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In recent decades, damming has become one of the most important

anthropogenic activities for river regulation, and reservoirs have become

hotspots for biogeochemical cycling. The construction of dams changes

riverine hydrological conditions and alters the physical, chemical, and

biological characteristics of rivers, eventually leading to significant variations

in nutrient cycling. This review mainly explores the effects of river damming on

nutrient transport and transformation, including i) nutrient (N, P, Si, and C)

retention in reservoirs, ii) greenhouse gas (GHG) emissions, and iii) interactions

between the nutrient stoichiometry ratio and the health of the reservoir

ecosystem. The important drivers of nutrient transport and transformation,

such as river connectivity, hydraulic residence time, hydropower development

mode, microbial community variation, and anthropogenic pollution, have also

been discussed. In addition, strategies to recover from the negative effects of

damming on aquatic ecosystems are summarized and analyzed. To provide

theoretical and scientific support for the ecological and environmental

preservation of river-reservoir systems, future studies should focus on

nutrient accumulation and GHG emissions in cascade reservoirs.

KEYWORDS

river damming, nutrient cycling, microbial community, hydraulic residence time,
tributary habitat replacement
Introduction

With the development of human society, dam construction has developed rapidly

owing to its applications in power generation, water resource utilization, navigation, and

flood control. At the end of the 19th century, Europe and the United States started the first

boom in hydropower development as a clean, efficient, and stable source of energy. The 21st
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century witnessed a second boom in dam construction, mainly

occurring in developing countries, among which Asia was a hot

spot with an installed capacity of more than 15 GW (Glibert,

2020). Although the center of dam construction has shifted from

developed to developing countries since 2016, hydropower has

always been the main source of renewable energy, accounting for

71% of the renewable energy supply (Moran et al., 2018).

Currently, there are more than 3,700 hydropower stations with

a capacity of at least 1 MW planned or under construction

worldwide (Grill et al., 2019). Although dam construction has

many functions, it will change the original state of the watershed.

(Song et al., 2018). According to previous studies, the connectivity

of more than half of the large rivers in the world has been

influenced by damming (Van Cappellen and Maavara, 2016),

and the number will increase to 93% by 2030 (Glibert, 2020).

It has been reported that dam construction flattens flood

variation, alters downstream flow, and affects total runoff,

leading to changes in the hydrological conditions of river

estuaries and nearby marine areas (Baumgartner et al., 2022).

Effects of dams on ecosystems occur through reduced river flow,

reduced sediment flux, altered water temperature, changed

estuary delta, and blocked migration routes in river sections

and adjacent seas (Zhang X. et al., 2022). Moreover, damming

alters the matter and energy fluxes in river and marine

ecosystems, which has a direct impact on nutrient

biogeochemistry (Liermann et al., 2012). Dams and reservoirs

are hotspots for biogeochemical activity in river networks. The

interference of human regulation on the circulation of river

biomass affects the migration and transformation characteristics

of river biomass and the eutrophication response of water. In

addition to nutrient flow, the nutrient ratios are also affected.

Changes in nutrient content and proportion impact river

ecosystems, including the microbial communities in them.

Therefore, the main contents of this review are as follows: 1)

variation in the migration and transformation processes of

nutrients, 2) important driving factors for the transport of

river nutrients, and 3) potential strategies to mitigate the

environmental consequences of river damming.
Transport and transformation of
nutrients affected by river damming

River damming is one of the primary anthropogenic

disruptions to the Earth’s natural water and matter cycles

(Gilbert et al., 2020). Physical factors such as water level, flux,

and velocity show notable changes after reservoir construction.

For example, water velocity decreases as it approaches the dam,

transforming the system from a natural “river” to an artificial

“lake” (Winton et al., 2019). These modifications in physical

parameters further impact biogeochemical cycles, affecting water

quality and jeopardizing ecosystems in the downstream reaches

and adjacent wetlands.
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Nitrogen (N), phosphorus (P), silicon (Si), and carbon (C)

cycling, the four most essential nutrient cycles in river ecosystems,

are crucial for preserving aquatic biological balance (Atkins,

2020). Dam construction artificially complicates changes in the

trophic state of rivers (Winemiller et al., 2016). To fully

understand the changes of nutrient load fluxes and chemical

compositions, it is necessary to review the nutrient cycling

variation and relevant mechanism after damming.
Variations in hydraulic conditions

Dams intercept large amounts of sediment in reservoirs, and

there is a general decrease in particle size along the flow direction

within the reservoir as suspended particles settle down owing to the

reduction in river velocity (Yi et al., 2017; Tang et al., 2018). Coarse

particles deposit easily, whereas fine particles can travel long

distances downstream. Since fine particles typically have a higher

capacity for adsorption than coarse particles (Pan et al., 2013), the

total nitrogen and organic carbon in the sediment would increase

from upstream to downstream of the reservoir. Meanwhile, slower

flow rates caused by damming can limit sediment sliding and

suspension violently, reducing the release of nutrients from

sediments in reservoirs (Van Cappellen and Maavara, 2016).

Reservoir construction can also result in vertical thermal

stratification because the density gradient of reservoir water

formed by solar heating on the surface effectively prevents the

water temperature from mixing (Noori et al., 2021). Thermal

stratification indirectly affects the dissolved oxygen (DO)

content (Winton et al., 2019). In short, hydrodynamic

weakening of the reservoir area causes water temperature and

DO stratification, affecting biological reactions.

