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Eutrophication or excessive nutrient richness is an impairment of many freshwater ecosystems and a
prominent cause of harmful algal blooms. It is generally accepted that nitrogen and phosphorus nutrients
are the primary causative factor, however, for systems subject to large anthropogenic perturbation, this
may no longer be true, and the role of micronutrients is often overlooked. Here we report a study on Lake
Tai (Taihu), a large, spatially diverse and hypereutrophic lake in China. We performed small-scale
mesocosm nutrient limitation bioassays using boron, iron, cobalt, copper, molybdenum, nitrogen and
phosphorus on phytoplankton communities sampled from different locations in Taihu to test the relative
effects of micronutrients on in situ algal assemblages. In addition to commonly-used methods of
chemical and biological analysis (including algal phytoplankton counting), we used ﬂow cytometry
coupled with data-driven analysis to monitor changes to algal assemblages. We found statistically signiﬁcant effects of limitation or co-limitation for boron, cobalt, copper and iron. For copper at one location
chlorophyll-a was over four times higher for amendment with copper, nitrogen and phosphorous than
for the latter two alone. Since copper is often proposed as amendment for the environmental management of harmful algal blooms, this result is signiﬁcant. We have three primary conclusions: ﬁrst, the
strong effects for Cu that we report here are mutually consistent across chlorophyll-a results, count data,
and results determined from a data-driven approach to ﬂow cytometry. Given that we cannot rule out a
role for a Fe-Cu homeostatic link in causing these effects, future research into MNs and how they interact
with N, P, and other MNs should be pursued to explore new interventions for effective management of
HABs. Second, in view of the stimulatory effect that Cu exhibited, management of HABs with Cu as an
algal biocide may not always be advisable. Third, our approach to ﬂow cytometry offers data conﬁrming
our results from chemical and biological analysis, however also holds promise for future development as
a high-throughput tool for use in understanding changes in algal assemblages. The results from this
study concur with a small and emerging body of literature suggesting that the potential role of micronutrients in eutrophication requires further consideration in environmental management.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Lakes provide important ecosystem services such as productivity from biodiversity, resilience to climate change, ﬁsheries,
recreation and tourism, sediment and nutrient retention and processing, and hydrological regulation (Schallenberg et al., 2013).
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Increasingly, harmful algal blooms (HABs) in lakes are an issue
causing serious environmental and ecological problems. Eutrophication, or excessive nutrient richness that leads to HAB formation, causes reduced water transparency, development of hypoxic/
anoxic conditions leading to ﬁsh suffocation, production of algal
metabolites that are toxic to animals/humans, and a resulting
decreased biodiversity. Eutrophication has been identiﬁed as a
major environmental problem for water resource management
(Lewis et al., 2008; Qin et al., 2007; Tang et al., 2016), and local
economies may suffer when a lake experiences HABs (Dodds et al.,
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2009).
Nitrogen (N) and phosphorus (P) inputs to lakes have increased
dramatically in recent decades in many areas of the world due to
agricultural intensiﬁcation, fertilizer overuse, and inadequate
environmental controls (Norse, 2005; Smith and Siciliano, 2015).
Numerous studies have investigated the effect of N and/or P on
algal growth (Markou and Georgakakis, 2011; Paerl et al., 2015; Xu
et al., 2010) and eutrophication (Anderson et al., 2002; Chafﬁn et al.,
2013; Conley et al., 2009). For many years, P was thought to be the
primary limiting nutrient in terrestrial freshwater systems (Correll,
1998; Schindler, 1977). It may be that, in an ideal and increasingly
rare case of an anthropogenically undisturbed environment, an
assumption of P-limitation would still prove valid. Increasingly,
however, human activities are altering the Earth's pre-industrial
balance. Of nine Earth systems characterised as planetary boundaries at risk of irreversible and potential catastrophic change, two
count as systems in which the safe operating space has been
€m
exceeded. One of these is biochemical ﬂows of N and P (Ahlstro
and Cornell, 2018; Steffen et al., 2015). Human disruption of the
global N cycle is greatest (Campbell et al., 2017; Kinzig and Socolow,
1994; Steffen et al., 2015), and there is now a substantial amount of
literature demonstrating that N is sometimes as important as P in
the control of HABs (Conley et al., 2009; Havens et al., 2001; Lewis
et al., 2011; Lewis et al., 2008).
