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Abstract Eutrophication is one of the greatest threats to glob-
al freshwater ecosystems. The phytoplankton responses to nu-
trient inputs vary in different water bodies, so it is particularly
important to determine the nutrient thresholds and synergistic
interactions between nutrients in different freshwater ecosys-
tems. Field sampling and bioassay experiments were conduct-
ed to determine the thresholds of soluble reactive phosphorus
(SRP), nitrate-nitrogen (NO3-N), and ammonium-nitrogen
(NH4-N) in Miyun Reservoir. A separate nutrient addition
bioassay was designed to assess the synergistic interactions
between these nutrients. Chlorophyll a (Chl a) concentrations
were used to estimate phytoplankton biomass. The results
showed the following: (1) nutrient threshold bioassay indicat-
ed that eutrophication thresholds of SRP, NO3-N, and NH4-N
should be targeted at below 0.04 mg P L−1, 0.5 mg N L−1, and
0.3 mg N L−1, respectively, to limit the growth of phytoplank-
ton. (2) The stimulatory effect of BNH4-N plus P^ on phyto-
plankton biomass was greater than BNO3-N plus P^ at the
same N concentration, and BNH4-N plus NO3-N^ did not

show such associated stimulatory effect as BNH4-N plus P^
or BNO3-N plus P .̂ (3) The average concentrations of total
phosphorus (TP), NO3-N, and NH4-N in Miyun Reservior
were 0.017 mg P L−1, 0.620 mg N L−1, and 0.143 mg
N L−1, respectively. The reservoir-wide average Chl a is below
20 μg L−1 on an annual basis. (4) Ammonium was an impor-
tant factor for the growth of phytoplankton and inputs of both
NH4-N and NO3-N should be reduced to control bloom for-
mation. Our findings imply that although P load reduction is
important, appropriate reductions of all forms of N in water-
shed is recommended in the nutrient management strategy for
Miyun Reservoir.

Keywords Nutrient threshold . Synergistic interaction .

Multiple nutrient limitations . Ammonium . Eutrophication .

Bioassays

Introduction

Eutrophication is one of the most common and greatest threats
to freshwater ecosystems worldwide (Donald et al. 2011;
Smith 2003). The primary symptom of eutrophication is ex-
cessive growth of aquatic autotrophs, including phytoplank-
ton, periphyton, and macrophytes (Lewis et al. 2011). These
blooms represent a serious threat to drinking water supplies
and strongly affect the ecological and economic sustainability
of our freshwater ecosystems (Paerl et al. 2011). The reduction
of anthropogenic nutrient inputs has been widely recognized
as necessary to mitigate the negative effects of eutrophication
(Smith 2003). The phytoplankton responses to nutrient inputs
vary in different water bodies, so it is particularly important to
determine the limiting nutrient factors and nutrient thresholds
in freshwater ecosystems (Yang et al. 2009).
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The concept of ecological threshold emerged in the 1970s
and is defined as the point at which there is an abrupt change
in an ecosystem quality, property, or phenomenon or where
small changes in an environmental driver may produce large
responses in the ecosystem (Groffman et al. 2006). An impor-
tant application of ecological thresholds is to determine the
critical loads of pollutant that an ecosystem can safely assim-
ilate before there is a change in ecosystem state (Groffman
et al. 2006). One of the best-studied state shifts is the sudden
loss of water transparency and submerged plants when
human-induced eutrophication occurs (Scheffer et al. 2001).
Nutrient threshold is defined as the critical levels of N and P
that control an abrupt change or regime shift such as sudden
and protracted dominance by phytoplankton (Xu et al. 2014).
Previous studies have shown that eutrophication thresholds of
total phosphorus (TP) for freshwaters are from 0.02 to
0.10 mg P L−1 and of total nitrogen (TN) are from 0.50 to
1.00 mg N L−1 (Xu et al. 2010). Abundant evidence has prov-
en that understanding and applying ecological thresholds is
the key to successful environmental management (Groffman
et al. 2006). Keeping a nutrient concentration below its thresh-
old is a more practical and economical basis for setting nutri-
ent criteria than reducing nutrient concentrations to as low
levels as possible.