Sediment retention and thermal stratification in reservoirs can

further affect the cyclic nutrient transformation and change the

trophic status of the river system, which presents both benefits

and drawbacks for the trophic condition of river systems. Nutrient

retention after dam construction can benefit the receiving water

by reducing the risk of eutrophication in downstream areas;

however, it increases the risk of eutrophication in the reservoir

(Maavara et al., 2020a). To manage river nutrients, it is crucial to

understand how damming affects the four fundamental nutrients

—N, P, Si, and C.
Variation in nitrogen cycling in reservoirs

Nitrogen is an important nutrient in river systems. Nitrogen

transformation and transport processes include ammonification,

nitrification, nitrogen fixation, denitrification, decomposition,

and organic nitrogen synthesis (Kreiling et al., 2021; Zhou et al.,

2022). The biogeochemical cycle of nitrogen is influenced by

dam construction, especially in terms of nitrogen flux and

concentration (Nair and Yu, 2020).
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Atmospheric deposition, upstream inflow, and biological

nitrogen fixation are the major sources of nitrogen input in

reservoirs (Jankowski et al., 2012; Horvath et al., 2013). The

percentage of atmospheric deposition that contributes to the

nitrogen load in reservoirs changes with the climatic rainfall and

is higher during rainy seasons (Liu et al., 2019). Agricultural

discharge is the dominant source of upstream inflow. Nitrogen

fixation (conversion of N2 to NH4
+)—the only biological way of

nitrogen generation— contributes to 39–47% of the nitrogen in the

water column inside the reservoir (Maavara et al., 2020a). Runoff

and gaseous emissions constitute the majority of the nitrogen

transported out of reservoirs. Ammonia volatilization and

denitrification are two of these gaseous emissions (Wei et al.,

2022). The nitrogen flux from the water was found to be greatly

reduced after passing through a reservoir (Wollheim et al., 2008).

According to Harrison et al., in the mid-1990s, global reservoirs

eliminated 464 Gmol N annually (Harrison et al., 2009; Harrison

et al., 2010; Van Cappellen and Maavara, 2016). Denitrification, the

major nitrogen removal mechanism in reservoirs, contributes to

approximately 58–59% of the total removal (Zhu et al., 2022).

Reservoir development alters nitrogen fluxes and changes the

reactive rate of nitrogen. For instance, the dam construction in

recent years has significantly enhanced the nitrogen fixation in

reservoirs, increasing the primary production and rate of

nitrification and nitrogen assimilation in reservoirs (Cook et al.,

2010; Grantz et al., 2014). The three nitrogen biogeochemical

processes of the reservoir (Figure 1)—ammonification,

nitrification, and denitrification have a significant impact on

river ecosystems. Damming increases the nitrogen concentration

in reservoirs through nitrogen retention and fixation, ultimately

resulting in eutrophication (Moutinho et al., 2021). However,

changes in the N:P ratio can reduce the N limitation in receiving

water. According to Akbarzadeh (Akbarzadeh et al., 2019), dams

increase the ratio of N:P in rivers globally due to nitrogen fixation
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in reservoirs, reducing N limitation in water (Ramirez-Zierold

et al., 2010; Molisani et al., 2013). The decrease in the nitrogen

concentration in water due to denitrification and burial in

reservoirs makes nitrogen one of the main variables limiting the

primary productivity in water (Hamilton et al., 2001; Galloway,

2005; Vanni et al., 2011; Bi et al., 2017). Therefore, understanding

the beneficial and detrimental effects of the various biological

actions of nitrogen is crucial for identifying and addressing the

issues of nutrient balance in the water column.

The third most long-lived GHG is N2O; therefore, climate

change is largely impacted bymassive N2O production. Reservoirs

significantly increase GHG emissions because N2O can be

produced during denitrification (Hansen et al., 2016). Globally,

natural lakes and reservoirs produce 4.5 ± 2.9 Gmol N2O per year

(Zhang L. et al., 2022), and reservoirs account for nearly 50% of all

fluxes, although the area of reservoirs only makes up 9% of all

standing water. Additionally, after reservoir construction, the

riparian zone often declines as the water level rises, which may

result in an expansion of the denitrification zone for the same

magnitude of water level variation (Thouvenot-Korppoo et al.,

2009; Turner et al., 2016). Moreover, damming causes fluctuations

in reservoir water levels, which alternates between wet and dry

cycles (Shi et al., 2020a) and introduces nitrate to the riparian

surface. This cyclic dry-wet process can significantly accelerate the

riparian denitrification process by controlling oxygen infiltration,

nitrogen substrate, and carbon availability (Ranalli and Macalady,

2010; McPhillips and Walter, 2015; Wang et al., 2018).
Variation in phosphorus cycling
in reservoirs

Sources of P are divided into natural and anthropogenic

parts. Natural sources are mainly phosphate rocks, which enter
FIGURE 1

Biogeochemical transformation mechanism of nitrogen in a reservoir. DON:dissolved organic nitrogen; PON:particle organic nitrogen; DIN:
dissolved inorganic nitrogen.
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the water cycle through erosion and weathering. Anthropogenic

sources are further divided into point and non-point sources,

such as domestic sewage discharge and agricultural fertilizers

(Smith and Schindler, 2009; Huang et al., 2015). The transport

and transformation of P (Figure 2) in reservoirs mainly include

sediment adsorption, desorption, and resuspension processes,

the transformation between different phases (water-particle-

sediment), assimilation and absorption of organisms, and

release from decomposition, all of which determine the form

and distribution of P (Withers and Jarvie, 2008). Adsorbed P

moves with suspended sediment particles, whereas dissolved P is

transported by convective diffusion (Huang et al., 2015).