The fundamental need for micronutrients (MN) by algae is wellknown. The seminal text edited by Andersen (2005) on culturing
algae lists boron (B), cobalt (Co), copper (Cu), iron (Fe), molybdenum (Mo), manganese (Mn), selenium (Se), vanadium (V), and zinc
(Zn) as important algal MNs. A 2008 review of MNs in 56 freshwater lakes (Downs et al., 2008) found that “The proportion of the
lakes analysed in which micronutrient limitation was found was 76%
for molybdenum; 74% for iron, 67% for boron, 67% for cobalt, and 20%
for copper … Overall, limitation of the phytoplankton by one or more
micronutrients was reported at least once for 82% of the lakes in the
analysis.” These percentages are substantial. By far the most study
of MN limitation is for Fe, the literature for which is too substantial
to review thoroughly here. For algae, iron is needed for essential
metabolic functions in photosynthetic electron transport, respiratory electron transport, nitrate and nitrite reduction, sulfate
reduction, nitrogen ﬁxation, and detoxiﬁﬁcation of reactive oxygen
species (Sunda et al., 2005). Cyanobacterial iron requirements are
reported to exceed non-photosynthetic prokaryotes by ~10-fold
and are described as “exceptionally high even among other
photosynthetic organisms” (Kranzler et al., 2013; Moreno-Vivian
et al., 1999) due to mechanisms of intracellular homeostasis in
these organisms. In addition to studies that ﬁnd Fe limiting or colimiting in freshwaters (De Wever et al., 2010; Evans and Prepas,
1997; Goldman, 1972; Ivanikova et al., 2007; Larson et al., 2015;
North et al., 2008; Stoddard, 1987; Twiss et al., 2005; Verschoor
et al., 2017; Vrede and Tranvik, 2006), a number of studies have
looked at the effect of dissolved organic matter, particularly siderophores, in affecting Fe bioavailability (Sorichetti et al., 2016; Ward
et al., 2002) and hence algal community succession patterns (Molot
et al., 2010; Murphy et al., 1976; Nagai et al., 2006; Pollingher et al.,
1995; Sarkar et al., 2016). Another important line of enquiry concerns how Fe/P-linked biogeochemistry (e.g. Vivianite formation/
dissolution) causes Fe limitation in some situations (Arbildua et al.,
2017; Molot et al., 2014; Orihel et al., 2016). Reports indicate that in
some cases a siderophore or P-related dose-response behaviour
resembling toxicity is a consequence instead of the presence of
these substances in concentrations that decrease Fe bioavailability
(Arbildua et al., 2017; Nagai et al., 2006; Ward et al., 2002).
Other MNs are less well-studied than Fe but have been shown to
be variously limiting and co-limiting. As early as 1966, Lewin
published a study reporting B to be a requirement for algal growth
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“generally” (Lewin, 1966), and several studies have since found B
limitation or co-limitation in lakes (Bayer et al., 2008; Bonilla et al.,
1990; Downs et al., 2008; Hyenstrand et al., 2001). Both Co and Cu
have been shown to be limiting and/or colimiting at lower concentrations (Cavet et al., 2003; Chakraborty et al., 2010; Downs
et al., 2008; Manahan and Smith, 1973; Roussel et al., 2007;
€ ger, 1980; Stoddard, 1987). While both of these
Sandmann and Bo
are trace metals, at higher concentrations they behave as toxic
heavy metals; reportedly Co is much less toxic to algae than Cu
(Chakraborty et al., 2010). Another MN of essential importance to
algae is Mo, which is a cofactor in nitrogen reduction (MorenoVivian et al., 1999); Mo has been shown to be limiting and/or colimiting (Axler et al., 1980; Downs et al., 2008; Glass et al., 2010,
2012; Rueter and Petersen, 1987; Song et al., 2012), and at least one
study reports Mo-limitation of nitrogen ﬁxation in freshwater and
coastal cyanophytes (Glass et al., 2010; for a more detailed discussion of Mo, see Rueter and Petersen, 1987, and references
therein). Some studies report that intake of one nutrient might also
affect the status of another. As an example, Sterner et al. (2004)
observed that quantities of N or P that caused only a small increase in algal phytoplankton growth rates were nonetheless sufﬁcient to induce Fe limitation. Prior expectations for nutrient
limitation have largely focused on P and more recently N, however,
anthropogenic disturbances of global geochemical cycles entail that
may not be reliable in the future and this will affect water resource
management needs (Campbell et al., 2017; Conley et al., 2009;
Lewis et al., 2008). Compared to N and P, relatively little work has
been done on the role of MNs, particularly in highly disturbed/
impacted systems.
