a), thus
providing an ideal region for analyzing the effect of DAs on reservoir water quality. The sediment sampling site is
located at an elevation of 146.5 m in the DA (GY, 31°5′48.2′′ N and 108°40′20.1′′ E), which becomes mostly
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submerged at high water levels. To validate the spatial trends in the N cycling response to the wetting–drying
cycles, two auxiliary sites in the DAs of the Pengxi River region (Figure 1), Huangshi (HS, 30°59′47.5′′ N
and 108°42′55.0′′ E) and Shuangjiang (SJ, 30°56′54.1′′ N and 108°39′56.0′′ E), were selected for comparative
study.

2.2. In Situ Monitoring

Precipitation in the Pengxi River region was recorded at 15‐min intervals using a portable weather station (RG3‐
M; Onset HOBO, MA, USA), as shown in Figure S2a in Supporting Information S1. At the GY site, the water
pressure, temperature, oxido‐reducing potential (ORP), and DO were measured at 1 hr intervals through the
online monitoring and remote transmission system installed in the DA's sediment–water interface (Figure S2b in
Supporting Information S1), whereas at the HS and SJ sites, these parameters were recorded at 1 hr frequency by
employing Onset HOBO data loggers (U20–001 and U26‐001, respectively; MA, USA). Chlorophyll‐a in the
water profiles (≥146.5 m) at all sites was measured at monthly frequency using a multiparameter water quality
meter (YSI; Yellow Springs, OH, USA) (Figure S2 in Supporting Information S1). All equipment and instruments
were calibrated, cleaned, and maintained as needed, and at minimum according to recommended manufacturer
frequencies.

2.3. Sample Collection, Pretreatment, and Analysis

A rectangular area of approximately 3 m2 around each sediment sampling site (Figure 1) was selected for the
collection of sediments and water. At the GY site, the sampling time ran through two full hydrological years (from
June 2018 to May 2020), and the samples were collected at two time points in each of the four periods (low‐water‐
level period [LWP], flooding period [FP], high‐water‐level period [HWP], and drying period [DP]) (Figure S3 in
Supporting Information S1), yielding 16 sampling times. For the comparative study, sampling was conducted at
all three sites during a representative flooding–drying cycle in the LWP (June 7–30, 2016), and the samples were
collected 16 times throughout the process at each site. The water level of the representative flooding–drying cycle,
determined via the Froude similarity criterion (Christensen & Frigaard, 1994), namely, time scale = geometric
scale1/2, based on the prototype of annual water level change from 145 to 175 m, was considered practicable for
research on the spatial trends in the N cycling response to annual wetting–drying cycle in the DA (Text S1 in
Supporting Information S1).

At each sampling time, a total of 12 L of overlying water (the water adjacent to the sediment–water interface) was
collected preferentially using a polymethyl methacrylate (PMMA) water collector (4 L). The 1.5 L water sample
was immediately filtered (0.45 μm) for cryopreservation and analysis, and the rest was used for culture

Figure 1. Locations of the study area and sampling sites. The mean sea level is the reference point for elevation. DA, drawdown area; GY, Gaoyang; HS, Huangshi; and
SJ, Shuangjiang.

Global Biogeochemical Cycles 10.1029/2024GB008136

LIU ET AL. 3 of 16

 19449224, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

B
008136 by N

anjing Institution O
f G

eo, W
iley O

nline L
ibrary on [26/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



experiments. Six sediment cores were collected at each time point using a Rigo Co. gravity corer
(φ90 mm × 600 mm). The upper 20 cm of the sediment cores was transferred into tailored plexiglass tubes
(φ90 mm × 350 mm) and covered by approximately 10 cm high in situ water. Three replicates were stored for
24 hr pending use in flow culture experiments (Section 2.4.1), whereas the three other replicates were directly
used for release tests (Section 2.5.1). Finally, surface sediments (3 cm thick) were collected using an Ekman grab
sampler in triplicate and homogenized. A total of 200 g of the homogenized samples was saved in 50 mL tubes
and frozen for N component analysis; 20 g samples were stored in Eppendorf tubes, sealed, and kept at − 80°C
until scheduled microbial analysis; the rest was evenly placed in 12 PVC pipes (φ40 mm× 150 mm) and served as
samples for static culture experiments (Section 2.4.2).