Adsorbed P may accumulate on the riverbed surface due to

sediment deposition and then be released during sediment

re-suspension.

Reservoir construction changes hydrological and

environmental conditions, making it difficult to understand

how P would be transported, transformed, and retained in

rivers. The transport of P involves various physical and

chemical processes, such as convective diffusion, adsorption-

desorption, and deposition-resuspension (Figure 2). However,

damming slows down the flow rate of water, causing the P

adsorbed by particles to settle and sediment easily, increasing P

retention in reservoirs, and thereby reducing the downstream

flux of P (Teodoru and Wehrli, 2005; Harrison et al., 2010).

Vertical physicochemical and biological stratification

phenomena further change P forms (Friedl and Wuest, 2002).

For instance, thermal stratification leads to anaerobic conditions

in the bottom layer of reservoir, which facilitate the release of

sediment P. Since reservoirs are mostly drained from the bottom

layer, it will result in the leakage of high concentrations of P in

downstream of dam (Wang et al., 2009; Keitel et al., 2016).

Generally, P retention is significantly increased by reservoir

construction. Because the reservoir has a large area of stable
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water, it reduces the flow of the river and traps a large amount of

P. Based on previous studies, the reservoir dams in the upper

Seine River watershed in France retained 60% of the phosphate

adsorbed by sediment particles and benthic organisms (Yan

et al., 2021). According to comparative studies of river networks

in the midwest of the United States, the yearly flux of total P in

downstream water decreased by approximately 20% after

reservoir construction (Powers et al., 2015). With more dams

and reservoirs being built, P retention in rivers continues to

increase globally. Due to the surge in dam construction, the total

P (TP) roughly doubled between 1970 and 2000, making up 12%

of the global river TP load (Filippelli, 2008; Maavara et al., 2015).

Although reservoirs can serve as P sinks and reduce nutrient

loading into the receiving waters downstream, P accumulates in

the sediment as the reservoir’s operation time increases. In

summer flood conditions, the bottom sediment is easily

eroded, and P is released into the overlying water, causing

serious environmental problems (Huang et al., 2015). In

addition, reservoir retention can reduce the downstream

pollution load; however, in rivers with lower nutrient levels, it

may lead to nutrient depletion in the downstream areas. For

example, Sweden’s most severely dammed and reservoir-

regulated river, the Lulealven River, exhibits a progressive

decline in P export, endangering primary productivity

downstream (Humborg et al., 2002).
Variation in silicon cycling in reservoirs

Silicon is a crucial biogenic component of various freshwater

aquatic species, particularly diatoms. The primary limiting

element in many aquatic systems is Si despite its abundance

(Koszelnik and Tomaszek, 2008; Tavernini et al., 2011) because

the majority of Si is bound as quartz and silicate minerals,
FIGURE 2

Migration and transformation processes of phosphorus in a reservoir.
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making it difficult for living organisms to utilize (Cornelis et al.,

2011; Durr et al., 2011). The predominant form of biogenic

dissolved Si in river systems is H4SiO4 (Maavara et al., 2018). It is

critical to understand the riverine Si cycle because diatoms

contribute to 25% of the primary productivity of water and

40% of the primary productivity of oceans (Triplett et al., 2008).

The main sources of Si in reservoirs are river inflows, rock

weathering, and sediment erosion in bedrock aquifers. Besides,

groundwater is also a major path for Si transport to surface

waters (Maavara et al., 2018). Reactive Si enters the reservoir in

two different states: dissolved and particulate. Dissolved reactive

Si (DSi) entirely consists of Si hydroxide (H4SiO4) or monomeric

silica. In contrast, particulate reactive Si (PSi) contains all Si

associated with particles and may be dissolved before being

removed by burial in bottom sediments or river outflow.

Although solid phases, such as quartz and silicate minerals, are

not bioavailable, once they enter the reservoir, a portion of the

particulate Si may be dissolved to produce extra DSi. The pool of

active particulate Si in reservoirs is further increased by the

transformation of dissolved Si into biogenic Si by organisms,

such as diatoms and riparian plants (mostly diatoms) (Mosseri

et al., 2005; Sauer et al., 2006). Biogenic Si (BSi) is composed of

silica with protective organic matter. When organic matter

degrades, soluble BSi is converted to DSi, while insoluble BSi

is exported downstream or buried in reservoir sediments

(Loucaides et al., 2012). Details of the Si cycling process within

the reservoir are shown in Figure 3. Compared to PSi, sediment

silicon (SSi) has a substantially lower dissolution rate constant,

and as a result, reactive PSi diminishes quickly, that is, aging

occurs. The insoluble part of the SSi is permanently removed by

burial in the reservoir sediments. Therefore, the total Si retention

is the sum of the exogenous active Si and the interactions

between the dissolution and retention of BSi and the PSi

formed in reservoirs (Teodoru et al., 2006; Jansen et al., 2010).

Silicon is easily trapped in reservoirs (Syvitski et al., 2005).