Our historical understanding of nutrient limitation is single-
nutrient limitation according to Liebig’s Law of the Minimum
(von Liebig and Gregory 1842). It is generally accepted that in
marine and estuarine systems, phytoplankton tend to be nitro-
gen-limited, whereas in freshwater systems, phytoplankton
tend to be phosphorus-limited (Chaffin et al. 2014; Hecky
and Kilham 1988; Smith 1984). Recent work has begun to
call attention to synergistic interactions between limited sup-
plies of N and P across aquatic and terrestrial systems (Elser
et al. 2007; Harpole et al. 2011; Paerl et al. 2014). Quantifying
the significance of N and P to phytoplankton growth informs
decisions about whether one nutrient should be controlled
preferentially, or both nutrients should be managed with equal
emphasis (Lewis et al. 2011). Multinutrient colimitation of
growth rates can occur when two nutrients are below the
threshold of uptake and phytoplankton growth is stimulated
by the simultaneous addition of both nutrients (North et al.
2007). Furthermore, the nutrient limitation is classified into
four categories according to Harpole et al. (Fig. S1)
(Harpole et al. 2011; Kolzau et al. 2014): (1) single limitation:
response to only a single resource when added individually
(+N or +P) and the response to the +NP treatment is no dif-
ferent (Fig. S1-A). (2) Serial limitation: response to only a
single nutrient treatments (+N or +P) but a larger response to
the combined treatment (+NP) (Fig. S1-B). (3) Independent
colimitation: response to both single nutrient treatments when
added individually and a larger response to the +NP treatment
(Fig. S1-C). (4) Simultaneous colimitation: response only oc-
curs if both resources are added simultaneously (Fig. S1-D).

The need of algae for inorganic nitrogen is satisfied by
ammonium and nitrate together. Despite ambient ammonium
concentrations, one or more orders of magnitude lower than
ambient nitrate concentrations, in a previous study, phyto-
plankton showed preference for ammonium (Gardner et al.
2004). This is mainly because less energy is required to incor-
porate and assimilate reduced forms of N (ammonium and
dissolved free amino acids) than oxidized N forms (nitrate
and nitrite) (Donald et al. 2013; Gardner et al. 2004). In addi-
tion, ammonium (NH4

+) recycling may be equally rapid with
phosphate (PO4

3−) recycling (Paerl et al. 2011). However, in
most studies, the eutrophication threshold of N referred to the
threshold of nitrate-nitrogen (NO3-N), and little information is
available about the threshold range of ammonium-nitrogen
(NH4-N) (Wang et al. 2006; Xu et al. 2010, 2014). What is
more, the nutrient colimitation bioassays were generally con-
ductedwith phosphorus and nitrate-nitrogen addition and little
is known about the colimitation and synergistic interactions
among ammonium-nitrogen, nitrate-nitrogen, and
phosphorus.

The Miyun Reservoir has become the most important
source of drinking water for Beijing since 1981. It is an inte-
grative water conservancy hub used primarily for municipal
water supply, flood control, and irrigation of agricultural land
(Wang et al. 2008). Furthermore, it serves as the receiving
water system of the middle route of the South-to-North
Water Transfer Project (SNWTP). Considering these situa-
tions, the water quality ofMiyun Reservoir has receivedmuch
attention.

The purpose of this study was to determine the eutrophica-
tion thresholds of P, NO3-N, and NH4-N in Miyun Reservoir.
Nutrient addition bioassays were conducted to gain a better
understanding of the colimitation and synergistic interactions
among NH4-N, NO3-N, and P. Three hypotheses were pro-
posed, including (a) the utilization efficiency of NH4-N is
higher than the utilization efficiency of NO3-N; (b) BNH4-N
plus P^ addition has a greater associated stimulatory effect on
phytoplankton growth than BNO3-N plus P^ addition does at
the same N concentration; and (c) inputs of both NH4-N and
NO3-N should be reduced to control bloom formation. The
results of this study will help managers to establish more prac-
tical and economical nutrient criteria for Miyun Reservoir.

Materials and methods

Study area

Miyun Reservoir, located in the northeast part of Beijing City
(longitude 116° 56′ E, latitude 39° 54′ N), is the largest reser-
voir in northern China, with an average storage volume of
1.062 billion m3. The water surface covers an area of
188 km2, and the catchment area is 15,788 km2. The annual
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freshwater input into the reservoir is about 0.286 billion m3,
and the average water residence time of Miyun Reservoir is
3.7 years.Miyun Reservoir is a mountain valley reservoir with
a maximum water depth of approximately 40 m. Bottom ele-
vations are higher in the north and lower in the west and south
(Zeng et al. 2015). Two major inflows to Miyun Reservoir are
the Bai River and the Chao River. Two primary outflows are
the Bai River Dam and the Chao River Dam (Fig. 1). Water
transferred from the middle route of the SNWTP finally enters
Miyun Reservoir from Bai River Dam (Site 1). Agricultural
and industrial activities are strictly limited in the watershed,
and the reservoir has been kept in a mesotrophic state for
years. The phytoplankton taxa present in the reservoir is
shown in Fig. S2 (see Supporting Information).

Nutrient limitation bioassay experiments

Water samples containing natural phytoplankton assemblages
were collected from 0.2 m below the surface with precleaned
25-L polyethylene carboys at site 1 (Fig. 1). Zooplanktons
were removed from the water samples by screening through
a 200-μm mesh to minimize the confounding effects of zoo-
plankton grazing (Paerl et al. 2011; Turner and Rabalais
2013). The integrated water sample was thoroughly mixed
before division, making the properties of the water sample
as homogeneous as possible within each treatment. Water
treatments were incubated in a 10-L transparent glass tank in
the laboratory within 2 °C of the in situ temperature. The light

intensity was kept at 100 μmol photon m−2 s−1 with a 14:10
light-dark cycle. Both the temperature and light intensity were
close to the mean values of the sampling sites (0.2 m under the
surface). The initial physical, chemical, and biological prop-
erties of the water collected from site 1 for nutrient bioassay
experiments are shown in Table S1 (see Supporting
Information). Soluble reactive phosphorus (SRP), NO3-N,
and NH4-N were added as K2HPO4·3H2O, NaNO3, and
NH4Cl in the experiment.