Sample analysis in water and sediment was based on standard methods (Ministry of Environmental Protection of
China, 2002) (Table S1 in Supporting Information S1). The concentrations of NH4

+–N, NO3
− –N, NO2

− –N, total
dissolved nitrogen (TDN), and TN in water were determined spectrophotometrically (DR6000, HACH Co.,
USA). Total suspended solids (TSS) were measured via the filter membrane weighing method (0.45 μm). Sed-
iments were freeze‐dried (ALPHA 2–4 LSC, Martin Christ Co. Ltd., Germany) and ground prior to analysis.
Sediment TN was determined using the Kjeldahl digestion method with K2Cr2O7‐H2SO4. Sediment IN (pore-
water DIN + particulate IN) was extracted via oscillation with 2 mol L− 1 of KCl, and the supernatant was
extracted using a 5 mL pipette and then filtered through a 0.45 μm membrane. The supernatant concentrations of
NH4

+–N, NO3
− –N, and NO2

− –N were determined using Nessler's reagent colorimetry, UV spectrophotometry,
and diazo coupling spectrophotometry, respectively. Standard curves were generated for the analysis of N species
in all samples with a quality threshold of r2 = 0.99 for p < 0.01. The abundances of mineralizing, nitrifying,
denitrifying, and anammox microorganisms in the sediment were determined through quantitative polymerase
chain reaction by using Urec, AOB, nirS, and hzsB as marker genes, respectively (Table S2 in Supporting In-
formation S1), and the sample recovery efficiencies were 100.84%, 85.20%, 97.68%, and 86.76%, respectively.
Microbial analysis was conducted by Shanghai Meiji Biomedical Technology Co., Ltd.

2.4. Culture Experiments of N Transformation

2.4.1. Flow Culture Experiments to Determine Denitrification and Anammox Rates

At each sampling time, the three sediment cores in the tailored plexiglass tubes were used for flow culture to
determine the denitrification and anammox rates in the sediments, as shown in Figure S4a in Supporting Infor-
mation S1 (Xu et al., 2009). Two nozzles at the top of each plexiglass tube connected the inflow and outflow
containers. The inflow was the untreated in situ water injected with isotope 15NO3

− –N, which was pumped to the
tube through a peristaltic pump at a flow rate of 1 mLmin− 1. The water samples in the inflow container before and
after the addition of isotopes were collected and filtered (0.45 μm) to analyze the relative abundance of 15NO3

− –N.
Culturing was performed for 24 hr under constant temperature in dark conditions, and samples of outflow water
before and after culturing were collected with headspace sampling bottles. The bottles were immediately injected
with 0.2 mL of 50% ZnCl2 solution to fix the nutrients for the analyses of N2 isotopes to quantify the magnitude of
denitrification and anammox. The N isotopes were examined through a membrane inlet mass spectrometer
(Swagelok, OH, USA) with a 0.05 μmol L− 1 detection limit for N2.

The denitrification and anammox rates in the sediments were calculated through the following isotope‐pairing
techniques (Dähnke & Thamdrup, 2013; Thamdrup & Dalsgaard, 2002):

ε = [(NO3 − )a − (NO3 − )b] ⋅ (NO3 − )
− 1 (1)

rn = (Cn − Cn,0) ⋅ ν ⋅ S− 1 × 60 × 24 (2)

DS = (D15 + D14) − D15 ⋅ ε− 1 (3)

Dw = D15 ⋅ ε− 1 ⋅ (1 − ε) (4)

A28 = [r29 + 2(1 − ε− 1) ⋅ r30] ⋅ ε ⋅ (1 − ε) (5)
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where ε is the relative abundance of 15NO3
− –N (− ); a and b indicate the statuses after and before the addition of

isotope, respectively; rn is the release rate of N2 with different molecular weights (μmol m
− 2 hr− 1);Cn andCn,0 are

the concentrations of N2 with different molecular weights in the outflow before and after culture (μmol L− 1),
respectively; v is the flow rate regulated by the peristaltic pump (mL min− 1); S is the sediment–water contact area
in the columnar sample (m− 2); D15 (= r29 + 2r30) and D14 (= D15 ⋅r29/2r30) are the denitrification amounts using
15NO3

− –N and 14NO3
− –N (μmol m− 2 hr− 1), respectively; Ds is the denitrification rate of nitrate from the sedi-

ment (μmol m− 2 hr− 1); Dw is the denitrification rate of nitrate from overlying water (μmol m− 2 hr− 1); and A28 is
the 28N2 flux generated during anammox (μmol m

− 2 hr− 1).

2.4.2. Static Culture Experiments to Determine N Mineralization and Nitrification Rates

The surface sediments in the 12 PVC pipes mentioned above were used for static culture to determine the net N
mineralization and nitrification rates in the sediments, as shown in Figure S4b in Supporting Information S1
(Seeley et al., 2020). For sediments collected during DPs, 3 of the 12 PVC pipes were mixed into one sample,
from which sediment NH4

+–N and NO3
− –N contents were determined on day 0 of the experiment. The remainder

of the PVC pipes were placed in a fume hood and under light for culture. Distilled water was added to the
sediments during culture to maintain their moisture content, and the temperature was adjusted to mimic the in situ
temperature. On the 3rd, 7th, and 15th days of culture, each of the three culture pipes was taken to determine the
sediment NH4

+–N and NO3
− –N contents. Once the sediment in a pipe was analyzed, it was not returned for

further culture. Sediments collected during FPs were covered by in situ water, and the upper part of the pipes was
sealed with water‐retaining, breathable membranes with holes for ventilation.