Silicon retention primarily occurs in the transition zone between
Frontiers in Marine Science 05
the rivers and reservoirs (Mugidde et al., 2003). In Diefenbaker

Lake in Saskatchewan, the retention of dissolved Si is

approximately 28% of the inflow (Koszelnik and Tomaszek,

2008). Dams typically sequester 20% of the active Si that is added

to reservoirs (Znachor et al., 2013). Globally, reservoirs store

5.3% of the active Si in the basin. Rivers, lakes, and coastal areas

are among the many aquatic habitats whose ecology and health

are significantly influenced by Si (Garnier et al., 2010; Tavernini

et al., 2011). Compared with nitrogen and phosphorus, Si is

more crucial for the growth of phytoplankton and the health of

aquatic ecosystems. However, because of dam construction, Si is

retained in the reservoir, reducing Si flux into the ocean and

affecting coastal productivity owing to Si limitation (Maavara

et al., 2020a). As a result, we should pay more attention to how

humans have altered river systems, particularly how the

construction of dams affects Si cycling and biological processes

at all scales, from the river basin to the global level (Hartmann

et al., 2011).
Variation in carbon cycling in reservoirs

The increasing atmospheric CO2 concentrations have led to

increased global warming in the 21st century (Cole et al., 2007).

Climate change affects the hydrological cycle and water quality,

and global warming is playing an increasingly important role in

aquatic systems. Reservoirs constantly produce methane and

carbon dioxide, which may exacerbate global warming (Glibert,

2012). Whether reservoirs serve as sources or sinks of GHGs has

been hotly debated. To control global C balance, it is crucial to

understand the profound modifications caused by damming

(Mendonca et al., 2012; Grill et al., 2015).

Reservoir construction initially causes an increase in GHG

emissions and later causes eutrophication in downstream areas.

After damming, carbon retention in the reservoir begins, leading

to an increase in the primary productivity of the reservoir
FIGURE 3

Circulation process of silicon in a reservoir. DSi, dissolved reactive silicon; SSi, sediment silicon; PSi, particulate reactive silicon; BSi, biogenic silicon.
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(Figure 4). As primary productivity increases, the production of

CH4 by microbes also increase. Therefore, eutrophic reservoirs

often have higher CH4 emissions than oligotrophic reservoirs

(Deemer et al., 2016). Tropical reservoirs typically emit more

gaseous C than temperate reservoirs because of their larger

surface area, higher soil organic C content, and warmer water

temperatures (Fearnside, 2002; Abril et al., 2005; Kemenes et al.,

2011; Colas et al., 2020). Over time, long-term sediment buildup

in aging reservoirs may increase nutrients downstream, which

could result in large-scale hazardous algal blooms (HABs) (Justic

et al., 2002; Paerl et al., 2006; Fox and Ford, 2016; Fernandez-

Alias et al., 2022; Liu et al., 2022).

Compared with natural rivers, C in reservoirs shows a

greater spatial and temporal variation (Han et al., 2018) due to

thermal stratification, increased primary productivity, and the

discharge of reservoir bottom water. Thermal stratification in the

reservoir water causes differences in factors such as vertical

illumination, DO, and nutrients (Winton et al., 2019). The

differences in the environment provide the conditions for

chemical and biological stratification. Increased photosynthesis

results in higher particle organic carbon (POC) concentrations

and lower CO2 (aq) concentrations in the reservoir surface

water, whereas the increase in biological activity and organic C

mineralization results in higher CO2 (aq) concentrations in the

reservoir bottom water. As a result, the CO2 concentrations in

the water released from the bottom of the reservoir to

downstream areas are higher (Sugiyama et al., 2004; Kim et al.,

2006; Stimson et al., 2017). In addition, seasonal changes in

water levels may cause higher GHG emissions through repeated

wetting and drying cycles. After dam removal, sediments with

abundant organic matters and frequent water-level changes may

also be hotspots for GHG emissions. According to previous

studies, CO2 emissions after dam removal will be nine times
Frontiers in Marine Science 06
higher than the reservoir’s initial emissions after the dam was

built for 100 years (Pacca, 2007). Therefore, multi-objective

optimization is advised to increase power generation while

guaranteeing minimal GHG emissions for diverse basin features.
Nutrient ratio

Although reservoirs have a retention effect on all four major

nutrients, different retention efficiencies can change the

stoichiometric ratio of nutrients, leading to different nutrient

limitations and ultimately affecting the trophic status of the

reservoirs. According to Maavara et al., in 2000, dams retained

an average of 21% of biogenic silica, 43% of reactive phosphorus,

and 35.5% of total nitrogen (Maavara et al., 2014; Maavara et al.,

2020a). Reservoir construction modifies the quantity of biogenic

material entering downstream and changes the nutrient ratios

because reservoirs preferentially eliminate phosphorus and

nitrogen and are more effective at retaining phosphorus than

nitrogen (Calic et al., 2013). In freshwater, phosphorus is

frequently considered as the limiting element, whereas

nitrogen is considered as the limiting element in coastal and

marine environments (Elser et al., 2022). Nowadays, fertilizer

and wastewater discharge lead to N and P enrichment, and the

removal of Si-rich plants during deforestation and agricultural

production, combined with the effects of dam construction, is

likely to result in significantly higher N: Si and P: Si ratios than

before, contributing to Si limitation downstream, which may

cause downstream eutrophication and promote the growth of

harmful algae (Struyf et al., 2010; Clymans et al., 2011).