The nutrient threshold bioassay experiment was conducted
in July 2015 to determine the nutrient threshold levels of SRP,
NO3-N, and NH4-N. Chlorophyll a (Chl a) concentrations
were used to estimate phytoplankton biomass (Lewis et al.
2011; Paerl et al. 2011; Xu et al. 2010). The upper limit of
these nutrients needed to control phytoplankton growth and
bloom formation (Chl a concentration exceeding 20 μg L−1)
could be established using this approach. The SRP threshold
experiment was conducted with various P concentrations (0,
0.01, 0.02, 0.03, 0.04, 0.06, 0.08, 0.1, 0.5, 1.0, 1.5 mg P L−1)
and with a fixed NO3-N level (10 mg N L−1). The NO3-N
threshold experiment was conducted with various NO3-N
concentrations (0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 1.5, 2.0,
3.0 mg N L−1) and with a fixed P level (5 mg P L−1). The
NH4-N threshold experiment was conducted with various
NH4-N concentrations (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1.0,
1.5, 3.0 mg N L−1) and with a fixed P level (5 mg P L−1).

A separate nutrient addition bioassay experiment was con-
ducted in August 2015 with treatments of reservoir water

Fig. 1 Study area (water monitoring sites: 1 Bai River Dam, 2 Kuxi, 3 Henghe, 4 Kudong, 5 Jingou, 6 Chao River, and 7 Shuijiu)
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containing individual or combined SRP, NO3-N, and NH4-N
concentrations. Using this approach, the individual or com-
bined effects of these nutrients on phytoplankton biomass
could be assessed. Three scenarios and a total of 30 treatments
were designed to test the above hypotheses. Initial reservoir
water treatments served as controls. The full experimental
design is shown in Table 1. The final concentrations of SRP,
NO3-N, and NH4-N in the treatments were obtained by ana-
lyzing the background nutrient concentrations in the reservoir
and adding a supplemental amount to this background level.
The lower bound of the setting concentrations was supposed
to be higher than the initial (ambient) concentrations of the
water collected (Table S1). The upper bound of the setting
concentrations were designed to reflect the relatively high
values in the reservoir and to saturate algal growth. In addi-
tion, the concentrations of NO3-N and NH4-N in the treat-
ments were designed the same so that the utilization efficiency
between different nitrogen sources can be compared easily.

All treatments were performed in triplicate. After nutrient ad-
ditions, water in the tanks was agitated during the incubations.
The incubation experiments were performed for 15 days due to
its low initial phytoplankton biomass and slow growth rates. This
incubation period provided sufficient time to measure phyto-
plankton growth responses. Water was sampled at intervals of
3 days at 9 a.m. for Chl a and nutrient analyses. Each tank was
fully stirred before sampling. Nutrients weremeasured according
to standard methods (Huang et al. 2000). Chl a concentrations
were determined spectrophotometrically after extraction in 90 %
hot ethanol (Pápista et al. 2002). Phytoplankton species were
identified according to freshwater algae in China (Hu and Wei
2006). P, NO3-N, and NH4-N were supplemented in a timely
manner based on the analytical results to maintain the setting
concentrations throughout the experiment.

Field method

Water samples were collected from the surface of Miyun
Reservoir at monthly intervals from April to November,
when algal bloom occasionally occurred in shallow water.
These nutrient concentrations were measured to help re-
flect the whole nutrient conditions of the reservoir and
served as background information for the eutrophication
state of Miyun Reservoir. A sample of approximately 1 L
of water was taken from each site to measure nutrient
concentrations. Water samples were transferred and kept
cool in incubators. The samples were measured within
24 h in the laboratory after collection. TP, NO3-N, NH4-
N, and Chl a were analyzed according to standard
methods (Huang et al. 2000; Pápista et al. 2002).

Statistical analyses

The growth rate (μ) for each set of treatment conditions was
estimated as the slope of the log-transformed data (log Xt)
versus time, where Xt represents the concentration of Chl a
at day t, respectively. Response curves were established, and
the change points on the curves were estimated as the eutro-
phication threshold (Wang et al. 2006; Xu et al. 2010, 2014).
The changepoint analyzer 2.3 (Taylor Enterprises, Inc.) was
used for examining the change plots on the response curves.
The maximum growth rate (μmax) and the half saturation con-
stant (Ku) were calculated using the Monod kinetic equation
(Monod 1950).