The net N mineralization and nitrification rates in the sediments were calculated via the change in NH4
+–N and

NO3
− –N (Worsfold et al., 2008):

Mnet =
(NH4+ + NO3 − )b − (NH4+ + NO3 − )a

T
(6)

Nnet =
(NO3 − )b − (NO3 − )a

T
(7)

where Mnet and Nnet are the net N mineralization rate and net nitrification rate (mg kg− 1 d− 1), respectively;
(NH4

++NO3
− )a and (NH4

++NO3
− )b are the total contents of NH4

+–N and NO3
− –N (mg kg− 1) in the sediment

before and after culture, respectively; (NO3
− )a and (NO3

− )b are the contents of NO3
− –N (mg kg− 1) in the

sediment before and after culture, respectively; and T is the culture time (d).

2.5. Quantification of N Flux and Budget

2.5.1. Release Tests to Determine N Release Fluxes in Sediments

At each sampling time, the three other treated sediment cores were used to determine the release fluxes of
NH4

+–N, NO3
− –N, and TN in the sediments, as shown in Figure S4c in Supporting Information S1 (Fan

et al., 2002). Prior to culturing, the original overlying water of all samples was replaced with the same
volume of filtered in situ water, and the liquid level was marked on the plexiglass tubes. All the samples were
cultured under in situ temperature in the dark. At 0, 12, 24, 36, 48, and 72 hr, 50 mL of water was collected
at 5 cm above the sediment with a pipette. After each collection, each sample was slowly injected with
filtered in situ water to maintain the water balance.

The release fluxes of N species (NH4
+–N, NO3

− –N, and TN) from the sediments to the overlying water were
calculated as follows:

fi = [V × (C0 − Cn) +∑
n

i=1
Vi− 1 × (Ca − Ci− 1)]/(S × t)/1000, (8)

where fi is the average release flux (g m
− 2 d− 1). A negative value indicates the release of solute from sediment to

water, and vice versa; V is the volume of overlying water in the columnar sample (L); Cn, C0, and Ci− 1 are the
mass concentrations of a substance at the nth, 0th (initial), and i− 1th sampling (mg L− 1), respectively; Ca is the
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mass concentration of the substance in the added water sample (mg L− 1); Vi− 1 is the volume of overlying water at
the i− 1th sampling (L); S is the cross‐sectional area of the columnar sample (m2); and t is the time (d).

The release fluxes of the N species per meter along the flow direction were calculated as follows:

Fi = fi ×
h − h0
sin γ

, (9)

where Fi is the release flux per meter along the flow direction (g m
− 1 d− 1); h0 and h are the initial and instant water

levels (m), respectively; and γ is the average slope of the DA (°).

Furthermore, the continuous change in Fi, denoted as Fi(t), throughout a complete hydrological cycle can be
estimated as follows:

Fi(t) = fi(t) ×
h(t) − h0
sin γ

, (10)

where fi(t) represents the interpolation of the 8 release fluxes (obtained from the 8 sampling times) throughout the
year (g m− 2 d− 1); and h (t) is the time series of the water level (m).

2.5.2. Modeling of N Exchange Flux Between Sediment and Overlying Water

The only fluxes in the DA's mass balance that we were unable to determine using the measured field and
experimental data were the exchange fluxes for each N species across the sediment‐water interface. Therefore, we
applied a 2D flow and reactive transport model to estimate NH4

+–N, NO3
− –N, and TDN exchange at the

sediment–water interface during water level fluctuation. The formulation, calibration, and validation of the nu-
merical model were conducted using measured temperature, N concentration, and DO data for both overlying
water and pore water, described in detail in Texts S2 and S3 in Supporting Information S1. Within the model, the
chemical reaction module has coupled the effects of temperature and DO on the microbial‐mediated coefficients
of nitrification and denitrification (UNI and UDN) (Text S3.2 in Supporting Information S1).

By applying the model, the exchange fluxes of the N species (NH4
+–N, NO3

− –N, and TDN) per meter along the
flow direction were calculated as follows:

Ji(t) =∫
l

0
vn(l,t) ⋅Ci(l,t) dl, (11)

where Ji is the exchange flux (g m
− 1 d− 1). A positive value indicates that the overlying water infiltrates into the

sediment, and vice versa. l is the length of the sediment–water interface (m); vn (l,t) is the normal flow velocity
along the sediment–water interface (m s− 1); and Ci (l,t) is the concentration of solute i along the sediment–water
interface (mg L− 1).

2.5.3. Annual Budget of Net TN Load From DA to Water Column

The annual release load of TN per meter along the flow direction (M1, g m
− 1) was calculated as follows:

M1 =∫

T

0

FTN(t)dT, (12)

where T is a full hydrological cycle (d); and FTN(t) is the release flux of TN (Equation 10). A negative value
indicates the release of solute from sediment to water, and vice versa.

