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A B S T R A C T   

The nitrogen (N) cycle is one of the most important nutrient cycles in river systems, and it plays an important role 
in maintaining biogeochemical balance and global climate stability. One of the main ways that humans have 
altered riverine ecosystems is through the construction of hydropower dams, which have major effects on 
biogeochemical cycles. Most previous studies examining the effects of damming on N cycling have focused on the 
whole budget or flux along rivers, and the role of river as N sources or sinks at the global or catchment scale. 
However, so far there is still lack of comprehensive and systematic summarize on N cycling and the controlling 
mechanisms in reservoirs affected by dam impoundment. In this review, we firstly summarize N cycling processes 
along the longitudinal riverine-transition-lacustrine gradient and the vertically stratified epilimnion- 
thermocline-hypolimnion gradient. Specifically, we highlight the direct and indirect roles of multi-trophic 
microbiota and their interactions in N cycling and discuss the main factors controlling these biotic processes. 
In addition, future research directions and challenges in incorporating multi-trophic levels in bioassessment, 
environmental flow design, as well as reservoir regulation and restoration are summarized. This review will aid 
future studies of N fluxes along dammed rivers and provide an essential reference for reservoir management to 
meet ecological needs.   

1. Introduction 

Rivers are important channels connecting terrestrial and marine 
ecosystems and serve as transportation systems for large amounts of 
materials and nutrients. Currently, more than 50% of global rivers are 
fragmented by dams for hydropower production, water supply, flood 
control, and navigation (Grill et al., 2019). Dam construction has major 
effects on hydro-geomorphology, biogeochemical cycles, and the 
ecological environment. First, dams convert rivers into lentic reservoirs 
characterized by decreased flow velocity and increased hydraulic resi
dence time (Nilsson et al., 2005). Hydrological variations associated 
with damming also affect annual runoff, thermal regimes, and sediment 
loads (Wang et al., 2016; Yigzaw et al., 2019). Second, dams disrupt the 
river continuum, which increases nutrient loads and induces changes in 
nutrient stoichiometric ratios along river systems (Wang et al., 2018a). 
Third, hydrological and biogeochemical variations reshape riparian and 

riverine habitats and alter the structure, diversity, and distribution of 
biological communities (Poff et al., 2007). Ultimately, dams can modify 
the ecosystem functions (e.g., nutrient cycling and energy flow) and 
services (e.g., fisheries) of rivers (Turgeon et al., 2019). 

Nutrients such as carbon (C), nitrogen (N), phosphorus (P), and sil
icon (Si) are transported along rivers. Damming can alter riverine 
nutrient cycles in multiple and complex ways and have positive or 
negative impacts. For example, reservoirs can eliminate nutrients from 
the water column via sedimentation or gaseous release, thus alleviating 
eutrophication pressure on downstream ecosystems (Van Cappellen and 
Maavara, 2016). However, the longer hydraulic residence time and the 
higher transparency may promote primary productivity and nutrient 
transformation within reservoirs, resulting in increased eutrophication 
downstream (Chen et al., 2018). Reservoirs tend to facilitate the reten
tion of nutrients from rivers in large quantities. Taylor Maavara from the 
University of Waterloo has quantified the effects of dams on C, P, Si, and 
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N fluxes based on global data. They estimated that the global primary 
productivity and C mineralization ratio (P/R) will double by 2030 
because of damming (Maavara et al., 2017). Meanwhile, approximately 
17% and 5.3% of the global total P and total reactive Si loading to rivers 
are expected to be sequestered in reservoirs, respectively (Maavara 
et al., 2014, 2015). Compared with P and Si, which are eliminated most 
efficiently in reservoirs through particle sedimentation, N cycling within 
reservoirs is more complex and is typically dominated by transformation 
processes. Reservoirs contributed approximately 33% of the total N 
removed by lentic systems in 2000, and denitrification and burial 
eliminated 7% of N loading to the global river network; this is predicted 
to double to 14% by 2030 (Akbarzadeh et al., 2019; Harrison et al., 
2009). Recently, a review article by Maavara et al. (2020) discussed the 
impacts of damming on the biogeochemistry of these nutrients along 
river networks from a global perspective. The authors emphasized that 
responsible dam construction and management require consideration of 
nutrient elimination and loading to achieve a balance between envi
ronmental impacts and damming services. 

Given the relative complexity of N transformation, a complete 
knowledge of N cycling processes in reservoirs and dammed river sys
tems is critically important. N inputs to reservoirs are transformed by a 
series of biotic and abiotic processes, such as nitrification and denitri
fication, biological assimilatory uptake, sedimentation, and benthic 
release (Keys et al., 2019; Ran et al., 2017). The cycle of N in river 
systems was reviewed by Xia et al. (2018), summarizing a series of N 
transformation pathways active in the water column, suspended 
particle-water surfaces in overlying water, sediment-water interfaces, 
and riparian zones. N transformations in rivers and streams are mainly 
controlled by microbial-mediated oxidation and reduction processes and 
thus are usually referred to as the microbial N cycle. Several researchers 
have summarized these biological processes (Kuypers et al., 2018; Zhang 
et al., 2020b). Briefly, dinitrogen gas (N2) is first fixed to ammonia N 
(NH4

+), which is assimilated into organic N. The degradation of organic 
N through ammonification can in turn release NH4

+, which is subse
quently oxidized to nitrite (NO2

− ) and nitrate (NO3
− ) through the 

nitrification process and eventually converted back to N2 via denitrifi
cation and anammox processes. The N cycling in river systems is influ
enced by both natural and man-made disturbances. Rivers are being 
changed because of human activities, and damming is the most severe 
anthropogenic disturbance. The widespread construction of dams and 
reservoirs may impede the hydrologic connectivity of rivers, limit 
physical exchange, modify the distribution of species, and result in 
variation in N transformation and flux (Akbarzadeh et al., 2019; Gao 
et al., 2021b). 