The trophic dynamics and biogeochemical processes are

fundamentally coupled. The imbalances in stoichiometric

ratios of various elements (C, N, P, Si, etc.) caused by
FIGURE 4

Circulation process of carbon in a reservoir. DOC, dissolved organic carbon; POC, particle organic carbon; DIC, dissolved inorganic carbon.
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damming lead to short- and long-term consequences on

ecosystems, from altering primary productivity to breaking

water homeostasis (Vitousek et al., 2010). For instance, the

structure of the phytoplankton community changes, and

harmful algae may become the dominant species if the ratio

of DSi and dissolved inorganic nitrogen (DSi : DIN)< 1 in

reservoir water (Lane et al., 2004; Zervoudaki et al., 2009),

causing risks to the aquatic environment. Consequently,

ecosystem modifications can affect the recycling of nutrients

in reservoirs. The nutrient cycle can also be altered by

changing the physical characteristics of the habitat, such as

turbidity, flux, light, oxygen, pH, and substrate availability

(Glibert et al., 2011; Gao et al., 2012). For instance, in

eutrophic reservoirs, an increase in algal productivity causes

a decrease in DO, which may affect N and P cycling (Glibert,

2012; Wurtsbaugh, 2020).

A management approach that considers various nutrients

must be devised to control nutrients effectively. After 37 years of

research in an experimental lake, it has been determined that a

single nutrient removal approach can cause the ecosystem to

become stoichiometrically unbalanced (Schindler et al., 2008).

Control of either N or P is ineffective in controlling algal blooms;

a joint control of these nutrients is essential for effectively

managing eutrophication. Leiblich’s minimum law and

Redfield stoichiometry are the salt restriction parameters for

the eutrophication of water, which must be considered for any

specific management (Klausmeier et al., 2008; Allen and

Gillooly, 2009; Mebane et al., 2021).
Frontiers in Marine Science 07
Influence factors of damming on
nutrient cycles

Influence of river location and connectivity
Location is the most crucial physical parameter for evaluating

water flow, connectivity, and shape (Schmadel et al., 2018). The

hydrological characteristics of a river, such as flux and velocity, are

largely determined by the location of the river network. It

influences environmental factors, such as water temperature,

DO, and hydraulic residence time, and ultimately affects

nutrient cycling (Lautz and Fanelli, 2008). A key assurance that

water, organisms, nutrients, and energy can flow throughout the

river environment is the integrity of the river’s connectivity (Grill

et al., 2019). For instance, the level of connectivity of a river

network can influence the variability in nitrogen removal. Figure 5

depicts the combined factors affecting the migration and

transformation of nutrients. In terms of connectivity, lower

connectivity means less N elimination, so downstream N

transport will be greater. Reservoirs that are well-connected

would remove more nitrogen because these reservoirs are more

likely to be well-mixed and can remove nitrogen more effectively

(Worman and Kronnas, 2005). This is because the control of

nutrient levels greatly depends on the shape of the reservoir,

particularly its surface area (Seitzinger et al., 2002). Changes in

nutrient elements further affect biological processes; therefore, it is

necessary to study the location and connectivity of reservoirs.
FIGURE 5

The influence of river hydrological factors on the migration and transformation of nutrients. HRT, hydraulic retention time.
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Influence of storage capacity and
hydraulic residence time

An increase in hydraulic retention time (HRT) is one of the

most significant hydrological alterations caused by damming

(Messager et al., 2016). Studies have shown that after the

construction of a reservoir, the HRT may grow to months or

even years (Prairie et al., 2018). Hydraulic retention time is

frequently referred to as the “master variable,” which regulates

biogeochemical reactions.

The water depth and HRT are not the same because the

reservoir’s size (reservoir capacity) and hydraulic load are not

equal. Typically, there is a positive correlation between nutrient

retention and the HRT of reservoirs. This is mainly because

seasonal thermal stratification is more pronounced in reservoirs

with longer HRT. Significant chemical and biological

stratification are altered by significant thermal stratification,

which impacts primary productivity (Liu et al., 2012) and

further changes the nutrient cycling within the reservoir (Van

Cappellen and Maavara, 2016). The HRT in large reservoirs is

often longer than those in small reservoirs, leading to a higher

nutrient retention efficiency in large reservoirs.

However, according to other studies, reservoirs with short

HRT may have abnormally high biogeochemical reactivity per

unit area or time. An inverse link between HRT and the

elimination rates of TP, TN, nitrate, and phosphate was

discovered in more than 200 small reservoirs (Hejzlar et al.,

2009). It is hypothesized that as the volume of the reservoir

decreases, the contact area between the sediment and water

increases, thereby increasing the nutrient retention efficiency.

Extensive research has shown that the HRT in reservoirs is

an important first-order predictor (Maavara et al., 2020b).

