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Abstract River damming alters nutrient fluxes along the land‐ocean aquatic continuum as a result of
biogeochemical processes in reservoirs. Both the changes in riverine nutrient fluxes and nutrient ratios
impact ecosystem functioning of receiving water bodies. We utilize spatially distributed mechanistic models
of nitrogen (N), phosphorus (P), and silicon (Si) cycling in reservoirs to quantify changes in nutrient
stoichiometry of river discharge to coastal waters. The results demonstrate that the growing number of dams
decouples the riverine fluxes of N, P, and Si. Worldwide, preferential removal of P over N in reservoirs
increases N:P ratios delivered to the ocean, raising the potential for P limitation of coastal productivity. By
midcentury, more than half of the rivers discharging to the coastal zone will experience a higher removal
of reactive Si relative to reactive P and total N, in response to the rapid pace at which new hydroelectric
dams are being built.

Plain Language Summary The damming of rivers is one of the most impactful modifications of
the flows of water and associated materials from land to sea. Included in these materials are nutrient
elements like nitrogen and phosphorus, which are elements required by all life on Earth, and silicon, which
is required by diatoms, the algae that account for the largest fraction of biological productivity of the
oceans. Past studies have shown that if you alter the ratios in which these nutrient elements enter the coastal
oceans, plankton communities can change, even causing harmful algal blooms or “red tides” to occur.
Here, we use models of nitrogen, phosphorus, and silicon cycling in dam reservoirs to determine how dams
change the ratios delivered to coastal zones worldwide. We predict that by midcentury, more than half of
the rivers flowing to the sea will experience greater removal of silicon over nitrogen and phosphorus, in
response to ongoing construction of many new hydroelectric dams. This will impact the role of diatoms in
nearshore marine production, as they are increasingly outcompeted by other, potentially harmful, algae that
do not need silicon to grow.

1. Introduction

Human activities have altered the absolute and relative magnitudes of riverine nutrient fluxes. Changes in
riverine nutrient stoichiometry may alter the structure and functioning of downstream coastal ecosystems
by modifying which macronutrient element(s) controls primary productivity (Royer, 2020). Nitrogen (N)
and phosphorus (P) loads to coastal zones have at least doubled since preindustrial times (Compton
et al., 2000; Filippelli, 2008; Galloway et al., 2004; Vitousek et al., 1997), largely due to enhanced fertilizer
application and wastewater discharge to rivers. In contrast to P and N, the global supply of the nutrient sili-
con (Si) to rivers has been reduced by human activities, including harvesting of Si‐rich agricultural and forest
products (Struyf et al., 2010; Vandevenne et al., 2012).

In coastal systems, nutrient ratios are typically benchmarked against the molar Redfield ratios C:N:P =
106:16:1, which describe the average elemental composition of soft‐tissue phytoplankton (Redfield, 1934).
The Redfield ratio concept has been expanded to describe Si uptake requirements of marine diatoms,
yielding C:N:P:Si = 106:16:1:~15–20 (Brzezinski, 1985). Marine diatoms account for up to a quarter of global
primary productivity and 40% of oceanic primary production (Buchan et al., 2014; Falkowski et al., 1998).
The high fatty acid content of diatoms, up to 25% dry weight (Mangas‐Sánchez & Adlercreutz, 2015),
promotes high growth, survival, and reproductive rates in marine and freshwater ecosystems (Brett &
Müller‐Navarra, 1997), hence providing diatoms with a competitive advantage when sufficient Si is
available.