The importance of N as a biogenic element and water quality indi
cator has motivated several studies of N cycling in river systems. As 
mentioned above, some related review articles have summarized the 
processes, mechanisms, and drivers of N cycling, as well as the methods 
for identifying the sources of N or tracing the flux of N (Xia et al., 2018; 
Zhang et al., 2020b). Dam construction has long been a major focus of 
research. Published review articles have mainly focused on the entire N 
budget or flux along rivers and the role of rivers as N sources or sinks 
affected by damming at the global or catchment scale (Akbarzadeh et al., 
2019; Maavara et al., 2020; Van Cappellen and Maavara, 2016; Wang 
et al., 2018a). However, no studies to date have comprehensively 
characterized N cycling processes and the controlling factors within a 
relatively small region, i.e. river-reservoir systems. This review provides 
a comprehensive overview of N cycling processes along both the lon
gitudinal river flow gradient and the vertical water column gradient for 
the first time. We summarize the role of multi-trophic microbiota and 
their biotic and abiotic interactions, which have often been overlooked 
by previous studies, in controlling N cycling in river-reservoir systems. 
Learning and mastering these N cycling processes in a single reservoir is 
key for understanding N patterns along entire rivers. The goal of this 
review is to promote future research on N cycles along dammed rivers, 
as well as provide guidance for the restoration of trophic conditions and 
management of reservoirs from an ecosystem perspective. 

Fig. 1. Conceptual summary of the longitudinal patterns of nitrogen cycling. Variations in environmental factors and major nitrogen cycling processes are shown 
along the riverine-transition-lacustrine system. The dominant processes in each zone are indicated by bold dashed lines. (DIN, dissolved inorganic nitrogen; PON, 
particulate organic nitrogen; Norg, organismal nitrogen contents). 
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2. Nitrogen cycling in longitudinal river-reservoir systems 

2.1. Riverine-transition-lacustrine gradient induced by damming 

Reservoirs are hybrid systems with pronounced environmental gra
dients from river inflows to dams and thus are characterized by a 
mixture of lotic and lentic conditions. Typically, three zones are recog
nized along the longitudinal axes of reservoirs: riverine (or lotic), 
transition, and lacustrine (or lentic) (Thornton, 1990). The area of each 
zone depends on the flow flux, morphology, residence time, season, and 
geographical location (Soares Guedes et al., 2020). 

The upstream riverine zone is a turbulent system characterized by 
higher flow velocity and shorter hydraulic residence time (Fig. 1). 
Horizontal flow is dominant in this area and is accompanied by large 
amounts of suspended particles, resulting in higher turbidity and lower 
transparency. The transition zone, which has the properties of both 
natural rivers and large lakes, is characterized by gradually decreasing 
flow velocity and particulate concentration, as well as increased reten
tion time and light penetration. The lacustrine zone is located close to 
the dam and remains in an almost stationary state, with longer water 
residence times, lower turbidity, and a deeper euphotic layer. This re
gion has properties similar to large lakes, and the vertical processes are 
more pronounced. Vertical stratification may occur because of the weak 
hydrodynamics and heat transfer in the central reservoir area, which has 
a high thermal stratification index, especially during the warm seasons 
(Yu et al., 2010). The lotic to lentic gradient in the reservoir results in 
shifts in species composition and distribution. Lotic-adapted species 
prefer upstream riverine and transitionary habitats, whereas 
lentic-adapted species tend to occur in downstream lacustrine habitats 
(Moitra and Leff, 2015; Pennock et al., 2021; Poznanska et al., 2010; 
Rychtecky and Znachor, 2011). Overall, physicochemical variations 
coupled with biotic properties can alter ecosystem functions, such as 
nutrient cycling, along the riverine-transition-lacustrine system. 

2.2. Longitudinal nitrogen cycling processes 

The special hydrological and biological properties of reservoirs alter 
various biogeochemical processes compared with natural rivers. N 
retention and transformation are closely associated with flow patterns, 
trophic status, and sedimentation conditions (Xia et al., 2018). Conse
quently, a series of N cycling processes, such as N fixation, N redox re
actions, and N removal, are affected by heterogeneity along the 
riverine-transition-lacustrine gradient. 

2.2.1. Nitrogen fixation 
N fixation, in which dinitrogen gas (N2) is converted to ammonium 

(NH4
+), is the only biological route for fixed N creation. In aquatic 

systems, N fixation is mainly controlled by a subset of taxonomically and 
metabolically diverse prokaryotes called diazotrophs, which exclusively 
rely on nitrogenase along with significant amounts of ATP and reductant 
(Hoffman et al., 2014). Reservoirs are considered hot spots of N fixation, 
especially in the transition zone. Researchers have found that N fixation 
is consistently low in riverine and lacustrine zones of reservoirs and 
peaks in the transition zone; thus, the risk of water quality degradation is 
probably higher in the transition zone (Doyle et al., 2010; Scott et al., 
2009). 