Increases in nutrient (N, P, Si, and C) retention are generally

predicted by increases in the HRT. For instance, Akbarzadeh

et al. claimed that a positive correlation could be found between

the average HRT of the reservoir and its apparent net nitrogen

removal efficiency, which is defined as the difference between the

annual flux of N carried with the river inflow and the flux of N

flowing out through the dam (Grantz et al., 2014; Akbarzadeh

et al., 2019). With respect to phosphorus, the function of HRT is

more pronounced. In reservoirs with longer HRTs, particle

sedimentation of adsorbed phosphorus increases and algae and

bacteria further consume dissolved phosphorus. In contrast,

phosphorus retention is lower in new reservoirs without a

buffer plant zone (Suchowolec and Gorniak, 2009). When

hydropower stations generate electricity, they must discharge

floods for safety; therefore, the HRT will be much shorter than

that of reservoirs. This explains why an increasing number of

dams do not increase the retention of P. Silicon and HRT also

have a similar relationship. The DSi retention efficiency is

significantly and negatively correlated with both the average

reservoir depth and hydraulic load (the hydraulic load is

negatively correlated with HRT) (Maavara et al., 2014).
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Similarly, the ability of reservoirs to retain and remove C is

strongly related to its HRT. When HRT increases, the release

rate of methane gas increases (Zhang et al., 2020). The longer the

reservoir HRT, the lower the flow velocity, and thus, the better

the sunlight mineralization in shallow waters with dissolved

organic carbon (DOC)-rich mineral complexes. Moreover, the

greater contact between water and the riverbed allows the

complete decomposition of the DOC-rich material into carbon

dioxide and methane gas (Prairie et al., 2018). Following a review

of the literature, the HRT and retention of the four fundamental

nutrients were gathered. The fitting curves showing the link

between HRT and nutrient retention efficiency are shown

in Figure 6.

The nutrient load and ratio are also controlled by HRT.

Under most conditions, P is often removed from reservoirs more

effectively than N and Si (Boesch, 2002; Howarth and Marino,

2006; Schaefer and Alber, 2007). The dominance of P retention

in freshwater systems or the simplicity of adsorption of dissolved

phosphorus to mineral surfaces may be the driving mechanisms

for the preferential removal of P in reservoirs (Maranger et al.,

2018). The removal of Si can be more effective than those of P

and N at an HRT of less than 50 days (Barrera-Herrera et al.,

2020). For instance, Si retention (72% DSi and 16% BSi)

occurred before P retention (50%) in the Three Gorges

Reservoir with an HRT of 27 days (Boesch, 2002; Ran et al.,

2013; Huang et al., 2015). Under short HRT conditions, Si

elimination may be prioritized because of the ability of

diatoms to establish communities more quickly than other

phytoplankton communities (Paerl et al., 2006).
Influence of hydropower development
mode (single or cascade reservoirs)

Cascade reservoirs can jointly control flows, so the water

level fluctuation is smaller than that of a single reservoir (Shi

et al., 2020b); however, cascade reservoirs cause higher nutrients

and water retention. The retention of N, P, and Si within cascade

reservoirs is cumulative (Descloux et al., 2017). For example,

cascade hydropower development reduced the output of TP in

the Yellow River basin by approximately 84% (Ouyang et al.,

2011). The numerous dams and reservoirs built in the upper

Yangtze River basin, particularly after the construction of the

Three Gorges Dam, have reduced the delivery of TP to the

middle and lower basins by 77% (Zhou et al., 2013). The

retention of reactive P in Luxembourg’s terrace dams increases

progressively after passing through each dam (Salvia-Castellvi

et al., 2001). Currently, research on the cumulative effects of

cascades is insufficient, which is an urgent problem to solve.

Global warming is accelerated by the construction of cascade

reservoirs around rivers. Methane and carbon dioxide emissions

from cascade hydropower were measured by Shi et al. in Lancang

River (Shi et al., 2017). The results showed that the CH4/CO2 ratio
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of the first reservoir (0.023) was higher than those of the other

reservoirs. The comparatively higher nutrient retention in the first

reservoir has the potential to cause eutrophication, which

introduces exogenous organic carbon into the sediment. This

potentially amplifies the warming potential of the first reservoir

(Shi et al., 2017). Another study on nitrous oxide emissions from

heavily dammed cascade hydropower stations in the upper

Mekong River using a thin boundary layer model reached

similar conclusions (Shi et al., 2020b). Thus, greater attention

should be paid to GHG emissions from the first reservoir of

cascade reservoirs, and methods should be adopted to reduce the

potential for global warming (Wei et al., 2022).
Influence of microbial
community variation

As key drivers of biogeochemical cycles, riverine microbes

are essential for biogeochemical cycles that influence energy

transport, food chain transmission, and water self-purification

(Kuypers et al., 2018; Sohrt et al., 2019). In aquatic

environments, some microorganisms play important roles in

nutrient removal. For instance, Aspergillus is crucial to the

metabolism of carbon and nitrogen (Hou et al., 2018).
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Actinobacteria are essential for nitrification, denitrification,

and organic carbon decomposition (Droppo et al., 2016).

Bacteroides are primarily responsible for the nitrification and

degradation of organic matter (Wu et al., 2018).

Because microorganisms are involved in many significant

biogeochemical reactions, it is critical to understand the effects of

dams on microbial succession and environmental driving factors

(Hanson et al., 2012; Ren et al., 2017). Environmental factors have a

significant impact on the composition and function of microbial

communities (Shade et al., 2012; Brasell et al., 2021). According to a

study on the relationship between plankton and nutrients in

regulating reservoirs of the South-North Water Diversion Project,

temperature, DO, pH, chlorophyll-a, TP, nitrate, and ammonia

nitrogen significantly influence the bacterial community and

functional composition of water (Zhou et al., 2020). After reservoir

construction, stratification changes the distribution of physical

characteristics (temperature, DO), which may result in the

formation of vertical nutrient (TDP, NH4
+, etc.) gradients and alter

the structure of the microbial communities. This results in spatial

heterogeneity of bacterial communities under reservoir stratification

(Yu et al., 2014; Yang et al., 2015; Xue et al., 2017). Furthermore,

reservoir construction changes the riverine aquatic ecology from a

“riverine” heterotrophic system to a “lacustrine” autotrophic system

dominated by plankton (Thomson et al., 2005). In addition, the
D

A B

C

FIGURE 6

The graph names in order: (A): Fitting curve of HRT and nitrogen removal efficiency (R2 = 0.92, P = 0.96); (B): Fitting curve of HRT and
phosphorus removal efficiency (R2 = 0.96, P = 0.98); (C): Fitting curve of HRT and silicon removal efficiency (R2 = 0.91, P = 0.96); (D): Fitting
curve of HRT and methane gas emission rate (water depth = 3m) (Data are from Li et al., 2018; Maavara et al., 2020b).
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photosynthetic ability of planktonic bacteria is improved by the lower