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH LETTER
10.1029/2020GL088288

Key Points:
• Damming decouples the global river

fluxes of N, P, and Si
• Dams increase N:P ratios delivered

to the global coastal zone
• Current hydroelectric dam

construction may drive coastal
productivity toward increased Si
limitation

Supporting Information:
• Supporting Information S1

Correspondence to:
T. Maavara,
taylor.maavara@yale.edu

Citation:
Maavara, T., Akbarzadeh, Z.,
& Van Cappellen, P. (2020). Global
dam‐driven changes to riverine N:P:Si
ratios delivered to the coastal ocean.
Geophysical Research Letters, 47,
e2020GL088288. https://doi.org/
10.1029/2020GL088288

Received 4 APR 2020
Accepted 13 JUL 2020
Accepted article online 17 JUL 2020

MAAVARA ET AL. 1 of 9

https://orcid.org/0000-0001-6677-9262
https://orcid.org/0000-0002-9555-4772
https://doi.org/10.1029/2020GL088288
https://doi.org/10.1029/2020GL088288
http://dx.doi.org/10.1029/2020GL088288
http://dx.doi.org/10.1029/2020GL088288
http://dx.doi.org/10.1029/2020GL088288
mailto:taylor.maavara@yale.edu
https://doi.org/10.1029/2020GL088288
https://doi.org/10.1029/2020GL088288
http://publications.agu.org/journals/


Variations in nutrient stoichiometry can have multiple ecological impacts in the coastal zone. Long‐term
decreases in Si:P and Si:N ratios have been correlated with the decline of coastal diatom communities in,
for instance, the Baltic Sea, East China Sea, and Seine and Scheldt estuaries (Billen & Garnier, 2007;
Gong et al., 2006; Humborg et al., 2006; Officer & Ryther, 1980). Fewer diatoms in turn diverts more of
the available N and P to nonsiliceous plankton that, in some cases, have been linked to the occurrence of
nuisance and toxic algal blooms (Billen et al., 1991). A change in the relative availability of Si may also affect
the structure of the siliceous plankton communities themselves. For example, in the Gulf of Mexico decreas-
ing Si:N ratios in sediment cores dating back to 1950 correlate with the rise of the diatom genus Pseudo‐
nitzschia, which are lightly silicified and thus have a lower Si requirement than other diatom species. The
enhanced occurrence of Pseudo‐nitzschia has been attributed to decreases in the Si:N ratio of the
Mississippi River discharge into the Gulf of Mexico (Parsons et al., 1999, 2002). Blooms of Pseudo‐nitzschia
are undesirable because some species produce the neurotoxin domoic acid (Bates et al., 2018).

River damming profoundly affects the freshwater cycle and nutrient fluxes along the aquatic continuum
(Friedl & Wüest, 2002; Maavara et al., 2020; Maranger et al., 2018). We are now in the midst of the largest
boom in dam construction since the 1950s to the 1970s (Lehner et al., 2011; Zarfl et al., 2015).
Approximately 3,700 new large hydroelectric dams (classified as those with generating capacities ≥1 MW)
are currently under construction or planned, effectively doubling the number of dams in this category
(Zarfl et al., 2015). While at present, a third of large rivers (>1,000 km long) remain free flowing (Grill
et al., 2019), by 2030 up to 93% of all river systems on Earth will be fragmented by dams (Grill et al., 2015).
Damming lengthens hydraulic residence times (τr) along the aquatic continuum (Vorosmarty et al., 1997),
driving the removal of nutrients from waterways via transformations into particulate forms, followed by
sedimentation and burial, or via gaseous elimination.

River loads of N and P are augmented by anthropogenic sources, but Si loads are not, thus generally decreas-
ing Si:N and Si:P ratios reaching coastal zones (Billen & Garnier, 2007; Garnier et al., 2010; Gong et al., 2006;
Humborg et al., 2006; Strokal et al., 2014). In addition to differences in nutrient loads to rivers, dams further
decouple global nutrient river fluxes because of variable removal efficiencies of nutrient elements in reser-
voirs. This was shown by the authors in previous studies where they separately quantified the impacts of
dams on the riverine fluxes of N, P, and Si (Akbarzadeh et al., 2019; Maavara et al., 2014; Maavara,
Parsons, et al., 2015). For example, their results indicated that in year 2000 existing dam reservoirs on aver-
age removed 21% of reactive Si (RSi = dissolved Si [DSi] + amorphous Si [ASi]), 43% of reactive P (RP = total
dissolved P [TDP] + reactive particulate P [RPP]), and 35.5% of total N (TN). The model‐predicted trend of
preferential removal of RP over TN has been observed for a variety of individual dams (Bartoszek &
Koszelnik, 2016; Donald et al., 2015; Garnier et al., 1999; Grantz et al., 2014; Maavara, Hood, et al., 2015;
Maranger et al., 2018). In this study, we combine previous single‐nutrient models to assess how existing
and planned dams modify the TN:RP:RSi ratios delivered by rivers to coastal areas, taking into consideration
the differential removal efficiencies of the three nutrient elements in reservoirs.