The thresholds of TP and TN can be calculated by the
thresholds of SRP and dissolved inorganic nitrogen (DIN)
based on the ratio of SRP/TP and DIN/TN (Xu et al. 2014),

Total nutrient threshold ¼ Dissolved nutrient threshold

Dissolved nutrient concentration=Total nutrient concentration
ð1Þ

Significant differences among the various treated samples
were analyzed by one-way ANOVA with Tukey’s post hoc
test. Statistical analysis was conducted with SPSS 19.0. The
box plot of mean monthly nutrient concentrations in Miyun
Reservoir was conducted with Origin 9.0.

Results

Nutrient thresholds of phytoplankton growth

To specify nutrient threshold levels of SRP, NO3-N, and NH4-
N, growth rate responses to different SRP, NO3-N, and NH4-N
supplies were examined. Growth curves fitted by nonlinear

regression are shown in Fig. 2. The results of the changepoint
analysis of growth rate response curves are shown in Table S2
(see Supporting Information). Figure 2a showed that the phy-
toplankton growth rate increased proportionately with SRP
additions from 0 to 0.04 mg P L−1, while from 0.04 to
1.5 mg P L−1, the growth rate stopped increasing and
remained constant. Changepoint analysis further demonstrat-
ed that 0.04 mg P L−1 was the change point on the response
curve (Table S2). The abrupt change with phytoplankton
growth rate around 0.04 mg P L−1 in the growth curves indi-
cated that phytoplankton growth was no longer P limited
when SRP enrichment was ≥0.04 mg P L−1. Therefore,
0.04 mg P L−1 could be regarded as the threshold of SRP.
For NO3-N utilization, although only two to three
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concentrations at the range where a rapid change in the growth
rate took place, it was obvious that algal growth rate was
promoted greatly from 0 to 0.5 mg N L−1. From 0.5 to
3.0 mg N L−1, the growth rate stopped increasing and
remained stable (Fig. 2b). Phytoplankton growth was no lon-
ger limited when NO3-N enrichment was ≥0.5 mg N L−1. The
result of the changepoint analysis further confirmed that
0.5 mg N L−1 was the change point on the response curve
(Table S2). Therefore, 0.5 mg N L−1 could be regarded as
the threshold for a NO3-N effect on the growth rate of phyto-
plankton. A similar approach was used for NH4-N and the
threshold of NH4-Nwas determined as 0.3 mgNL−1 (Fig. 2c).

Microcystis spp. and Scenedesmus spp. accounted for
about 26.9 and 20.6 % of the initial total phytoplankton bio-
mass, and they sustain dominance throughout the duration of
the bioassays. At the end of the experiment, Microcystis spp.
and Scenedesmus spp. accounted for 19.7–33.6 % and 28.0–

52.5 % of the total phytoplankton biomass, respectively. The
main phytoplankton genera identified in nutrient threshold
experiment is shown in Table S3 (see Supporting
Information).

The Monod equation was used to describe the relationship
between algal growth rates and nutrient concentrations (Xu
et al. 2014). The results are shown in Table S4 (see
Supporting Information). Growth kinetics data showed that
the maximum growth rates (μmax) of phytoplankton for SRP,
NO3-N, and NH4-N were very close. The values were 0.344,
0.313, and 0.270 day−1, respectively. NO3-N has the highest
half-saturation constant value (0.268 mg L−1), then followed
by NH4-N (0.087 mg L−1) and SRP (0.028 mg L−1). The ratio
μmax/Ku was used as a better index than Ku values alone to
indicate the advantage in the nutrient competition, and a
higher μmax/Ku ratio indicates a higher rate at the lowest nu-
trient concentrations (Healey 1980). Hence, the utilization

Table 1 Basic schemes for
nutrient addition experiments
(bioassays) used in this study