turbidity and higher light transmission in the surface water, which

leads to the increase of planktonic bacteria over time, further

strengthening the “lake-type” autotrophic system (Saito et al., 2001).

The enrichment of nutrients within the reservoir converts

biological activity into a crucial element that can speed up

material cycling, especially during the warm season. After the

impoundment of the Wujiangdu reservoir in the upper reaches

of the Wujiang River, it has been claimed that the

biogeochemical cycle of carbon has been enhanced and that

there has been a large increase in phytoplanktonic bacterial

biomass (Han et al., 2018). However, because of the change in

nutrient contents over time, the nutrients that control

phytoplankton development can change over time (Paerl et al.,

2011; Teixeira et al., 2018), and microbial communities can

exhibit patterns that are harmful to the river’s aquatic ecosystem.

For instance, unlike phosphorus limitation in spring, the water

in summer is nitrogen-limited, and the temperature is more

favorable for algal growth (Paerl et al., 2014; Bullerjahn et al.,

2016). With the growth of algae, the turbidity of water increases,

promoting hypoxia in deeper areas of the lake and impacting

riverine ecosystems (Feist et al., 2016). Therefore, it is critical to

pay close attention to changes in the microbial community,

particularly the development of hazardous algae such as

cyanobacteria that frequently cause water blooms.
Influence of anthropogenic
nutrient input

Phosphorus export is directly affected by anthropogenic

phosphorus sources, sewage treatment, and dam building

(Powers et al., 2016). In addition to reservoir construction

activities, exogenous pollution inputs from human activities

also greatly affect nutrient transport and balance—major

factors influencing the ecological health of rivers and nutrient

cycling. Reservoirs retain nutrients, but the increase in nutrient

flux caused by anthropogenic discharge still exceeds the amount

retained after damming (Sun et al., 2022). For example, reservoir

retention can significantly reduce P exports to downstream areas

and coastal zones. However, P retention by reservoirs does not

always result in a reduction in P export from the watershed.

Instead, exports may increase because of the significant influence

of anthropogenic P sources (Kumar et al., 2022). Moreover,

exogenous input changes the proportion of nutrients available in

different forms. In the Yangtze River, between 1970 and 2010,

dissolved P export increased ten times, but a 44% decline in TP

export indicated a long-term decline in particulate P export

(Powers et al., 2016).

When additional steps were taken to reduce exogenous

inputs from anthropogenic discharges, the cycle of nutrients in

the river significantly changed. For instance, the output of P
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decreased by 86% in the Thames after an improvement in

sewage treatment efficiency (Haygarth et al., 2014). Due to the

reduction of domestic sewage and industrial wastewater, the

overall phosphorus loads in the Rhine decreased by more than

six times between 1977 and 2005 (Van Nieuwenhuyse, 2007;

Leuven et al., 2009). This indicates that river nutrient status can

be improved by restricting anthropogenic external inputs or

enhancing sewage treatment efficiency in addition to dam

management to control nutrient status.
Countermeasures to reduce the
impact of reservoir on nutrients

Dam construction has a significant impact on river

ecosystems. This study focuses on two engineering solutions to

lessen the effect of reservoirs on nutrients in watersheds where

dam construction has disrupted the system. These are dam

removal and tributary habitat replacement.
Dam removal

Because of the aging of buildingmaterials and the accumulation

of sediments after water storage, dams are dismantled when they

can no longer serve their intended purpose (Ding et al., 2019).

Dams are rarely completely destroyed, but maintaining them can be

expensive (Hansen et al., 2020). Therefore, dam removal is viewed

as a realistic option when the expense of management is greater

than the cost of removal (O'Connor et al., 2015), particularly in

cases where there is a high possibility of river ecological restoration.

So far, 3,450 dams have been taken down in Sweden, the United

Kingdom and some other European countries (Moran et al., 2018).

Dam removal has two distinct effects. As depicted in

Figure 7, removing dams offers the opportunity for the

ecological restoration of the river (Doyle et al., 2003; Brown

et al., 2022; Leisher et al., 2022). However, dam removal exposes

and transports huge amounts of sedimentary pollutants

accumulated in the reservoir to downstream areas because of

the greater flow when the dam is dismantled. This causes an

increase in N, P, and toxic pollution downstream (Hitt et al.,

2012; Pess et al., 2014). For instance, the demolition of the Fort

Edward Dam in 1973 led to the flow of sediments containing

polychlorinated biphenyls downstream in New York (Ryan

Bellmore et al., 2017). In addition, groundwater levels decrease

because of reservoir runoff and dam removal (Inamdar et al.,

2021). As a result of this decline, downstream streams become

deeper and larger in cross-section, which has permanent effects

such as stream bed degradation, stream surface depression, and

erosion by nutrient-rich sediments (Stanley and Doyle, 2003).