2. Materials and Methods

The in‐reservoir biogeochemical cycles of N, P, and Si are each represented by a mechanistic mass balance
model describing nutrient influxes, transformations, removal, and effluxes (Figure S1 and Table S1 in the
supporting information). For RSi and RP the removal mechanism is burial with sediments accumulating
in the reservoir. In addition to burial, TN is removed by denitrification. The reservoir nutrient removal effi-
ciency, RX, is defined as

RX ¼ Xin − Xout

Xin
× 100%; (1)

where Xin is the flux of RSi, RP or TN delivered to the reservoir via river inflow (mol year−1), and Xout is
the corresponding flux exiting the reservoir via the dam(s) (mol year−1). For TN, N fixation is not included
in Xin, because RTN represents the net difference in the riverine TN fluxes entering and leaving the reser-
voir. That is, N fixation is treated as an in‐reservoir process and is calculated for each reservoir indepen-
dently based on the extent to which the river inflow is N‐limited relative to P. Thus, for reservoirs
receiving strongly N‐limited river inflow, Xout may actually exceed Xin because of N fixation. The
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reservoir then acts as a source of TN to the river system (Akbarzadeh et al., 2019, and references therein).
For detailed descriptions of the mass balance models used to estimate removal of nutrient elements in dam
reservoirs, see Maavara et al. (2014) for RSi, Maavara, Parsons, et al. (2015) for RP, and Akbarzadeh
et al. (2019) for TN.

In‐reservoir biotic and abiotic nutrient transformation and removal processes are represented by linear or
saturation kinetic equations. The parameters in these equations (Table S1), as well as those describing the
reservoirs' hydraulics and nutrient inputs, are assigned probability density functions (PDFs) that are derived
from extensive reviews of the literature. Next, a large set of virtual dam reservoirs is generated by Monte
Carlo simulations in which parameter values are repeatedly selected from the PDFs. Assuming that the
nutrient dynamics in the set of virtual reservoirs are statistically representative of those of the world's real
reservoirs, global relationships are extracted to describe water column nutrient removal as functions of τr
(years) and inflowing nutrient fluxes (mol year−1). In the case of N and P, the best fit equations (i.e., highest
statistically significant R2) for removal follow asymptotic relationships, while RSi removal is best repre-
sented with a power law. These relationships are combined with the watershed yields of RP, TN, and RSi
extracted from the Global‐NEWS model (Beusen et al., 2009; Mayorga et al., 2010) and then applied to the
GRanD database of existing dams (Lehner et al., 2011), and that of hydroelectric dams under construction
or planned (Zarfl et al., 2015).

One modification to the single‐nutrient model calculations published previously is to account for the possi-
bility of either P or N limitation of in‐reservoir primary production, Ppp, according to

Ppp ¼ Pmax
nut½ �

nut½ � þ Ks; nut
; (2)

where Ppp is the photosynthetic fixation of either P or N (mol year−1); [nut] is the in‐reservoir concentra-
tion (mol km−3) of total dissolved P (TDP) or dissolved inorganic N (DIN), depending on whether primary
production is P or N limited; Ks,nut is the half‐saturation rate constant of TDP or DIN (mol km−3); and
Pmax is the maximum rate of primary productivity. The value of Pmax varies with the reservoir's geographi-
cal location and is calculated as a function of the maximum photosynthetically active radiation (PAR),
light extinction coefficient, metabolic index, maximum chl‐a fixation rate, water temperature, number
of ice‐free days, and hours of daylight (for details, see Maavara et al., 2017). Thus, Pmax represents the
maximum annual photosynthetic production possible given the reservoir's light regime. Under low light
availability, photosynthesis will be limited by the corresponding low value of Pmax, irrespective of nutrient
stoichiometry.