The annual exchange load of TN (i.e., TDN) per meter along the flow direction (M2, g m
− 1) was calculated as

follows:
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M2 =∫

T

0

JTDN(t) dT, (13)

where T is a full hydrological cycle (d); and JTDN is the exchange flux of the TDN (Equation 11). A positive JTDN
indicates that the overlying water infiltrates into the sediment, and vice versa.

In general, within a full hydrological cycle, a portion of the exchange load (i.e., infiltration minus exfiltration) is
retained in the DA, while the other portion is removed through denitrification. The calculation for the latter is as
follows:

MDN =∫

T

0

∫

Ω

θRidΩdT, (14)

where MDN is the total mass of nitrate being removed from denitrification (g m− 1); Ri is the reaction rate for
NO3

− –N (mg L− 1 d− 1); Ω is the simulation area (m2); and θ is the water content of the sediment (− ).

Overall, the annual budget of the net TN load from the DA to the water column (ΔM, g m− 1) was calculated as
follows:

ΔM = M1 +M2 (15)

A positive ΔM indicates the DA is an N sink, and vice versa.

2.6. Statistical Analyses

The study utilized Pearson correlation analysis to determine the correlation between experimental indicators and
influencing factors, specifically N transformation rates, N species, microbial abundances, water level, temper-
ature, DO, ORP, and TOC (DOC), with a p‐value of 0.05. All statistical analyses were performed using SPSS v22
(SPSS Inc., North Chicago, IL, USA). To address model uncertainty, Monte Carlo simulation and Latin hy-
percube sampling were employed in Matlab 2018b (MathWorks Inc., Massachusetts, USA) (see Text S4 in
Supporting Information S1 for details).

3. Results
The essential results at the GY site are presented in detail here, while the comparative spatial study of the three
sites is shown in the Supporting Information (Text S1 in Supporting Information S1).

3.1. Dynamics of Physical and Chemical Properties in the DA

The water level of the TGR varied profoundly with the season, with especially high water levels in dry seasons
and low levels in wet seasons (Figure 2a). During the LWP, the DA was exposed to hot weather (Figure 2b),
providing better conditions for the growth of hygrophilic herbs (Figure 1). FromMay to July, the overlying water
turbidity was high, and the TSS level was approximately 12 times higher than that in other months (Figure 2c).
The pattern in chlorophyll‐a concentrations corresponded to the changes in water temperature (Figure 2d), except
in March when a phytoplankton bloom occurred when temperature was minimized. The DO concentration at the
sediment–water interface was generally stable in the LWP except during brief periods of intermittent inundation
around July (Figure 2e). DO sharply decreased in the early FP before a gradual recovery. The DO level decreased
slightly in the HWP and then rebounded during the DP before declining steeply with the onset of rain in May.
Figure 2f shows the overlying water ORP was invariably negative with greater reducibility at high water levels
and less at low water levels, which showed a positive correlation with DO (Figure S5a in Supporting
Information S1).
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3.2. Dynamics of N Functional Microorganisms in the DA

Various microbial abundances in the sediment exhibited significant correlations with each other, with a median r
of 0.69 (p = 0.021), as shown in Table S3 in Supporting Information S1. The abundances of nirS and ureC were
much higher than those of hzsB and AOB (Figure 3). Sediment inundation had a negative effect on most mi-
croorganisms (median r = − 0.40, p = 0.015), and they maintained a low level or gradual decrease in abundance
during flooding and then recovered during drying. The Pearson correlation analysis, detailed in Table S3 in
Supporting Information S1, further uncovered the robust correlations between water temperature and microbial
abundances (median r = 0.65, p = 0.020), followed by total organic carbon (median r = 0.42, p = 0.034).
Ambient DO had a positive effect on the abundances of sediment ureC and AOB, whereas ORP had a negative
effect on those of nirS and hzsB.

3.3. N Species Dynamics and Transformation Rates in the DA

DIN in the overlying water at all sampling times was primarily in the form of NO3
− –N, which accounted for

88%–97% of TN (Figure 4a). During the LWP, the water DIN concentration showed a decreasing trend. DIN
concentration (from 1.32 mg L− 1 to 1.25 mg L− 1, GR% (growth rate) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1.25/ 1.32(Samplesize− 1)

√
− 1 = − 1.8%)

slightly declined in the FP and HWP. During the DP, the aquatic N species concentrations changed sub-
stantially in different directions: from January to March, the ON concentrations increased sharply from
0.56 mg L− 1 to 1.04 mg L− 1 (GR% = 36.3%), whereas that of NO3

− –N decreased from 0.99 mg L− 1 to
0.52 mg L− 1 (GR% = − 27.5%). From March to May, the TN and NO3