Possible reasons for longitudinal variations in N fixation along the 
riverine-transition-lacustrine system were outlined by Scott et al. 
(2009). N fixation is closely related to phytoplankton production, which 
depends on light and nutrient availability. Phytoplankton production is 
relatively low in the riverine zone and gradually increases in the tran
sition zone because of higher light and nutrient availability but de
creases in the lacustrine zone owing to nutrient limitation. These 
observations may explain the spatial discrepancies in N fixation (Scott 
et al., 2009). Furthermore, the amount of N fixation is known to be 
related to the N:P balance in lakes and reservoirs (de Tezanos Pinto and 

Litchman, 2010; Vrede et al., 2009). A low external input of N relative to 
P could stimulate cyanobacteria production and N fixation (Ruan et al., 
2014). In the reservoir system, variation in transformation and sedi
mentation may alter the N:P ratio along the longitudinal gradient. P has 
generally been considered a limiting nutrient in freshwater (Schindler 
et al., 2008). Because of the exogenous N inputs from inflow rivers, the 
riverine zone typically has a high N:P ratio (Cubas et al., 2019). Most N 
is removed via denitrification or biotic assimilation in the transition 
zone, which causes the limiting nutrient to shift from P to N (Saunders 
and Kalff, 2001). However, in the lacustrine zone, N is abundant and 
active in the overlying water and might be released endogenously from 
sediments under anaerobic conditions, and P is largely removed from 
the surface water because of particle sedimentation, thus increasing the 
N:P ratio in the water column (Maavara et al., 2015; Nowlin et al., 
2005). This may also explain the gradual increase and then decrease in N 
fixation along the riverine-transition-lacustrine system. 

2.2.2. Nitrogen transformation 
A series of complex and interactive N transformations could occur 

synchronously in freshwater ecosystems. NO3
− is the main form of N 

entering reservoirs. Together with NH4
+, these dissolved forms of 

inorganic N are usually assimilated and transformed into organic N by 
plants, phytoplankton, and microbes (Glibert et al., 2016; Kreiling et al., 
2011; Maia and Moura, 2014). NH4

+is more easily assimilated into 
biomass than NO3

− , and its accumulation is rarely observed, especially 
under light and aerobic conditions within central reservoirs (i.e., the 
static lacustrine zone). The increased production of phytoplankton in 
central reservoirs can enhance NO3

− assimilation, thus promoting the 
formation of particulate organic nitrogen (PON). After organisms die, 
organic N in residues or detritus is decomposed to NH4

+through 
mineralization, which is mainly carried out by heterotrophic microbes 
(Zhang et al., 2020b). In the lacustrine zone, high NH4

+availability and 
low flow conditions can promote the nitrification process, which is 
typically carried out by nitrifying microbes that use NH4

+as an energy 
source (Zhang et al., 2020b). During this process, N2O is produced and 
released from the water column, and its concentration significantly 
varies among the riverine, transition, and lacustrine zones (Chen et al., 
2014). Given that N2O is a highly potent greenhouse gas, some re
searchers have proposed that reservoirs may exacerbate its greenhouse 
effects, and this has received increased research attention (dos Santos 
et al., 2017; Kumar et al., 2019). 

In lakes or reservoirs, the surface sediment-water interface is 
considered a hotspot of N removal, including denitrification and 
anaerobic NH4

+oxidation (Lansdown et al., 2016; Marzadri et al., 2017). 
Denitrification is the primary route by which fixed N is lost from aquatic 
systems, and it is controlled by a series of denitrification enzymes and 
organisms (Zhang et al., 2020b). In reservoirs, the coarse particles tend 
to settle in the upper riverine zone, and fine sediment is usually carried 
to the lacustrine zone and settles in the stagnant reservoir. Favorable 
conditions for denitrification usually exist in the fine sediment close to 
the dam (Chen et al., 2014; Wallace et al., 2020). In the deep bottom 
water of the lacustrine zone, hypoxia limits aerobic nitrification and 
leads to the accumulation of NH4

+(Roberts et al., 2012). Overall, the 
increased hydraulic residence time stemming from dam impoundments 
alters N transformations in reservoirs and induces a shift in the inorganic 
N composition from NO3

− to NH4
+. 

2.2.3. Nitrogen sedimentation and release 
Once the reservoir is formed, the decreased flow velocity and mixing 

and greater depth lead to the retention or settlement of suspended 
particles, including particulate organic N and inorganic suspended N 
(Wang, 2020). The longitudinal heterogeneity of the particulate settle
ment property causes the sediment size to gradually decrease down
stream (Mor et al., 2018). The increased residence time also promotes 
the growth and assimilation efficiency of pelagic organisms, resulting in 
the accumulation of endogenous N. These processes, coupled with the 
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low degradation rate under hypoxic conditions in the sediment-water 
interface, are conducive to the accumulation of N in sediment (Chen 
et al., 2018). Reservoir sediment acts as an important sink of exogenous 
and autogenous organic matter. The temporary or permanent burial of 
nutrients along with particulate matter may alleviate N enrichment in 
the water column. Meanwhile, the anaerobic degradation of organic 
matter and nutrient mineralization often occur in the water column, 

leading to the release of nutrients to the overlying water (Wang, 2020). 
N is mainly released back into the water as NH4

+ via sediment resus
pension, which is affected by many factors such as bioturbation and the 
oxygen content. Thus, the balance between deposition and release de
termines the N load in sediments in the continuum from the upstream 
riverine system to the downstream lacustrine system. 

Fig. 2. Conceptual summary of the vertical patterns of nitrogen cycling. The main processes in the epilimnion (including the euphotic and twilight layers), ther
mocline, and hypolimnion are illustrated, and the dominant processes are indicated in bold dashed lines. Vertical shifts of dissolved oxygen (DO) and water tem
perature (T) are visualized in green and yellow dot-dash lines, respectively. (DON, dissolved organic nitrogen; PON, particulate organic nitrogen; Norg, organismal 
nitrogen contents). 
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3. Nitrogen cycling in vertically stratified reservoirs 

3.1. Epilimnion-thermocline-hypolimnion gradient induced by 
stratification 

In the lacustrine zone, the classic pattern of lake stratification is 
typically observed, especially in the deep hydroelectric reservoirs 
(Wang et al., 2018a). As the water level and ambient temperature in
crease, seasonal thermal stratification often develops along the water 
column, creating a well-mixed epilimnion, a thermocline where tem
perature and density decrease sharply from top to bottom, and a ho
mogeneous hypolimnion (Jin et al., 2019; Xing et al., 2014). Multiple 
interfaces are observed in the stratified reservoir, including the water-air 
interface, the photic-aphotic interface based on the light availability, the 
temperature-transition interface (i.e., thermocline), the oxida
tion–reduction interface depending on the hydrochemical properties, 
and the sediment-water interface (Chen et al., 2018). The frequent ex
change of material and energy at or near the interfaces has a major effect 
on the evolution of the eco-environment. 