Note that Ppp and Pmax are typically expressed in units of mass carbon (C) fixed per unit time. To convert
between C, N, and P based photosynthetic rates, we assume that in‐reservoir primary production follows
the Redfield ratio, C:N:P = 106:16:1. At each time step, both the P and N models are run and the resulting
in‐reservoir molar DIN:TDP computed. If DIN:TDP < 16:1, the reservoir is assumed to be N limited, and
[nut] = DIN in Equation 2 during the next time step. If DIN:TDP ≥ 16:1, the reservoir is assumed to be P
limited, and [nut] = TDP. In‐reservoir Si uptake by siliceous phytoplankton is a function of the RSi influx
into the reservoir (Maavara et al., 2014), with the added condition that total Si uptake (expressed in mol
Si year−1) cannot exceed 100% of in‐reservoir primary production.

For all river basin containing dams, parallel simulations with and without the dams are carried out. For the
1970 and 2000 calculations, we use the dams in the Global Reservoirs and Dams (GRanD) database (Lehner
et al., 2011) that were in existence in those years, and the Global‐NEWS nutrient yields for 1970 and 2000
(Mayorga et al., 2010). GRanD includes nearly 7,000 dams of all types (hydroelectric, storage, irrigation,
etc.) and is the most complete spatially explicit dam database that is aligned to an existing drainage network
data product, in this case, STN‐30p (Vörösmarty et al., 2000). GRanD comprises nearly all reservoirs
>10 km2 and includes reservoirs down to 0.1 km2.

The year 2030 and 2050 estimations include the GRanD dams plus the 3,000 + new hydroelectric dams cat-
aloged by Zarfl et al. (2015). The latter database reflects the worldwide trend to prioritize construction of
hydroelectric dams as an alternative energy source. Thus, while additional dams are certainly being built,
we assume that our calculations account for the largest and most significant wave of ongoing and
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near‐future river damming. The 2030 and 2050 estimates are further based
on the RP and TN yields from the Millennium Ecosystem Assessment
(MEA) scenarios in Global‐NEWS (Seitzinger et al., 2010). We use the
Global‐NEWS MEA scenarios because they remain the only existing glo-
bal scenarios for which spatially explicit nutrient loads to river systems
are available.

TheMEA scenarios capture a range of plausible future socioeconomic and
environmental trajectories, specifically whether the world becomes more
globalized (Global Orchestration [GO] and TechnoGarden [TG]
scenarios) or regionalized (Order from Strength [OS] and Adapting
Mosaic [AM] scenarios), and whether regions take a proactive (AM
and TG) or reactive (GO and OS) approach to environmental change.
Seitzinger et al. (2010) interpreted these scenarios to predict
watershed‐specific N and P loads using the Global‐NEWS model for years
2030 and 2050, based on regional drivers such as fertilizer use efficiency,
manure application, sewage treatment and effluent quality, crop‐specific
N fixation, and atmospheric N deposition (for additional details, see
Bouwman et al., 2009; Fekete et al., 2010; and Van Drecht et al., 2009).
Because no corresponding RSi yields are available for 2030 and 2050,

the Global‐NEWS year 2000 values are applied. For all scenarios and time points, we remove the
Global‐NEWS built‐in dam correction factors and replace them by our reservoir‐specific nutrient removal
efficiencies for the dams reported in GRanD and Zarfl et al. (2015).

The nutrient discharges of the exorheic river basins that drain into the same marginal sea basin or shelf sec-
tion are combined together. This is done by spatially intersecting the outlets of the STN‐30p drainage net-
works (Vörösmarty et al., 2000) with the COSCAT/MARCAT segmentation of the continental margins
(Laruelle et al., 2013) and applying a 0.5° buffer zone around the shelves to ensure overlap with the coarser
STN‐30p data set. For each coastal segment, the incoming riverine nutrient loads are summed and the nutri-
ent ratios TN:RP, RSi:TN, and RSi:RP calculated for each time point. We note that the reported riverine
nutrient loads and ratios do not account for modifications due to nutrient transformation and removal pro-
cesses in the coastal zone, and for additional inputs from atmospheric deposition, coastal upwelling, or sub-
marine groundwater discharge.