− –N concentrations increased
considerably from 1.63 mg L− 1 to 2.21 mg L− 1 (GR% = 16.4%) and from 0.52 mg L− 1 to 1.09 mg L− 1

(GR% = 44.8%), respectively. In the sediment, TN was primarily present in the form of ON, and the pattern of
change in both forms aligned consistently (Figure 4b). Taking ON as an example, its content increased by over
50% from 480 mg kg− 1 to 800 mg kg− 1 (GR% = 18.6%) in the LWP and early FP (June to September) before
increasing slightly from 800 mg kg− 1 to 807 mg kg− 1 (GR% < 1%) afterward (October to May). The sediment
IN varied greatly in each period. During the LWP and FP, the sediment IN was primarily NH4

+–N, whose
content increased gradually and peaked in October; conversely, the sediment NO3

− –N initially increased and
then decreased. In the HWP and DP, the sediment IN was mostly NO3

− –N, whose content initially decreased
and then increased; the sediment NH4

+–N showed the same pattern of change.

Figure 2. Changes in the basic physical and chemical properties in the reservoir drawdown area (average from 2018 to 2020). (a) Precipitation versus water level;
(b) overlying water temperature versus water level; (c) average total suspended solids (TSS) concentration of overlying water versus precipitation; (d) average
chlorophyll‐a concentration of water profile versus temperature; (e) overlying water dissolved oxygen (DO) concentration versus water level; and (f) overlying water
oxido‐reducing potential (ORP) versus DO concentration. LWP, low‐water‐level period; FP, flooding period; HWP, high‐water‐level period; and DP, drying period.
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The capacities of N mineralization and nitrification in the sediment, determined by the static culture experiments,
initially increased and then decreased in the LWP and FP (Figure 4c). The net N mineralization and nitrification
rates in the sediment became negative during the HWP and then somewhat recovered during the DP. The rates of
sediment denitrification and anammox, determined by the flow culture experiments, were high during the HWP
and the late stage of the DP, and peaked in May. N removal in the sediment depended primarily on denitrification,
and anammox accounted for <5% of the total removal (Figure 4d). Pearson correlation analysis (Table S4 in
Supporting Information S1) showed that sediment N mineralization and nitrification were primarily driven by
ureC and AOB abundances (r = 0.74, 0.54; p = 0.025). Ambient ORP (or DO), instead of microbial abundance,
was the main factor affecting sediment denitrification (r = 0.71, p = 0.010) and anammox (r = 0.32, p = 0.023).

3.4. N Dynamics Over a Complete Hydrological Cycle in the DA

TN exhibited a release from the DA to the water column that peaked during the LWP (Figure 5a). The release
fluxes of N species escalated with the reservoir impoundment (within FP), reaching their maximum before the end
of HWP. Specifically, NO3

− –N mainly diffused from the water to the sediment, whereas NH4
+–N and ON

exhibited the opposite trend, moving from the sediment to the water column, leading to a reversal of the TN
release direction from FP to HWP. During reservoir discharge (within DP), TN release was high, echoing a
pattern similar to that of ON, attaining a large negative peak in March (Figure 5a). Figure 5b depicts the modeled

Figure 3. Changes in (a) aerobic microbial abundance (mineralizing gene [ureC], nitrifying gene [AOB]) and (b) anaerobic microbial abundance (denitrifying gene
[nirS], anammox gene [hzsB]) in the reservoir drawdown area (average from 2018 to 2020). Error bars indicate standard deviations for six detection values in 2 years
(excluding outliers). TOC, total organic carbon; DO, dissolved oxygen; ORP, oxido‐reduction potential; LWP, low‐water‐level period; FP, flooding period; HWP, high‐
water‐level period; and DP, drying period.
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exchange fluxes of N species between the DA and the water column. The infiltration of TDN into the sediment
mainly occurred in the FP and HWP, whereas the exfiltration of TDN primarily took place during the DP.
Notably, the peak of NO3

− –N infiltration was larger and occurred later (late December) than that of NH4
+–N,

whereas its peak in exfiltration was smaller and occurred earlier (mid‐January).

4. Discussion
4.1. Hydrological Mechanisms Associated With N Cycling

Past research has shown that sedimentation in flood control reservoirs is high during wet seasons, which
correspond with the low‐water period (LWP), due to large TSS fluxes being loaded to aquatic systems from
enhanced terrestrial runoff (Figure 6a), which in turn stimulates coupled nitrification–denitrification in the water
column as high TSS concentrations (Figure 2c) provide sites for these reactions to occur (Liu et al., 2013; Xia
et al., 2016; Yao et al., 2016). In our results, we similarly found that the concentration of NO2

− –N (an inter-
mediate in denitrification) in the water was positively correlated with that of TSS (Figure S5b in Supporting
Information S1), indicating enhanced denitrification during periods of high TSS transport and sedimentation.
Evidence for higher water column coupled nitrification‐denitrification during the wet season was further sup-
ported by decreases in the concentrations of NH4