This phenomenon has also led to the development of chemical 
stratification (dissolved oxygen and nutrient content) and biological 
stratification (composition and distribution) (Chen et al., 2018). In the 
stratified reservoir, photosynthesis occurs in the epilimnion, which in
creases the dissolved oxygen (DO) concentration and pH. In contrast, the 
thermocline limits the convection exchange between the top and bottom 
water bodies, thus leading to hypoxia and low pH in deep water (Wang 
et al., 2015; Zhang et al., 2015b). The temporary stratification can 
inhibit mass transfer between the upper and lower layers, resulting in 
different chemical properties, such as the eutrophication status, redox 
reaction, degradation, and mineralization of organic matter (Chen et al., 
2018; Liu et al., 2015; Zhang et al., 2015a). The development of thermal 
and oxygen stratification also shapes the phylogenetic composition and 
spatial distribution of microorganism, phytoplankton, zooplankton, and 
fungi populations (Chen et al., 2014). For example, producers and 
consumers are usually dominant in the upper layers because of the 
increased stability and photosynthesis, whereas decomposers are often 
abundant in the hypolimnion. 

3.2. Vertical nitrogen cycling processes 

In the vertical profile of the reservoir, the N dynamics are charac
terized by a series of complex biochemical processes, which are pri
marily determined by the interaction between N enrichment and 
removal. The N cycling processes, such as assimilation, benthic release, 
nitrification, and denitrification, are affected by site-specific environ
mental conditions in the lentic water. During the period of thermal 
stratification, the bottom water is usually abundant in reducing sub
stances. These nutrients may react with oxidizing substances in the 
surface water when seasonal exchange or sudden convective mixing 
occurs, inducing variation in water quality. Previous studies have 
confirmed that thermal and oxygen stratification controls the speciation, 
form, and transformation of N in the water column (Wang, 2020). The 
shift in the vertical distribution of N cycling processes also depends on 
the pattern of reservoir operation and is discrepant under high and low 
flow conditions. The main N cycling processes in different layers during 
the stratification periods are shown in Fig. 2. 

3.2.1. The upper layer 
In the upper layer of water bodies, phytoplankton densities often 

increase because of the longer hydraulic residence time and higher light 
availability, which provides favorable conditions for aerobic processes 
(McMillan et al., 2010). Phytoplankton assimilation is a major process 
controlling the composition of N in the epilimnion. Phytoplankton can 
utilize dissolved inorganic N, especially NO3

− and NH4
+, for photosyn

thesis, primary production, and the synthesis of organic compounds 
(Galloway et al., 2004). Part of the newly formed organic matter is 

degraded in this region, and the dissolved N is released back to the water 
(Wang, 2020). The other part of organic matter is gradually transported 
to the bottom, which is accelerated under stagnant conditions. The 
assimilation rate is positively related to phytoplankton abundance, 
which is the dominant factor controlling the degree of N consumption 
(Wang et al., 2018b). The growth of phytoplankton in the surface water 
is limited by nutrient concentrations, particularly dissolved inorganic P, 
likely because of the sedimentation of particulate P in the central 
reservoir (Wang, 2020). In addition, during the stratification period, the 
DO concentration in the upper epilimnion is sufficient for creating an 
environment conducive to nitrification, in which NH4

+ is oxidized to 
NO2

− and NO3
− (Galloway et al., 2004; Liu et al., 2018). 

In the reservoir system, the main source of N input is NO3
− , which is 

consumed through assimilation and produced by nitrification (Yool 
et al., 2007). The rate of NO3

− assimilation is light-dependent and in
creases with NH4

+concentration and temperature; the rate of nitrifica
tion is partly inhibited by light and is positively affect by water 
temperature (Wang, 2020). The epilimnion usually contains an upper 
euphotic layer and twilight layer extending well below the euphotic 
zone. Assimilation and nitrification are spatially separated between 
these two layers. The N cycling processes in the euphotic layer are much 
simpler and are dominated by assimilation. The mixed conditions in the 
twilight layer allow nitrifiers to compete with phytoplankton for the 
assimilation of NH4

+, suggesting that nitrification and NO3
− assimilation 

co-occur in this layer (Fawcett et al., 2015; Fripiat et al., 2015). 

3.2.2. The middle layer 
The thermocline is a low turbulence region that separates the surface 

nutrient-depleted layer and the nutrient-replete layer below the ther
mocline (Ross and Sharples, 2007). This zone affects the physicochem
ical and biological characteristics of the middle layer, as well as the 
transfer of DO and nutrients. Deep reservoirs restricted by thermal and 
oxygen stratification often show seasonal DO scarcity. Therefore, the 
decomposition of the settled organic matter is usually accompanied by 
the denitrification process. The upward migration of the reduced N 
component also contributes to the nitrification process. As a result, 
nitrification and denitrification often occur in adjacent water layers 
(Wang et al., 2019). The thermocline or oxycline is considered the center 
for N transformation and acts as an intermediary between the upper and 
bottom water. The deposited particulate organic nitrogen (PON) from 
the surface water can be degraded by microorganisms, thus causing 
hypoxia in the bottom water. This increases the sediment release of N, 
mainly NH4

+. Part of the released NH4
+is used for nitrification in the 

upper oxidized zone. However, a large proportion of NH4
+accumulates 

in the bottom of the thermocline zone and the hypolimnion. This can be 
attributed to the depletion of oxygen in the deep layers and limitations 
in nutrient transfer stemming from stratification. 