3. Results and Discussion

Dams increase the global TN:RP ratio delivered to the coastal zone because, on average, reservoirs remove P
more efficiently than N (Figure 1). From 1970 to 2000, both the relative change in the anthropogenic load-
ings of N and P to rivers and the increasing number of dams contributed to the rising global riverine TN:RP
ratio, a trend consistent with worldwide observations (Glibert, 2017; Tilman, 1999; Turner et al., 2003).
However, this upward trend is projected to reverse resulting in lower TN:RP ratios in 2030 and 2050. The
decrease of TN:RP ratios reflects the more effective control of N emissions, relative to P, assumed in
the MEA scenarios. Although the ongoing boom in hydroelectric dam construction somewhat counteracts
the drop in TN:RP, the effect of dams is smaller than for year 2000 because of the relatively short τr of the
new dams.

The model simulations predict a general trend in TN:RP ratio from 2000 to 2030 (and 2050) that brings
values closer to the Redfield ratio of marine phytoplankton (Figure 1). In itself, this would promote greater
N limitation of coastal productivity in the coming decades. The projected trend, however, is a direct conse-
quence of the assumptions underlying theMEA trajectories of land cover and land use change, human nutri-
ent usage, and management. For example, the TG scenario yields the lowest TN:RP ratios for 2030 and 2050
(Figure 1), because this scenario assumes better N use efficiency through greater integration of livestock and
crop production, as well as enhanced N removal in wastewater treatment and increasing P loads from man-
ure application (Seitzinger et al., 2010). Nutrient loading and damming trajectories, however, are modulated
by a large number of environmental, social, financial, and political drivers. Projections in riverine N and P
fluxes and the associated TN:RP ratios therefore primarily inform about the consequences of decisions and

Figure 1. Global molar TN:RP ratios of river water delivered to the coastal
zone using the nutrient loading yields of Global‐NEWS for the four time
points and the Millennium Assessment Scenarios: Adapting Mosaic (AM),
Global Orchestration (GO), TechnoGarden (TG), and Order from Strength
(OS). Results from the no‐dam model calculations are in yellow; those
including N and P processing in dam reservoirs are in green. The 16:1 line
corresponds to the Redfield N:P ratio. The no‐dam ratios only account for
the variations in N and P inputs to rivers, while the with‐dam ratios
additionally account for the changing number and age distribution of dams
in existence in 1970 and 2000, plus those of dams under construction or
planned in 2030 and 2050.
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circumstances that may, or may not, come to pass. They can obviously not account for unpredictable events,
conditions and actions not considered in the scenarios.

The global average TN:RP ratios mask the high geographical variability of the nutrient ratios discharged by
rivers into the coastal ocean (Data Set S1). This is also true for the effect of damming on these nutrient ratios.
For instance, for year 2000 a molar TN:RP ratio of 36 is estimated for the total river outflow to the northern
shelf of the East China Sea, including from the Yangtze and Huai Rivers. Without the dams, the
model‐derived TN:RP ratio would be 29; that is, the presence of dams increases the TN:RP ratio by 24%.
Damming may therefore be an important driver of the enhanced P limitation of coastal primary production
observed in the East China Sea (Wang et al., 2003; Wong et al., 1998), further implying that efforts to reduce
anthropogenic N loads to mitigate coastal eutrophicationmay be partly offset by the extensive dam construc-
tion in the contributing watersheds. The watersheds draining into the Bay of Bengal, Andaman Sea, and
regions around the Malay Peninsula, including the Mekong, Ganges‐Brahmaputra, and Irrawaddy, also
represent major hotspots of dam construction (Data Set S1, Figure 2). The impact of dams is especially sig-
nificant for the Mekong River discharge: Without dams the TN:RP ratios for all 2050 scenarios are close to
the Redfield value, with the new dams the ratios move toward or into P limitation.