+–N and NO3
− –N (Figure 4a), suggesting that the water column

is a metabolizing dissolved N species and removes them from the atmosphere during the inundation periods. On
the other hand, during these inundation periods, the DA sediment itself provides an ideal habitat for the prolif-
eration of aerobic microorganisms because the stress caused by the alternating cycles of wetting and drying
increases the organic N content and pH levels in the sediment (Guo et al., 2016; Ye et al., 2017), thereby
enhancing the sediment N mineralization and nitrification rates (Text S5 in Supporting Information S1). Thus,
when considering these enhanced mineralization and nitrification rates plus rainfall inputs, the contents of ON,

Figure 4. Changes in N species and transformation rates in the reservoir drawdown area (average from 2018 to 2020). (a) Concentrations of N species in the overlying
water; (b) contents of N species in the sediment; (c) net N mineralization and nitrification rates in the sediment determined by the static culture experiments; and
(d) denitrification and anammox rates in the sediment determined by the flow culture experiments. Error bars indicate standard deviations for six detection values in
2 years (excluding outliers). LWP, low‐water‐level period; FP, flooding period; HWP, high‐water‐level period; and DP, drying period.
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NH4
+–N, and NO3

− –N in the sediment increase (Figure 4b), making the DA sediment a dissolved N source to the
water during this period (Yu et al., 2020). Despite this N release, the TN in the overlying water does not increase
correspondingly, given that the water column itself possesses a robust N removal capacity via coupled
nitrification–denitrification.

During the flooding period (FP) in September and October, the inundation of the DA triggers the release of N into
the reservoir's water column (Figure 6a) (Lu et al., 2017). However, the DIN concentration in the overlying water
remained largely stable throughout the period (Figure 4a). This stability can be mainly attributed to dilution from
the surge in water volume (Xiang et al., 2021a). In the sediment, the overall extent of N mineralization declines
with the decreasing temperature (Text S5 in Supporting Information S1), but stabilizes around 1 mg kg− 1 d− 1.
Accordingly, sediment NH4

+–N increases during this period due to the consumption of ON (Pan et al., 2008).
Additionally, the rapid increase in water depth causes a significant decline in DO as the solubility of DO decreases
under high water pressure, thereby weakening nitrification (Stordy et al., 2004). This may further contribute to the
temporary accumulation of NH4

+–N in the sediment (Figure 4b). Conversely, the rising water level and asso-
ciated drop in DO enhance denitrification, leading to a short‐term decline in NO3

− –N within the sediment.

The reservoir maintains its highest water level in winter with high water transparency (i.e., low TSS) (Figure 6a).
The release of N nutrients from the sediment is limited (Figure 5) (Pan et al., 2008) due to the reduced miner-
alization, which is suppressed by the low temperature. Conversely, the transfer of DIN from the water column to
the sediment is large (Figure 5c) due to the high water pressure (Kang et al., 2024). This shift, combined with the
low potential for coupled nitrification–denitrification, controlled by the low TSS concentrations (Figure 2c),
maintains relatively stable concentrations of DIN and ON in the overlying water. Within the sediment,

Figure 5. Dynamics of N flux and budget (per meter along the flow direction) at the sediment–water interface of the drawdown area (average from 2018 to 2020). A
positive value indicates that the drawdown area is an N sink, and vice versa. (a) Annual variation of release fluxes of N species (Equation 10); (b) annual variation of
model‐derived exchange fluxes of N species (Equation 11); (c) release, exchange, and net fluxes of TN; and (d) release and exchange loads of TN (Equations 12 and 13).
Smoothing treatment on all the curves is achieved by using the FFT smoothing function of Origin software. LWP, low‐water‐level period; FP, flooding period; HWP,
high‐water‐level period; and DP, drying period.
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considerable amounts of residual NH4
+–N from earlier periods undergo nitrification into NO3

− –N. Nevertheless,
both the concentrations of NH4

+–N and NO3
− –N decrease in this period, which is attributed to the significant

enhancement in denitrification and anammox (Figure 4d) that is mainly driven by the low ORP (Text S5 in
Supporting Information S1) (Xia et al., 2016).