3.2.3. The bottom layer 
The N content in the bottom of the reservoir is controlled by deni

trification and sediment release under anoxic conditions. The settled 
organic matter is decomposed by microorganisms, which consume large 
amounts of oxygen in the bottom water. The stratified reservoirs also 
restrict the vertical mixing and oxygen transfer from the upper to the 
lower layer, thus resulting in hypoxia in the hypolimnion (Maeck et al., 
2013). The low saturation degree of DO in the bottom water limits 
aerobic nitrification and is conducive to denitrification processes 
(Cubas et al., 2019; Fadhullah et al., 2020; Roberts et al., 2012). The 
exchange of N between sediment and water and downstream transport 
are also altered. Consequently, NH4

+accumulation is often observed in 
the bottom water, which shifts the dominant form of dissolved inorganic 
nitrogen from NO3

− to NH4
+in the dammed reservoirs (Chen et al., 

2020). 
Denitrification is the primary mechanism of N removal from the 

reservoirs, which typically takes place in the anoxic hypolimnion and is 
characterized by high NH4

+ and low NO3
− concentrations (Liu et al., 

N. Yang et al.                                                                                                                                                                                                                                    



Water Research 206 (2021) 117730

6

2018). The first steps of denitrification (nitrate reduction) occur in the 
suboxic zone and below, where transcripts associated with denitrifiers 
are usually detected (Suter et al., 2021). Complete denitrification re
quires the absence of oxygen. Denitrification is positively related to 
water residence time and N load (Seitzinger et al., 2006). Higher N2 
concentration in bottom water also indicates that N2 is released in the 
denitrification process at the sediment-water interface. The vertical 

distribution of N2 is affected not only by the denitrification process but 
also by the hydrological dynamics controlling fluvial transport through 
the water mass (Chen et al., 2014). Anammox has been shown to remove 
N in the reservoirs by oxidizing NH4

+with NO2
− under hypoxic or anoxic 

conditions, contributing to the production of N2 (Lin et al., 2020; Xue 
et al., 2017). The hyporheic zone is another hotspot of N cycling. The 
increase in the hydraulic residence time and sedimentation of autoch
thonous organic matter, and the development of hypoxia in the bottom 
water can jointly affect the N dynamics in the hyporheic zone. Because 
of the heterogeneity of sediment deposition and riverine-lacustrine 
transformation, the nutrient supply pattern in the hyporheic zone 
shifts from horizontal transport to vertical deposition and diffusion 
(Seitzinger et al., 2006). These processes increase in the anaerobic zone 
in the sediment, thus enhancing sediment denitrification. 

3.3. Nitrogen cycling feedbacks due to stratification 

In the stratified reservoir, the thermocline or oxycline inhibits the 
transfer of DO, resulting in an oxygen deficit in the hypolimnion. N 
cycling feedbacks may occur in the vertical profile, and this requires 
more research attention. Zhang et al. (2020b) proposed two types of N 
cycling feedbacks in marine systems. The first is based on N2 fixation. In 
this process, the increase in the newly fixed N increases the N inventory 
and the N:P ratio, which inhibits N2 fixation by phytoplankton. The 
second type of feedback is more likely to occur in the reservoir system 
given that NO3

− is the main source of N in the reservoir. In this process 
(Fig. 3), the high NO3

− concentration in upstream inputs promotes the 
assimilation of nutrients by phytoplankton. The increased biological 
productivity creates an organic matter sink in the bottom water column 
and the sediments. This organic matter is then degraded to NH4

+by 
decomposers. The degradation processes consume large amounts of 
oxygen and increase the extent of hypoxia in the hypolimnion. The 
hypoxic sediment can release more N in the form of NH4

+, which further 

Fig. 3. The positive feedback loop of nitrogen input and release in stratified 
reservoir. (Norg, organismal nitrogen contents; OM, organic matters; +, posi
tive effects). 

Fig. 4. The role of multi-trophic microbiota in nitrogen cycling. The aerobic and anaerobic nitrogen cycling processes are mediated by multi-trophic microbiota and 
their interactions. The major genes controlling nitrogen transformation are listed below each process. (DON, dissolved organic nitrogen; PON, particulate organic 
nitrogen; ANAMMOX, anaerobic ammonium oxidation). 
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increases N loading in the upper water column. Thus, a positive feed
back loop may form among the increased N input, the higher primary 
productivity, the increased organic matter sedimentation, severe hyp
oxia in the bottom water, increased N released from sediment, and 
increased N in the water body (Chen et al., 2018; Rabalais et al., 2010). 
Given the N cycling feedback loop, ecosystem restoration is difficult if 
eutrophication occurs in reservoirs. Thus, preventing eutrophication 
and the formation of a positive feedback loop is critically important, and 
controlling external inputs and improving the DO level in the bottom 
water is essential for achieving this. There is also a need to increase the 
denitrification rate and associated redox processes (e.g., anammox) that 
remove N from deep reservoirs. 

4. Nitrogen cycling processes mediated by multi-trophic 
microbiota 

4.1. Biota-ecosystem interactions from a food web perspective 

Ecosystem functions of the riverine system include the processes and 
properties of a given habitat. These processes are driven by abiotic 
factors, such as temperature, nutrient concentrations, and hydrological 
features, but also by biotic factors such as biological composition and 
diversity (Smeti et al., 2019). Recently, Palmer and Ruhi (2019) sum
marized the relationships among streamflow, biota, and ecosystem 
processes and proposed that the three-way “flow-biota-ecosystem pro
cesses nexus” interaction should be considered when restoring and 
protecting river systems. Understanding how biological processes affect 
and are affected by ecosystem processes under flowing conditions is 
particularly important, especially in rivers in which the streamflow has 
been altered by damming. 