Results for years 1970 and 2000 imply that damming increased the RSi:TN and RSi:RP ratios in most of the
world's river systems because, on average, reservoirs preferentially eliminate RP and TN over RSi. In 2000,
for example, dams eliminated on average 21% of inflowing RSi, 43% of RP, and 35.5% of TN. In other words,
while dams globally reduce the absolute river discharge of RSi (Humborg et al., 2000), they also help to

Figure 2. Effect of dams on riverine RSi:TN or RSi:RP ratios delivered to the world's coastal zones in (a) year 2000 and
(b) year 2050 under the TechnoGarden (TG) scenario. The colors indicate whether the predicted RSi:TN or RSi:TP
ratios increase (less Si limitation) or decrease (more Si limitation) relative to the calculations where the effects of
damming are removed. The changes in RSi:TN values are multiplied by 16 to be comparable with changes in RSi:RP
ratios. The TG scenario yields the largest changes in TN:RP ratios and the largest differences in the RSi:TN and RSi:RP
ratios between the calculations with and without dams. Nutrient ratios for all scenarios and time points are given in
Data Set S1.
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buffer the impact on coastal siliceous communities by reducing the sup-
plies of TN and RP even more, at least until the turn of the century.
Nonetheless, dams have not been able to completely balance the rapid
increases in anthropogenic TN and RP loadings, relative to RSi loading.
Hence, RSi:TN and RSi:RP ratios in rivers reaching the sea have generally
experienced significant declines.

The model results further suggest that we may be at a turning point where
the massive construction of hydroelectric dams may actually reverse the
effect of dams on the RSi:TN and RSi:RP ratios. This is illustrated in
Figure 2, which shows which of the world's coastal segments the presence
of dams in the contributing watersheds increases or decreases the dis-
charge of RSi relative to that of RP or TN. Note that RSi:TN is used for seg-
ments where TN:RP < 16 (N‐limited river discharge) and RSi:RP ratio
where TN:RP ≥ 16 (P‐limited river discharge). As can be seen, compared
to year 2000, the 2050 TG scenario predicts significantly more coastal seg-
ments where damming decreases the riverine RSi:TN or RSi:RP ratio.
These impacts will undoubtedly be further modified by future land use
and land cover changes to RSi loads to rivers for which, unfortunately,
we do not have spatially explicit scenarios (in contrast to the RP and TN
loads). For example, Carey and Fulweiler (2012) showed that with refores-
tation or conversion to agricultural land use, Si loads decrease due to plant
Si uptake and repeated harvest, while urbanization increases Si loads from
wastewater effluents. Given their estimate that land use and land cover
variables drive 40–70% of the Si loads to the oceans, quantification of these

global changes, in conjunction with river damming, will be crucial for predicting coastal changes to RSi:TN
and RSi:RP ratios.

The trend in Figure 2 reflects the typically low τr of the new hydroelectric dams. The global nutrient removal
relationships we derived predict that when τr drops below ~50 days, though all nutrient removal efficiencies
decrease, the RSi removal efficiency in reservoirs exceeds those of TN and RP (Figure 3). This is consistent
with the competitive ability of diatoms to establish communities more rapidly than other phytoplankton spe-
cies (Hall et al., 1999; Paerl et al., 2006), especially in turbulent, light‐limited environments characteristic of
high‐discharge hydroelectric reservoirs (Huisman et al., 2004). A short τr also limits how much particulate
RSi can dissolve and be exported as DSi from the reservoir. As a consequence, while in year 2000 dams
increased the RSi:RP ratio in 87% of P‐limited river discharge to the coastal zone and in 98% of N‐limited
river discharge, by midcentury around 60% of riverine discharge worldwide would experience decreasing
RSi:RP and RSi:TN ratios because of the newly constructed dams (Figure 2; Data Set S1).

Most dams under construction or planned are hydroelectric dams that rely on passing high volumes of water
through their turbines over short timeframes (Zarfl et al., 2015). Thus, globally, these new dams are causing
a drop in the mean τr of dam reservoirs (Figure 3). In contrast, during the first boom in dam construction
following World War II, the focus was on building large storage dams with longer τr. In 1970 and 2000, only
10% and 16% of the dam reservoirs included in our analysis have τr below 50 days, respectively (Lehner
et al., 2011). The new hydroelectric dams would raise this to 32% by 2030.