However, choosing not to dismantle dams does not guarantee

that the nutrients are always retained in upstream reservoirs.
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When an aging dam remains in place, the removal efficiency of

sediments and nutrients decreases over time. Therefore,

weighing these risks and advantages is necessary to determine

whether and how to remove a dam (Kirchherr and Charles,

2016; Bohrerova et al., 2017).

Although people are becoming more conscious of the

consequences of dam removal, the assessment and monitoring

of river dam removal remain insufficient. According to Ryan

Bellmore et al. (Ryan Bellmore et al., 2017), only 9% of the dams

in the US had received a scientific evaluation before removal by

the end of 2014. Pre-removal monitoring was conducted on a

small percentage of dams, although it often lasted only one or

two years. Post-removal monitoring was also scarce, with only a

few dams observed for more than five years. However, it can take

decades to observe an ecological response after dam removal

(Beechie et al., 2010). To better manage river ecosystems, it is

advised to consider five fundamental issues: goals of the river

ecosystem, obstacles to achieving these goals, key issues of

implementation, and the long-term effects of climate change

and land and water management (Acreman, 2016).
Tributary habitat replacement

To strike a balance between the requirements for resource

utilization and biodiversity conservation, emphasis should be

placed on long-term ecological restoration and tributary habitat

replacement. Tributary habitat replacement is one of the current

environmental protection strategies for hydropower production

(Nel et al., 2007). It has two definitions: (i) habitat replacement,

which refers to replacing mainstream habitats with tributary
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habitats to provide suitable habitats for aquatic organisms

impacted by mainstream development; (ii) alternative

measures, which refer to tributary protection as alternative or

complementary measures to the traditional protection measures

for the mainstream, to alleviate the conflict between mainstream

development and in-situ conservation of mainstream ecosystems

(Caissie and Smith, 2022). As shown in Figure 8, the

introduction of tributaries not only increases biological

exchange and migratory species in the land-water connection

zone, but also reduces HRT and sediment transport. This leads

to better river conditions after several decades.

Currently, many ecosystem evaluations are based exclusively

on major rivers and ignore the conservation potential of their

important tributaries. However, these tributaries typically

represent the same type of ecosystem with better conditions.

Some river ecosystems between the main rivers and tributaries

are considered to be less dangerous when tributaries are taken

into account in ecosystem assessments, demonstrating the value

of tributaries in maintaining biodiversity (da Silva et al., 2019).

Downstream tributaries play a significant role in restoring rivers

to a more “natural” state by offering a more suitable source of

sediments and better water flow.

Protecting aquatic organisms in tributary habitats can

compensate for affected mainstream habitats and balance

development and conservation between the mainstream and

tributaries (Poff et al., 2007; Ribeiro et al., 2022). Tributaries have

successfully mitigated the negative effects of damming. The

import from tributaries has reduced nutrient loading,

successfully controlling cyanobacterial blooms that once

plagued Portugal (Chicharo et al., 2006). Four tributaries in

the upper Hun River, a significant water supply for the Dayefang
FIGURE 7

Two possible outcomes of dam removal. The red words in the figure show the cross-section areas that have changed after the dam removal,
the green words show the riparian plant zone, and black particles represent sediment and nutrients.
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Reservoir in northeastern China, are the main controls for

lowering nitrogen loading (Ma et al., 2015). The overall

discharge of DOC into the receiving water can be decreased

via tributary diversions (Rohlfs et al., 2016). In addition, in the

Tennessee Valley, the protection of tributaries for dam

management improved downstream DO and biodiversity

(Bednarik et al., 2017).
Conclusion

This review evaluated the direct impact of damming on

hydro-physical factors, such as the river water flux and velocity,

which further influences the balance of the fluxes of the main

nutrients (N, P, Si, and C). Due to the changes in nutrient

concentrations, the magnitude of the stoichiometric ratios of

different nutrients is altered, which in turn induces the risk of

eutrophication in reservoirs and the oligotrophication of

downstream waters. In addition, damming leads to an increase

in the emission of GHGs and thus worsens global warming,

especially in cascade reservoirs.

In addition, the impact of reservoirs on nutrient cycling is

mainly influenced by river connectivity, HRT, hydropower

d e v e l opmen t mode , m i c r ob i a l c ommun i t y , a nd

anthropogenic nutrient input. Dam retention restricts the

movement and exchange of water, organisms, nutrients, and

energy throughout the river environment. HRT is significantly

positively correlated with nutrient retention, which causes

higher retention of water and nutrients in cascade reservoirs

than in single reservoirs. Furthermore, exogenous inputs from

human activities have a significant impact on nutrient

transport and balance. Under the influence of damming,

changes in the spatial and temporal succession of microbial

communities influence microbial functions related to nutrient
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cyc l ing , fur ther a ff ec t ing nutr i en t t ranspor t and

transformation. Two typical engineering solutions—dam

removal and tributary habitat replacement—are suggested to

reduce the negative effects of reservoirs on river ecosystems.

However, compared to dam removal, tributary habitat

replacement is a better option for balancing resource

utilization and protecting biodiversity. Future investigations

are required on 1) changes in nutrient cycling in cascade

reservoirs, 2) GHG discharge from cascade reservoirs, and 3)

prospects for tributary habitat substitution.
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