During the drying period (DP) in the spring, elevated nutrient concentrations and a temperature increase trigger a
phytoplankton bloom in March (Figure 6a) (Li et al., 2012). The phytoplankton takes up N nutrients and reduces
the water NO3

− –N concentration considerably (Figure 4a). Conversely, sediment ON and TN increase due to the
death and deposition of phytoplankton (Chen et al., 2020). Meanwhile, with the recovery of microbial abundance,
the buried ON (a combination of dead phytoplankton deposition and previously submerged plant residues) un-
dergoes substantial consumption through enhanced N mineralization and nitrification (Pan et al., 2008), causing
an increase in NH4

+–N and NO3
− –N in the sediment in March. However, by May, the phytoplankton population

Figure 6. Conceptual mechanism of N cycling and TNmass balance in the reservoir drawdown area. (a) Conceptual mechanism of N cycling; and (b) TNmass balance in
the reservoir drawdown area. Each number represents the total yearly load for the DA per meter along the flow direction. The italicized numbers denote the load from the
field tests (Section 2.5.1), while other normally formatted numbers represent the loads from the model (Section 2.5.2). A positive value indicates the DA is an N sink,
and vice versa.
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and the water's ON concentration decreased because of hydrodynamic disturbance (Liu et al., 2012). Despite this
decrease, the overlying water's TN concentration exceeded that in March (2.2 mg L− 1) (Figure 4a). Moreover,
sediment DIN sharply increased from March to May (Figure 4b) despite denitrification and anammox rates
peaking in May. Together with the rainfall patterns, these findings lead us to conclude that the increase in
sediment and water N in May is caused by nonpoint source pollution from the DA (Xiang et al., 2021b).

4.2. N Budget of Reservoir DA and Ecological Implications

Over a complete hydrological cycle, the DA per meter along the flow direction releases ca. 0.80 kg of TN to the
water column, while its removal load of TN (infiltration minus exfiltration) is ca. 0.21 kg (Figure 6b). Within this
removal load, ca. 0.07 kg is removed through sediment denitrification, and ca. 0.14 kg is retained within the
sediment. Consequently, the DA per meter along the flow direction releases a net TN load of ca. 0.59 kg
(ΔM = 0.80–0.21 kg) to the reservoir annually. The model‐based result of 0.59 kg has demonstrated low un-
certainty: the 90% confidence interval of the simulated ΔM from Latin‐hypercube samples fell between 581 and
593 g, with an average of 588 g, closely aligning with the ca. 0.59 kg derived from the deterministic model (Text
S4 in Supporting Information S1). Furthermore, the changes in N species derived from the model exhibit good
consistency with the mean values based on Latin‐hypercube samples, as detailed in Text S4 in Supporting In-
formation S1. Additionally, the credibility of the model‐derived ca. 0.59 kg is supported through comparison with
findings from other similar studies (Text S6 in Supporting Information S1).

N release primarily originates from the degradation of plants (Chang & Wen, 1997; Chen et al., 2019; Xiao
et al., 2017), and this process mainly occurs during the drying period around March (Figure 5d). Before March,
the complete hydrolysis of plants is hindered (Pan et al., 2008); however, as temperature warms during drying, the
degradation of previously buried ON is facilitated, causing a large amount of N to escape under the decreasing
water pressure. Our result of ca. 0.80 kg m− 1 aligns well with a prior study by Xiao et al. (2017), where an annual
TN load of 81.1 kg ha− 1 resulted from plant decomposition in the TGR's DA. This parallel finding reinforces the
robustness of our findings.

TN sequestration pathways, on the other hand, are not dominated by a single process. TN loads possibly origi-
nating from the release of DA or from the reservoir water itself re‐enter the sediment during water level fluc-
tuations, undergoing processes such as advective transport, redox reactions (e.g., nitrification and denitrification),
and retention (Jiang et al., 2022). Our model results indicated that sediment denitrification removes ca.
0.07 kg m− 1 of the TN loaded back into the sediment annually, with an N removal efficiency of 9.6% (Text S6 in
Supporting Information S1), which is comparable to that of other studies on riparian and hyporheic zones (e.g.,
Shuai et al., 2017). The transport of the retained N (ca. 0.14 kg m− 1) to the groundwater is unlikely due to the
impervious nature of some reservoirs or the use of impermeable curtains to ensure storage capacities. In the TGR,
the thickness of the permeable sediment in the DA is approximately 55 cm. Instead, some of the retained N may
escape into the atmosphere via biochemical reactions upon exposure of the DA during drying (Keller et al., 2021;
Shi et al., 2021). Additionally, a portion of the retained N may be absorbed by plants in the following year (Zhou
et al., 2014), subsequently releasing it back into the reservoir, thus repeating an internal circulation process within
the DA. Consequently, plant harvesting can effectively assist in removing this N fraction from the reservoir,
thereby mitigating its accumulation. In recent years, the Chinese government has imposed a range of policies for
managing drawdown areas, such as garbage clearance and prohibition of all human activities, aimed at safe-
guarding the water quality of reservoirs (Li et al., 2019). However, they overlooked the pruning of dense her-
baceous plants that grow in situ seasonally (Figure 1), and in this study, we provide evidence and underscore the
necessity of expanding this initiative.