Scenarios No. Nutrient addition

Control 0 –

A 1-1 0.5 mg N/L NH4Cl

1.0 mg N/L NH4Cl

2.0 mg N/L NH4Cl

4.0 mg/L NH4Cl

Without P addition
1-2

1-3

1-4

2-1 0.5 mg/L NH4Cl

1.0 mg/L NH4Cl

2.0 mg/L NH4Cl

4.0 mg/L NH4Cl

5.0 mg P/L, K2HPO4

2-2

2-3

2-4

B 1-1 0.5 mg N/L NaNO3

1.0 mg N/L NaNO3

2.0 mg N/L NaNO3

4.0 mg N/L NaNO3

Without P addition
1-2

1-3

1-4

2-1 0.5 mg N/L NaNO3

1.0 mg N/L NaNO3

2.0 mg N/L NaNO3

4.0 mg N/L NaNO3

5.0 mg P/L, K2HPO4

2-2

2-3

2-4

C 1-1 0.02 mg P/L K2HPO4

0.5 mg P/L K2HPO4

1.0 mg P/L K2HPO4

2.0 mg P/L K2HPO4

Without N addition
1-2

1-3

1-4

2-1 0.02 mg P/L K2HPO4

0.5 mg P/L K2HPO4

1.0 mg P/L K2HPO4

2.0 mg P/L K2HPO4

10 mg N/L, NH4-N
2-2

2-3

2-4

3-1 0.02 mg P/L K2HPO4

0.5 mg P/L K2HPO4

1.0 mg P/L K2HPO4

2.0 mg P/L K2HPO4

10 mg N/L, NO3-N
3-2

3-3

3-4

4 2.0 mg P/L K2HPO4 5.0 mg N/L NH4Cl + 5.0 mg N/L NaNO3

21012 Environ Sci Pollut Res (2016) 23:21008–21019



efficiency of NO3-N was expected to be lower than the utili-
zation efficiency of NH4-N, with a lower μmax/Ku value than
the μmax/Ku value of NH4-N. The results also indicated a con-
gruent relationship between the μmax/Ku value and the nutrient
thresholds. A higher μmax/Ku value suggests a higher utiliza-
tion efficiency of the nutrient, thus corresponding to a rela-
tively lower nutrient threshold.

Phytoplankton growth responses to nutrient addition
bioassays

The phytoplankton biomass (as Chl a) responses to an
incremental concentration of NH4-N, NO3-N, and SRP
additions are shown in Fig. 3. Generally, NH4-N or
NO3-N addition alone had little effect on the Chl a com-
pared with the control (p > 0.05). When 5.0 mg P L−1

Fig. 2 Growth kinetics of natural phytoplankton assemblages in
response to a SRP concentrations, b NO3-N concentrations, and c NH4-
N concentrations. Curves were fitted by nonlinear regression. Error bars
represent ±1 SD of triplicate samples

Fig. 3 Phytoplankton biomass (as Chl a) responses to various
concentrations of NH4-N, NO3-N, and SRP additions. Differences
between treatments are shown on the basis of the ANOVA post hoc
tests (a < b < c; p < 0.05)

Environ Sci Pollut Res (2016) 23:21008–21019 21013



K2HPO4 was supplied, the Chl a increased gradually with
the increasing concentration of NH4-N. As for NO3-N,
phytoplankton biomass with 0.5 mg N L−1 NO3-N addi-
tion appeared almost the same compared with the control
(p > 0.05). Furthermore, phytoplankton biomass was
much higher than the control and showed no significant
differences over the range of NO3-N additions from 1.0 to
4.0 mg N L−1 (p > 0.05). Like the results obtained with N,
there were no significant differences between treatments
with SRP addition alone compared with the control
(p > 0.05). However, with NH4-N addition, phytoplankton
growth remained high and showed no significant differ-
ences over the range of SRP additions from 0.5 to 2.0 mg
P L−1 (p > 0.05). In addition, NH4-N addition had a larger
stimulatory effect on phytoplankton growth than NO3-N
addition did at the same N concentration. Phytoplankton
growth rate showed patterns similar to phytoplankton bio-
mass in response to individual or combined SRP, NO3-N,
and NH4-N addit ions (Fig. S3) (see Support ing
Information).

Harpole et al. summarized the interactive responses of
phytoplankton communities to N and P addition from 641
published studies in aquatic ecosystems. Overall, 17.8 and
10.1 % of the studies appeared to be simultaneously and
independently colimited by N and P, respectively
(Harpole et al. 2011). According to the nutrient limitation
categories, the results of our bioassay fall into the catego-
ry of simultaneous colimitation. There is increasing evi-
dence that simultaneous colimitation by N and P occurs in
both natural lake phytoplankton communities and most of
the genera in the community (Elser et al. 2007; Kolzau
et al. 2014; Müller and Mitrovic 2015; Ma et al. 2015b).
Multiple nutrient limitations of phytoplankton growth can
occur because phytoplankton species differ in their opti-
mum nutrient ratios for growth (Hecky and Kilham 1988).
However, simultaneous multiple nutrient limitation has
not been shown for any unialgal culture, since the macro-
nutrients cannot substitute for each other in their bio-
chemical functions (de Vries and Klapwijk 1987; Droop
1974; Hecky and Kilham 1988; Rhee 1978).

The nutrient addition bioassays showed stimulation of
algal biomass production (as Chl a) and phytoplankton
growth rate in response to individual or combined SRP,
NO3-N, and NH4-N additions (Fig. 4). Phytoplankton re-
sponse to NH4-N alone was no different than with the
control (p > 0.05), and the response was significantly larger
when P was added in the treatments. The same trend was
observed for the NO3-N addition treatments with and with-
out P, yet the stimulatory effect of NO3-N on phytoplank-
ton biomass was less than the effect of NH4-N at the same
N concentration. P addition alone showed little stimulation
of Chl a compared with the control (p > 0.05). From the
perspective of the phytoplankton growth rate, the impact