Nutrient cycling in deep reservoirs is complex, as nutrient concen
trations in reservoirs are affected by many factors including nutrient 
inputs, thermal stratification, primary production, and biological 
degradation (Wang, 2020). The cycling of C, N, and many other ele
ments is primarily driven by microorganisms, which carry out many 
important ecosystem functions (Ferrera et al., 2015). The efficiency with 
which microbes perform these functions is controlled by both bottom-up 
(physicochemical properties) and top-bottom (higher trophic level 
species) forces (Kellogg et al., 2019). The microbial food web can 
regenerate and transfer elements to larger organisms and thus may alter 
nutrient and energy flows in aquatic ecosystems. Numerous studies and 
review articles have examined the roles of microbes in nutrient cycling, 
mostly focusing on bacterial roles in degradation, transformation, and 
mineralization processes (Arora-Williams et al., 2018; Luo et al., 2017). 
Other microbes, such as virus (Zimmerman et al., 2020), fungi (Grossart 
et al., 2019), and other eukaryotic microorganisms (Gadd and Raven, 
2010), also participate in nutrient cycling. However, comprehensive 
reviews on the impacts of multi-trophic microbiota and biotic in
teractions on nutrient cycles are scarce, especially in river-reservoir 
systems. 

4.2. The role of multi-trophic microbiota in nitrogen cycling 

N cycling is a ubiquitous and important element cycle in aquatic 
ecosystems that has long been thought to be mediated by microorgan
isms. These microorganisms can convert N compounds spanning redox 
states from − 3 to +5 through 14 redox reactions (Kuypers et al., 2018). 
The growth-limiting nutrients are then transformed to bioavailable N, 
such as NH4

+and NO3
− , thus facilitating nutrient utilization by other 

organisms. Previous studies have mainly focused on the prokaryotic 
contributions to N transformation. However, eukaryotes have also been 
shown to participate in N cycling in direct (e.g., assimilation and deni
trification) and indirect (e.g., predation, excretion, and bioturbation) 
ways. Here, we focus on multi-trophic eukaryotes and summarize their 
roles in aquatic N cycling (Fig. 4). 

4.2.1. Direct involvement 
Eukaryotes are directly involved in the assimilation process of N 

cycling. Phytoplankton are primary producers in aquatic systems. 
Bioavailable low-molecular-mass inorganic N, mainly NO3

− and NH4
+, 

can be assimilated by phytoplankton via photosynthesis. The absorbed N 
is then transformed through biosynthesis to macromolecules, such as 
proteins and nucleic acids, which support the growth of phytoplankton 
(Cai et al., 2019). Phytoplankton assimilation has been shown to 
contribute to N consumption rates over the entire water column (Molina 
et al., 2012; Varela et al., 2003). 

Eukaryotes are also directly involved in N transformation through 
reduction reactions. In photosynthetic microbial eukaryotes, the 
assimilated NO3

− is transferred to organic N macromolecules. The rate- 
limiting step of this process is the reduction of NO3

− to NO2
− , which is 

catalyzed by assimilatory nitrate reductase (NR). NR genes are ubiqui
tous and have been detected in diatoms, dinoflagellates, other flagel
lates, chlorophytes, and unknown microbial eukaryotes(Comeau et al., 
2019). In non-photosynthetic eukaryotic microbes, NO3

− and NO2
− can 

be transferred to N2 or N2O through reduction reactions under hypoxic 
or anoxic conditions. These denitrification processes are carried out via 
dissimilatory nitrate and/or nitrite reduction. Nitrite reductase gene 
(nirK) has also been shown to catalyze nitrite reduction in several mi
crobial eukaryotes (Gadd and Raven, 2010). New pathways and pro
cesses in N cycling mediated by eukaryotic microbes were summarized 
by Thamdrup (2012) and Kamp et al. (2015). These processes include 
intracellular nitrate storage, denitrification, anaerobic NH4

+oxidation, 
and anaerobic methane oxidation with NO2

− , which are carried out by 
ciliates, fungi, foraminifera, and some algae. 

4.2.2. Grazer excretion 
The regeneration of nutrients by grazers is important for the growth 

of both primary producers and other bacteria. The excreted N can 
release algae from competition with microbes for inorganic N and thus 
increase primary production (Palmer and Ruhi, 2019). NH4

+is the 
common form of excreted N and is considered recycled N in both pelagic 
and benthic habitats. Protozoans are small consumers with high turn
over and excretion rates and are the main contributors to NH4

+excretion 
(Dolan, 1997). Other grazers, such as metazoans, can also excrete excess 
nutrients in excess of their growth demands. Eukaryotes can enhance the 
nitrification potential and proliferation of nitrifying bacteria (Prast 
et al., 2007; Schratzberger and Ingels, 2018). This can be attributed to 
the excretion of large quantities of NH4

+by grazers, which leads to 
changes in the C:N ratio and increases in NH4

+bioavailability for nitri
fying bacteria. The increased availability of NO3

− and organic com
pounds can also promote the heterotrophic denitrification process. 