The predicted shift toward shorter τr in the coming decades and the associated changes in riverine RSi:TN
and RSi:RP ratios assume that the dams in (Zarfl et al., 2015) are representative of all the dams that will come
into existence in the near future. This assumption will be difficult to verify without further expansion of the
current databases on dams and their reservoirs, as well as the acquisition of more data on nutrient fluxes and
speciation upstream and downstream of existing and newly built reservoirs. The application of newmonitor-
ing technologies, including remote sensing and machine learning, may enable a more systematic surveying
of reservoirs, which is required to fully assess their potential global environmental impacts.

The predicted increase in Si‐limited river discharge to the coastal zone in years 2030 and 2050 will take place
primarily in Southeast Asia, South America, and Africa (Figure 2; Data Set S1), that is, regions that are
experiencing both some of the fastest dam construction activities and largest increases in anthropogenic

Figure 3. Primary y axis: the average proportions of RP, TN, and RSi
eliminated by reservoirs as a function of the water residence time (years),
via burial for all three nutrients, plus denitrification. Secondary y axis: time
points for the global distributions of reservoir water residence times. Box
edges indicate standard deviations, the line inside the box is the median,
and upper whiskers are third quartiles. Outliers are not shown for clarity,
but none fell below the lower standard deviation. All equations are
asymptotic functions except RSi burial, which is a power law function.
Derivations can be found in Maavara et al. (2014), Akbarzadeh et al. (2019),
and Maavara, Parsons, et al. (2015).
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macronutrient loading, in particular of P. An example of a hot spot of dam construction and rapid environ-
mental change is the Yangtze River basin where over 50,000 dams have already been built and an additional
142 large hydroelectric dams are planned or under construction (Yang et al., 2011; Zarfl et al., 2015). The TG
scenario predicts a moderate growth in P loading due partially to rising manure applications, compared with
a lesser increase in N loads due to rising fertilizer N use efficiency (Seitzinger et al., 2010). Consequently,
between 2000 and 2050 the molar TN:RP ratio discharged to the coast would drop from 36 to 8, strongly pro-
moting N‐limitation in the Yangtze River estuary and adjacent nearshore marine environment. In addition,
the growing difference in RSi and TN removal efficiencies by dams may lead to a decrease in the RSi:TN
ratio. Our results imply that by 2050 the RSi:TN ratio in the Yangtze River discharge may drop to 0.74, that
is, below the Redfield Si:N ratio, compared to 1.45 when dams are excluded from the calculations. For the
Ganges‐Brahmaputra Rivers, all 2050 scenarios predict that damming will take slightly Si‐limited discharge
(RSi:TN= 0.60–0.72) into severe Si limitation (RSi:TN= 0.17–0.19), due to the construction of more than 400
new dams.

Because dams generally reduce the riverine flows of N, P, and Si, they may be seen as benefitting down-
stream coastal areas by mitigating the threat of eutrophication. However, as shown here, the role of dams
in nutrient delivery to the coastal zone not only varies among the different macronutrient elements but also
changes over time, with ecological consequences that are far from fully understood. Furthermore, while
damming may help reduce nutrient enrichment of the receiving coastal areas, this comes at the expense
of eutrophication in the rivers and dam reservoirs themselves. In addition, our results suggest that we
may have reached a turning point in how dams modify riverine nutrient ratios, because of the current
emphasis on building high‐throughput hydroelectric dams. The latter, together with an anticipated dispro-
portionate growth of anthropogenic P loading to rivers, could result in dams becoming increasingly less effi-
cient at attenuating N and Si limitation of coastal productivity.

Data Availability Statement

Modeled TN:RP:RSi ratios for coastal zones worldwide are included in Data Set S1, which is archived in
HydroShare (at the URL http://www.hydroshare.org/resource/aa2a766e93814da68147272f65a007b6)
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