of P addition alone appeared slightly higher compared with
the control (p < 0.05). Both NH4-N and NO3-N addition
helped stimulate the growth of phytoplankton with the pres-
ence of P, and the stimulatory effect of NH4-N plus P on
phytoplankton biomass was greater than of NO3-N plus P
at the same N concentration (p < 0.05). The highest value
of Chl a (294.04 ± 34.82 μg L−1) and the highest growth
rate (0.47 ± 0.01 day−1) appeared at the B2.0 mg P L−1 and
10.0 mg NH4-N L−1^ treatment. However, phytoplankton
biomass and growth rate with B2.0 mg P L−1 + 5.0 mg
NH4-N L−1 + 5.0 mg NO3-N L−1^ showed no significant
differences from B2.0 mg P L−1 + 10.0 mg NO3-N L−1^
(p > 0.05). BNH4-N plus NO3-N^ did not show such asso-
ciated stimulatory effect on phytoplankton growth as BNH4-
N plus P^ or BNO3-N plus P .̂ Bioassays also illustrated
that the utilization efficiency of NH4-N is higher than the
utilization efficiency of NO3-N at the same N concentra-
tion. Per amount of N added, NH4-N stimulated significant-
ly more algal biomass formation than NO3-N did.

Fig. 4 The synergistic interactions among ammonium-nitrogen, nitrate-
nitrogen, and phosphorus. Differences between treatments are shown on
the basis of the ANOVA post hoc tests (a < b < c; p < 0.05)

21014 Environ Sci Pollut Res (2016) 23:21008–21019



Discussion

How to maintain nutrient concentrations at the setting
values

Nutrient addition methods were summarized from previous
nutrient addition bioassays. The most common way of adding
nutrient is adding a finite supply of dissolved nutrients as the
setting concentrations at the beginning of the experiment and
adding no more nutrients during the process of phytoplankton
incubation (Domingues et al. 2011; Ma et al. 2015a, b; Paerl
et al. 2011; Xu et al. 2010, 2015). However, there are some
problems with this approach. In the bioassays, the water sam-
ples are incubated in closed containers, and the concentrations
of the dissolved nutrients will tend to decline as the nutrients
are utilized by the phytoplankton. The dissolved nutrients be-
ing taken upmetabolically from the solution by phytoplankton
aggregate into organic particles, and organisms can be
decomposed into inorganic nutrients through the mineraliza-
tion process (Halemejko and Chrost 1984). However, the ef-
fects of the mineralization process are estimated to be small
and it was generally not taken into consideration in the nutri-
ent limitation bioassays (Bloesch et al. 1977; Gao et al. 2000,
2006; Gardner et al. 1989; Kagami et al. 2013; Kim et al.
2006; Kolzau et al. 2014). In this case, a particular nutrient
could limit the growth of the phytoplankton once its concen-
tration declined to a certain degree. While in the field, nutri-
ents were potentially replenished and balanced by continual
allochthonous sources. Therefore, bioassays with a finite ini-
tial supply of dissolved nutrients might not necessarily reflect
limitation by the same nutrient concentrations in the field due
to exhaustion of nutrient supplies (Xu et al. 2010).

In later bioassay experiments, dissolved nutrients were sup-
plied every few days to simulate pulsed nutrient inputs (Paerl
et al. 2015; Xu et al. 2014). The loss of nutrients absorbed by
the phytoplankton can be replenished to some extent in this
way. However, the biggest uncertainty of this approach is that
it is unknown how much nutrient has been absorbed. At the
beginning of the bioassays, phytoplankton biomass is small
and the added dissolved nutrients might not be consumed
completely before the next replenishment. The final nutrient
content is the sum of the remaining nutrients and the pulsed
input nutrients, which may exceed the setting concentrations.
As a result, the thresholds of dissolved nutrients might have
been underestimated in the bioassays.

To address this potential problem, the remaining dissolved
nutrient concentrations in each tank were analyzed at intervals
of 3 days in our study. SRP, NO3-N, and NH4-N were supple-
mented in a timely manner to the setting concentrations based
on the analytical results. The remaining nutrient concentra-
tions in the nutrient threshold bioassay are shown in Fig. S4
(see Supporting Information). Nutrient consumptions were
different between different time intervals with the increase of

algal biomass, and the supplements of nutrient were adjusted
according to the remaining concentrations. Nutrients supplied
in this way can retain the dissolved nutrient concentrations at
the setting levels to the utmost extent. The downside of this
method is that the analysis and supplementation processes are
very troublesome. Moreover, although dissolved nutrients
were supplemented every 3 days, the concentrations still de-
creased between the intervals due to the phytoplankton up-
take. Actually, the best way to keep dissolved nutrient con-
centrations at the setting levels is real-time monitoring and
supplement. Taking the feasibility and workload into consid-
eration, 3 days of interval was selected. Even though the re-
sults cannot be used to derive true nutrient-growth kinetics,
they can provide an upper-bound estimate for dissolved nutri-
ent concentrations that saturate algal growth (Xu et al. 2014).
Nevertheless, this method still served as the best way to keep
nutrient concentrations to the setting levels at present.