4.2.3. Predator-prey interaction 
Trophic interactions among microbiota can also affect N cycling 

processes via top-down forces. Protozoans, which are dominated by 
heterotrophic flagellates and ciliates, are the direct predators of bacteria 
in aquatic habitats, and their grazing on bacteria is also an important 
source of regenerated N (Pernthaler, 2005). They can ingest their body 
weight in microorganisms per hour. Nitrifying bacteria are more sus
ceptible to predation because of their relatively slow growth rates 
(Strauss and Dodds, 1997). Therefore, grazing by protozoans can stim
ulate N cycling by increasing the abundance of recycled limiting nutri
ents, removing senescent cells, and reducing bacterial competition (Tso 
and Taghon, 2006). Furthermore, a significant proportion of mineral
ized N can be passed up to metazoans via the microbial loop. Meiofaunal 
species are capable of eating their own cell volume of particles per hour 
daily. They can counteract nitrate reduction associated with grazing 
microphytobenthos and bacteria; they can also release organic and 
inorganic N, thus altering the C:N ratio in the water column and the 
sediment (Stock et al., 2014). 
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4.2.4. Meiofaunal bioturbation 
Macrofaunal species are generally known to enhance the turnover 

and transport of N via burrowing, ventilation, and bio-irrigation; have a 
negative effect on denitrification; and have a positive effect on dissim
ilatory nitrate reduction to ammonium (DNRA) (Stief, 2013). Recent 
research has examined the effects of meiofaunal bioturbation in super
ficial sediments on N cycling (Bonaglia et al., 2014). Meiofaunal bio
turbation can stimulate the transport of NO3

− and NH4
+in the surface of 

sediments by a factor of 1.5 to 3.1 compared with molecular diffusion 
(Schratzberger and Ingels, 2018). The increase in the DO concentration 
creates an oxic environment that promotes aerobic processes such as 
nitrification. The denitrification rate is also increased when the abun
dance and diversity of meiofauna are high. This might be attributed to 
the increase in bioavailable substrates such as NO3

− and NH4
+, for ni

trifying and denitrifying bacteria, which suggests that meiofauna bio
turbation promotes benthic N cycling. 

4.3. Factors affecting multi-trophic microbiota and their interactions 

4.3.1. Hydrological and hydraulic regime 
The hydrological regime is a key driver of freshwater ecosystems that 

structures geomorphological features, riverine connectivity, biological 
diversity, and stability, thereby altering ecosystem functions. Theoret
ical research on food-web structure has highlighted the importance of 
linking flow, biota, and ecosystem processes (Palmer and Ruhi, 2019). 
Flow-induced variations in dominant resource types, biomass, and the 
content of nutrients can propagate to higher trophic levels via bottom-up 
forces and affect biological functions and ecological services. 

In reservoir systems, the hydraulic retention time is a key variable 
structuring planktonic communities, including phytoplankton, hetero
trophic bacteria, and zooplankton, that induces the longitudinal suc
cession of these communities along the riverine-transition-lacustrine 
system. After the building of dams, the increased transparency, water 
temperature, and nutrient bioavailability, coupled with reduced turbu
lent mixing, facilitate the development of phytoplankton. The abun
dance of phytoplankton is usually positively correlated to water 
retention time (Chen et al., 2020). The composition and succession of 
phytoplankton are also affected by the periodic operation of reservoirs, 
which results in shifts from river-dominated species to lake-dominated 
species (Xu et al., 2020). High hydraulic retention time typically ac
celerates the deposition of P and organic matter, which inhibits the 
utilization of biogenic elements by bacteria and alters the availability of 
food resources to zooplankton (Domingues et al., 2017). Therefore, 
water retention time may have negative effects on the biomass of het
erotrophic bacteria, and the dominant zooplankton may shift from 
bacterivores to herbivores. In addition, the occurrence, abundance, and 
composition of zooplankton are all associated with the quality of their 
environment, including hydrological connectivity and lentic or lotic 
conditions (Napiórkowski et al., 2019; Wan Maznah et al., 2018). 

Reservoir impoundments can also affect the flow regime in benthic 
habitats. The altered benthic boundary-layer flow may significantly 
affect sedimentary biogeochemistry and benthos ecology. The abun
dance, population growth, community structure, and dispersal ability of 
benthic bacteria, flagellates, ciliates, and meiofauna are closely associ
ated with processes such as sediment resuspension and hydrodynamic 
disturbance (Shimeta et al., 2001). Because various flow regimes occur 
along the river-reservoir system, coarse sediments preferentially deposit 
on the upper reaches of reservoirs, whereas fine particles tend to be 
transported downward and become deposited in the lacustrine zone 
(Sang et al., 2019). The particle size distribution can alter the abun
dance, structure, and spatial distribution of surface-oriented and 
sediment-inhabiting organisms and has a significant effect on N cycling, 
especially the denitrification process (Zhang et al., 2020a). 

4.3.2. Nutrient conditions 
In addition to hydrology, nutrients are a key factor limiting the 

metabolic processes of plankton. Given that most nitrifying and deni
trifying bacteria are heterotrophs, their N cycling rates are largely 
dependent on the C:N ratio. The concentration of dissolved organic C in 
reservoir systems is affected by external inputs upstream or terrestrial 
sources and internal disturbances induced by the flow regime or natural 
variations, which lead to variation in primary productivity and 
zooplankton production (Gao et al., 2021a; Palmer and Ruhi, 2019). 
Dissolved inorganic N is the fundamental substance of multiple N 
cycling processes mediated by bacteria and phytoplankton. Thus, the 
concentration of dissolved inorganic N is closely associated with N 
transformation efficiency (Domingues et al., 2017). 

Nutrient conditions can also alter the interactions of multiple trophic 
levels. For example, in highly oligotrophic systems, the growth of pro
tistan predators is bottom-up controlled by the low availability of bac
teria. By contrast, eutrophic waters can release bacterial communities 
from predation control, and their growth is largely limited by compe
tition for nutrients (Pernthaler, 2005). In benthic habitats, the altered 
biological interactions may further affect nutrient and energy transfer 
through different trophic levels (Yang et al., 2019). Nutrient enrichment 
is thought to increase bacterial and algal biomass, which in turn en
hances the growth of meiofauna and microfauna at higher trophic levels. 
The shifts in microbial food web components and interactions are also 
associated with the availability of other essential nutrient elements, such 
as Si and P, which have received extensive attention in river-reservoir 
systems (Chen et al., 2020; Van Cappellen and Maavara, 2016). 