Although the DA has a purifying effect on the reservoir's N water quality, the net release of TN load means it
contributes to the accumulation of N in the reservoir. The backflow of the mainstream density current is
typically considered the primary factor leading to eutrophication in the TGR tributaries (Li et al., 2020; Liu
et al., 2012). According to Hu et al. (2012), the estimated annual TN load from the mainstream of the TGR to
the Pengxi River is ca. 0.90 kg m− 1, which is on the same order of magnitude as the net release load of TN from
the DA (ca. 0.59 kg m− 1 year− 1) (Figure 6b). The influence of the mainstream density current on tributaries
usually fades further upstream. Hence, a spatial boundary exists for the influence of density current on the
eutrophication of a tributary (Figure S6 in Supporting Information S1). For example, the GY site is located in
the backwater end of the Pengxi River, where the influence of the mainstream density current is low (Figure S6
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in Supporting Information S1). Thus, the algal blooms observed here can be presumed mainly to be driven by
sediment release (Wang et al., 2022). This suggests that the peak release flux of TN from the DA at the GY site
in March (Figure 5a) is likely responsible for the observed algal blooms (Figure 2d) in the reservoir bay.
Eutrophication in the reach from the spatial boundary to the estuary is likely primarily caused by the main-
stream density current, whereas eutrophication beyond this boundary is more attributed to the DA's release.
Therefore, this study represents the first quantitative documentation of reservoir DAs as suppliers of N to the
water column at a magnitude that is comparable to the load carried by the mainstream density current. These
findings indicate that the role of DAs cannot be neglected when managing the prevention and control of
eutrophication in reservoir tributaries.

4.3. Regional and Global Significance

Flood control reservoirs such as the TGR are widely distributed in North America, Asia, and Europe (Zhang &
Gu, 2023). In China, reservoirs with flood control as one of their functions account for approximately 30% of the
total number of reservoirs (Table S5 in Supporting Information S1). During wet seasons, this type of reservoir
maintains a low water level, exposing extensive DAs that provide favorable conditions for the growth of massive
plants (Bao et al., 2015). These plants absorb N from sediments (a combination of internally retained N and
externally deposited N) and incorporate it into their biomass (Lv et al., 2019; Z. Wang et al., 2019), and become a
source of easily released N during subsequent dry seasons (Chen et al., 2019; Xiao et al., 2017). Our findings have
clarified the source‐sink transition of N between the DA and the reservoir, and we have quantified the annual net
release load of TN from a DA to the reservoir water column (ca. 0.59 kg m− 1). The total inundation area of
reservoirs in China is estimated to be over 50,000 km2 (Song et al., 2022). Assuming that an average of 15% of the
total reservoir inundation area is anti‐seasonally drawn down, as estimated globally by Keller et al. (2021) using
satellite imagery, the total Chinese flood control reservoir DA is approximately 7,513 km2 (Table S6 in Sup-
porting Information S1). If we assume our annual estimate of 0.59 kg m− 1 is representative of net release from all
Chinese reservoir DAs, a net flux of over 44,300 t of N is mobilized to the water column annually in Chinese
watersheds and potentially delivered to coastal zones (Table S6 in Supporting Information S1). To put this in
context, the annual TN load from rivers delivered to coastal zones in China is estimated to be 2.5 × 106 t (Qu &
Kroeze, 2010); this indicates that approximately 2% of all N delivered to Chinese coastal waters from river
networks originates from DA release. The N load released by reservoir DAs is mainly discharged downstream in
spring, which may contribute to phytoplankton blooms in estuaries and coastal zones, and potentially, ocean
hypoxia or harmful algal bloom scenarios (Breitburg et al., 2018). Therefore, sustainable harvesting of plants in
DAs prior to submergence should be considered as an effective measure to indirectly remove both internal and
external sources of N in DAs, which is of great significance in reducing N accumulation in reservoirs and pre-
venting eutrophication in both the reservoirs themselves and downstream areas.

5. Conclusions
Reservoir DAs have cyclical positive and negative effects on the N quality of the reservoir. Our observation and
modeling efforts on the N cycling in the TGR reveal that DA is a net source of N to the reservoir water within a full
hydrological cycle, although approximately 30% of the released TN load is eliminated by the sediment through
denitrification and capture (most of which escapes into the atmosphere). We use our findings to estimate that
Chinese TN mobilized from reservoir DAs represents about 2% of the overall flux of N to Chinese coastal zones
annually. We show that N species escape from the DA during drying periods with the recovery of N minerali-
zation and a decrease in water pressure, whereas denitrification in the sediment mostly occurs during the flooding
periods. The underlying mechanism dominating the N cycling characteristics in different periods is dam‐
controlled hydrological processes, specifically rising and falling water levels. Our findings shed light on the
environmental effects of DAs on reservoirs and offer a new perspective on accurate measures for preventing
reservoir and downstream eutrophication, potentially as far as receiving coastal water bodies.

Data Availability Statement
The source data used for creating the figures in this article are from the authors (Liu, 2023). The global reservoir
data are publicly available from the GRanD data set (Zhang & Gu, 2023). The collection of flood control res-
ervoirs in China is available at (Liu, 2022).
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