In conclusion, if the initial phytoplankton biomass in the
original water samples was high enough, phytoplankton bio-
mass would be able to respond to different dissolved nutrient
addition treatments in a short time. The incubating time is
supposed to be correspondingly short to minimize the impact
of nutrient reduction. In this case, dissolved nutrients can be
given one time at the beginning of the bioassays. On the other
hand, if the initial phytoplankton biomass was very low in the
original water samples, just like the situation in our case,
short-time incubation was not sufficient for the phytoplankton
biomass to show identifiable changes for each treatment.
Therefore, dissolved nutrients should be supplemented in a
timely manner based on residual concentration analysis to
maintain the setting nutrient levels.

Except for the issues discussed above, results from these
bioassays might not necessarily reflect all of the ecological
interactions of the system (Hecky and Kilham 1988). Bottle
bioassays or mesocosm studies are often conducted on a rel-
atively small scale and cannot properly account for important
long-term processes such as atmospheric exchange, changes
in the grazer community, and nutrient exchange with sedi-
ments (Schindler et al. 2008). Therefore, generalizations from
bioassay experiments to the real situation in the field must be
drawn with caution (Hecky and Kilham 1988).

Seasonal variation of nutrients and chlorophyll a inMiyun
Reservoir

The seasonal trends of meanmonthly TP, NO3-N, NH4-N, and
Chl a concentrations are shown in Fig. 5. The TP concentra-
tions ranged from 0.005 to 0.040 mg P L−1, with an average of
0.017 mg P L−1. SRP accounted for 56.52 % of TP in Miyun
Reservoir; thus, the calculated result for the TP threshold was
0.071 mg L−1. The mean monthly concentrations of both TP
and SRP in Miyun Reservoir were below their thresholds. As
for N, NO3-N concentrations varied between 0.04 to 1.40 mg
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N L−1 with peak in spring and declined in summer and au-
tumn. The average concentration of NO3-N was 0.620 mg N
L−1 and was higher than the NO3-N threshold (0.5 mg N L−1).
NH4-N concentrations ranged from 0.025 to 0.580 mg N L−1,
with an average of 0.143 mg N L−1. The average concentra-
tions of NH4-Nwere below 0.3 mgN L−1 throughout the year,
which was also nomore than its threshold (0.3 mgN L−1). Chl
a concentrations were used to estimate phytoplankton bio-
mass. From April to November, Chl a gradually increased
and showed a peak in September. The Chl a concentrations
changed from a minimum of 0.55 μg L−1 to a maximum of
16.38 μg L−1, with an average of 4.09 μg L−1. Chl a concen-
tration exceeding 20 μg L−1 is considered as blooms (Xu et al.
2014), while the reservoir-wide average Chl a is below
20 μg L−1 on an annual basis.

Nutrient thresholds needed for controlling algal blooms
in the Miyun Reservoir

The eutrophication thresholds of TP for freshwaters vary from
0.02 to 0.10 mg P L−1, while those for TN range from 0.50 to
1.00 mg N L−1 (Xu et al. 2010). In our experiments, the cal-
culated result for the TP threshold was 0.071 mg L−1, which is
consistent with the previous research. In addition to nutrient
loading, sediment release is also an important source of

nutrients in natural conditions. Factors that affect the release
of P from sediment include temperature, pH, oxygen condi-
tion, bioturbation, and sediment type (Boers 1991; Holdren
and Armstrong 1980; North et al. 2015). In shallow waters,
P released from the sediment can soon bemixed into the entire
water column, while in the deep stratified Miyun Reservoir,
the released P is trapped in the hypolimnion and is unavailable
to the phytoplankton to a large extent (Kolzau et al. 2014).
Moreover, many phytoplankton species are able to store
enough cellular P through Bluxury uptake,^ and with this in-
tracellular storage, they are able to support several rounds of
cell division when ambient P concentration is insufficient
(Reynolds 2006). In our experiment, phytoplankton growth
was no longer P limited when ambient TP concentration was
≥0.071 mg P L−1; hence, the setting criteria of TP should be
targeted lower than this value.

In our bioassay, NH4-N addition has a larger stimulatory
effect on phytoplankton growth than NO3-N addition has at
the same N concentration. This observation helped explain
why the threshold of NH4-N was lower than the threshold
of NO3-N. What is more, the relative preference for ammo-
nium or nitrate is phytoplankton group-specific. In particu-
lar, cyanobacteria, chlorophytes, and chrysophytes prefer
ammonium, while nitrate is preferred by diatoms,
cryptophytes, and dinoflagellates (Chaffin and Bridgeman