4.3.3. Thermal stratification 
Thermal stratification is an important factor controlling material 

transformation in dam-induced deep reservoirs. Several studies have 
shown that seasonal stratification significantly affects the composition 
and diversity of bacteria, fungi, phytoplankton, and zooplankton (Wil
liams et al., 2014; Zhou et al., 2020). Many factors regulate the vertical 
distribution of biological communities in stratified reservoirs, such as 
water column stability, DO, and water temperature (Zhou et al., 2020). 
Water column stability within reservoirs plays an important role in 
determining the succession of plankton food web types, which leads to 
variation between algae-based green food webs and detritus-based 
brown food webs. The mechanism of bacterial control might be 
altered from bottom-up control during the water mixing period to 
top-down control following stratification (Šolić et al., 2020). DO and 
water temperature are the most important factors, as they have been 
observed to shape the composition of bacterial communities and 
plankton metabolic processes (Domingues et al., 2017). All these factors 
can lead to variation in nutrient concentrations, thereby affecting bio
logical community structure and ecological functions. 

The N cycles in central reservoirs are mediated by organisms at 
several trophic levels under stratification. The distinct environmental 
conditions and biological mechanisms in different layers affect the 
major factors determining N cycling. For example, phytoplankton 
assimilation is the major process controlling N composition in the 
epilimnion, and DO concentration and temperature are the main factors 
affecting the composition of N in the oxyline and the hypolimnion (Su 
et al., 2019). Tran et al. (2021) observed sharp contrasts in community 
composition and metabolic potential between the oxygenated mixed 
upper layer and deep anoxic water. These differences shape microbial N 
cycling processes by removing fixed N from water, fixing the upwelled 
N, and replenishing bioavailable N in the surface water. The abundances 
of ammonia oxidizers and denitrifying bacteria also show significant 
variation depending on the content of nutrients, which generates ver
tical variation in nitrification and denitrification processes (Yue et al., 
2021). 

Conclusions and future perspectives 

N cycling in the dam-induced river-reservoir system involves several 
complex processes that are affected by longitudinal variation in 
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hydrological, nutritional, and particulate conditions, as well as vertical 
temperature and oxygen gradients. These N cycling processes are 
mediated by multi-trophic microbiota and their interactions in direct (e. 
g., assimilation and denitrification) or indirect (e.g., predation, excre
tion, and bioturbation) ways, which also depend on the unique envi
ronmental conditions in river-reservoir systems. Based on the above 
reviews, the following scientific and technological improvements may 
benefit the ecological conservation of reservoirs affected by damming. 

The collection of long-term observational biological data in river- 
reservoir systems is essential for protecting the sustainability of eco
systems. The composition and structure of multi-trophic communities 
(from bacteria to marine mammals) and the complex relationship 
among species (food web) have already been integrated into bio
assessments and are considered essential for making ecosystem-based 
ecological protection and restoration decisions (Zhang et al., 2020c; 
Zhao et al., 2019). However, more work on multi-trophic microbiota and 
microbial food webs is needed, and qualitative and quantitative methods 
to detect these organisms require improvement. With advances in mo
lecular methodologies coupled with taxonomically broad sequence re
positories, DNA metabarcoding can be used to increase the range of taxa 
sampled, which would increase the sampling resolution, aid bio
assessments, and provide new insights into functional ecology (Hering 
et al., 2018). Although this technique has been used to monitor biodi
versity, detect rare endangered species, and characterize biotic re
lationships, this method still needs to be improved for it to be used to 
describe food web properties. The current applications of DNA meta
barcoding in food web analysis are listed in Table 1. The combination of 
molecular, omics, and machine learning approaches could help unravel 
hidden patterns in the structure-function-interaction relationships of 
multi-trophic levels; this approach could also be used to rapidly 
construct food webs with unprecedented precision and accuracy. 
Generally, these methods can provide a clear picture of biological pat
terns in the upstream, downstream, riverine, and lacustrine zones, as 
well as in front of and behind dams. Subsequently, ecological models 
that incorporate environmental parameters (e.g., DO concentration, 
temperature, and flow velocity), biological processes (e.g., composition, 
diversity, and interaction), and ecosystem functions (e.g., energy flux 
and nutrient cycles) can be constructed. 

The design of river flow (i.e., environmental flow) and the man
agement of dam operations require consideration of various factors, 
including hydrological properties, morphological features, and biolog
ical community structure and functions. Interdisciplinary collaboration 

is necessary for enhancing our understanding of damming-related 
changes to nutrient dynamics and determining how dam operations 
can be manipulated to regulate trophic conditions (Anderson et al., 
2019). The design of environmental flows in impoundment rivers has 
generally been based on particular organisms, such as fish, vegetation, 
and invertebrates, rather than through consideration of entire food webs 
or ecosystems. Although environmental flows in the context of food 
webs have been studied (Robson et al., 2017), the roles of multi-trophic 
microbiota have received little attention. Therefore, the direct and in
direct biogeochemical impacts of damming discussed in this review 
underscore the need to consider multi-trophic microbiota when 
designing environmental flows. In addition, a series of reservoir regu
lation and restoration approaches have been used to aid the protection 
of dammed rivers, including temperature control devices, hypolimnic 
aeration, critical habitats reconnection, and ecological engineering for 
improving water quality and trophic conditions (Hu et al., 2016; Miles 
and West, 2011; Naiman et al., 2012; Saito et al., 2001). We suggest that 
multi-trophic microbiota and food web models be integrated into these 
interdisciplinary engineering and ecological methods to clarify the im
pacts of damming on riverine food webs and biogeochemical cycling. 
Additional studies focused on employing modeling approaches and 
developing strategies to restore riverine ecosystems in the future are 
especially needed. 
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