Fig. 5 Mean monthly nutrient concentrations in Miyun Reservoir. The red dotted lines are the thresholds of TP, NO3-N, and NH4-N and the criteria of
Chl a for bloom formation, respectively
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2014; Domingues et al. 2011; Donald et al. 2011, 2013;
Ohashi et al. 2011). Cyanophytes and chlorophytes account
for a very large proportion in Miyun Reservoir in July and
August (Fig. S2 and Table S3, see supporting information).
Therefore, phytoplankton growth response in NH4-N addi-
tion bioassays has been stronger than NO3-N addition bio-
assays. In fact, the thresholds of TN calculated by BNO3-N
threshold and NO3-N/TN ratio^ or calculated by "NH4-N
threshold and NH4-N/TN ratio^ were different. For exam-
ple, the thresholds of NO3-N and NH4-N were 0.5 and
0.3 mg N L−1 in the Miyun Reservoir. NO3-N and NH4-
N accounted for 55.66 and 17.15 % of TN, respectively.
The threshold for TN calculated by the NO3-N threshold
was 0.898 mg L−1, while the value calculated by the NH4-
N threshold was 1.749 mg L−1. As a result, 0.898 mg L−1

was selected as the eutrophication threshold for TN in
Miyun Reservoir. However, in areas with a higher NH4-
N/TN ratio, the threshold value for TN calculated by the
NH4-N threshold might be lower than the threshold value
calculated by the NO3-N threshold. In this case, the lower
value should be chosen as the threshold of TN. This is why
it is important to measure the threshold of NH4-N as well
as the threshold of NO3-N. Otherwise, the critical value of
TN might have been overestimated if it was calculated
simply by NO3-N.

Environmental implications

In aquatic ecosystems, biologically available N can be sup-
plied through nitrogen (N2) fixation by cyanobacteria (Paerl
2009). Therefore, some research argue that P is the ultimate
limiting nutrient overtime since N2 fixation helps satisfy N
requirements (Schindler et al. 2008). In fact, N limitation has
been observed in whole-lake experiments and many studies
have indicated that N2 fixation by phytoplankton cannot fully
compensate for nitrogen deficiency (Kolzau et al. 2014; Lewis
and Wurtsbaugh 2008; Paerl 2009; Scott and McCarthy
2010). This is mainly because the process is controlled by lots
of physical-chemical factors except for N/P ratio (Paerl 2009).
Furthermore, the dominant species in Miyun Reservoir,
Microcystis spp . , belong to a non-nitrogen-fixing
cyanobacterial genus (Paerl et al. 2001), making their prolif-
eration highly dependent on exogenous nitrogen sources.

Results from this study showed that phytoplankton
grew better in treatments with ammonium-nitrogen as
the nitrogen source than in treatments with nitrate-
nitrogen (Figs. 3 and 4). This pattern of nitrogenous nu-
trient preference was similar to previous research, sug-
gesting that the ammonium-nitrogen utilization is pre-
ferred by phytoplankton than the nitrate-nitrogen utiliza-
tion (Baldia et al. 2007; Dokulil and Teubner 2000).

When ammonia, nitrate, and urea are offered in combi-
nation, ammonia is used first, then urea becomes the next

choice, and finally nitrate (Chaffin and Bridgeman 2014;
Takamura et al. 1987). Despite ambient ammonium con-
centrations one or more orders of magnitude lower than
ambient nitrate concentrations, ammonium utilization is
preferred by phytoplankton (Ahlgren et al. 1994). The
assimilation of nitrate is inhibited by the presence of am-
monium over a wide range of concentrations (Ohashi
et al. 2011). Theoretically, utilization of other forms of
nitrogen occurs only when the ammonium concentration
is insufficient to meet the nitrogen requirements of the
phytoplankton (Gu and Alexander 1993). Phytoplankton
prefer reduced forms of N (ammonium or organic N)
mainly because the energetic costs for incorporating and
assimilating these forms are less than the energetic costs
for oxidized N forms (nitrate and nitrite) (Donald et al.
2013; Gardner et al. 2004). From Fig. 4, the B2.0 mg P
L−1 + 10.0 mg NH4-N L−1^ treatment is nearly two times
the biomass of the B2.0 mg P L−1 + 5.0 mg NH4-N L−1 +
5.0 mg NO3-N L−1^ treatment, which would be consistent
with primarily using ammonium. The experiment results
showed that when given nitrate and ammonium, plus P,
less biomass was produced presumably because the algae
used up the ammonium first, then exhibited lower efficien-
cy with nitrate.

Nutrient threshold bioassays and nutrient addition bioas-
says proved that ammonium was also an important factor in
causing algal blooms. It is likely that any N form that enters
into the water column has the potential to be reduced to am-
monium, and appropriate reductions of all forms of N in wa-
tershed are recommended.

Conclusions

The results of this study showed that the reservoir-wide aver-
age Chl a inMiyun Reservoir is below 20 μg L−1 on an annual
basis. When SRP enrichment is ≥0.04 mg P L−1, NO3-N en-
richment ≥0.5 mg N L−1, and NH4-N enrichment
≥0.3 mg N L−1, the growth of phytoplankton was not nutrient
limited. Ammonium was an important factor for the growth of
phytoplankton. NH4-N plus P had a larger stimulatory effect
on phytoplankton growth than NO3-N plus P did at the same
N concentration. Our findings imply that although P input
reductions are important, appropriate reductions of all forms
of N in watershed is necessary for eutrophication management
in Miyun Reservoir.
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