Here we report results from our work on the effects of MNs on
algae in Lake Tai (Taihu, 太湖, in Chinese), China's third largest
freshwater lake, located in the Yangtze River delta, the most rapidly
developing region in China (Qin et al., 2007). Taihu is of crucial
importance in the region as a drinking water source for approximately 11 million people (Xu et al., 2017) and with regard to ﬂood
control, tourism and aquaculture (Gong and Lin, 2009; Qin et al.,
2007). Rapid development and lack of suitable environmental
controls has led to large inputs of pollutants from industry and
agricultural waste into Taihu and its tributaries, intensifying water
quality deterioration (Wang et al., 2009). Ergo, this previously
oligotrophic, diatom-dominated lake (Chen et al., 2003a, 2003b) is
now subject to hypereutrophication, and cyanobacterial HABs have
occurred every summer in the northern part of the lake since the
mid-1980s (Qin et al., 2007). During the summer of 1990, a largescale cyanobacterial HAB occurred in Taihu, causing 116 factories
to halt work (Guo, 2007; Xu et al., 2010). In May 2007, another
large-scale HAB incapacitated a drinking water plant, leading to a
water crisis in the city of Wuxi, population 4 million (Guo, 2007;
Qin et al., 2010). In recent years, the extent of HABs in Taihu has
expanded throughout the northern, western and central regions of
the lake from May through October every year (Qin et al., 2007),
and this intensity of anthropogenic disturbance to Taihu makes it
an interesting ﬁeld site to study. Further, a better understanding of
the factors that promote HABs is essential in order to protect the
water resource.
Studies on Taihu often focus on the effects of N and P on algal
growth (Paerl et al., 2011; Xu et al., 2010). A recent study used
short-term nutrient limitation bioassays (NLBs) to study Fe limitation of Microcystis spp. in Taihu waters (Xu et al., 2013) and found
that Fe was a limiting nutrient under some conditions. So far the
emphasis is on cyanobacterial growth as the major risk factor for
HABs in Taihu (Chen et al., 2003b; Liu et al., 2011; Paerl et al., 2011).
Less emphasis has been on study of in situ algal assemblages with
multiple species and phyla, and no studies have evaluated the potential that other MNs might play in nutrient limitation in Taihu.
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For this study, we employed small-scale mesocosm/NLB experiments to examine the effects of Fe, Cu, Co, B and Mo, with and
without addition of N and P, on in situ algal assemblages in three
regions of Taihu that were differentially impacted by HAB. We
characterised the effect of MNs using traditional methods for
chemical (water quality) and biological (microscopic cell counting)
analysis. We supplemented these studies using ﬂow cytometry
measurement (FCM) coupled with data-driven analysis.
FCM is a high-throughput technology offering rapid simultaneous quantiﬁcation of multiple cellular characteristics. The ability
to measure six or more parameters simultaneously and measure
tens of thousands of cells in a few minutes is attractive, however,
this “blessing of dimensionality”, or the ability to separate groups
with higher dimensional data that are not otherwise separable, is
complemented by “the curse of dimensionality” (Donoho, 2000). To
deal with the curse of processing large amounts of multidimensional data, even today FCM data analysis typically utilises
a process called gating, which Bashashati and Brinkman (2009), in a
recent review, described thus:
“Gating is a highly subjective process in which the investigators
determine the regions in multiparametric space that contain the
‘interesting’ data, based on their knowledge of the experimental
factors and experience. This is a tedious, time-consuming, and
often inaccurate task … to serially select regions in one- and
two-dimensional graphical representations of the data … This
low-dimensional subsetting ignores the high-dimensional
multivariate nature of the data … even relatively minor differences in gating can produce different quantitative results.”
Recently there has been a great deal of effort put into development
of data-driven approaches to FCM data analysis, so that data analysis is driven by the structure of the data itself (Finak et al., 2009,
2010) rather than expert opinion (Finak and Gottardo, 2011). We
use a data-driven approach as an exploratory effort, and to our
knowledge we are the ﬁrst to use such an approach to study
changes in algal assemblages.
2. Materials and methods
2.1. Study area and sampling sites
Taihu, located in the south-eastern region of the Yangtze River
delta (lake center coordinates are 3110ʹ0ʺN, 120 90ʹ0ʺE), is a large,
shallow, eutrophic polymictic lake with 117 rivers and streams
draining into it. It has a mean depth of 2 m, a surface area of
2338 km2, a volume of 4.4 billion m3, and a drainage basin of
36,500 km2 (Qin et al., 2007). Generally, freshwater inputs enter the
lake from the southwest or western mountainous watershed, and
the dominant discharge points are Eastern Taihu Bay and the Taipu
River in the southeast of the lake basin. The inputs drive high water
turbidity with the occurrence of dense cyanobacterial HABs and an
absence of macrophytes from late spring through early fall in the
north-western region of Taihu (Qin et al., 2007, 2010; Xu et al.,
2010). The eastern region of the lake is less affected by HABs and
generally has relatively clear water, ﬂoating and submersed macrophytes, and diverse communities of invertebrates and ﬁshes.
We conducted sampling at a time when an HAB was fully
developed in the western part of the lake and spreading east, in
order to perform NLB experiments when a range of conditions
occur in the lake. The three sites that we studied, shown in Fig. 1,
are situated in Meiliang Bay, Gonghu Bay and Xukou Bay, and are
part of a long-term monitoring programme. Meiliang Bay (Station
3) is one of the lake's most eutrophic bays with high water turbidity
and the occurrence of dense cyanobacterial HABs, particularly in
summer. Large amounts of untreated wastewater from factories,

residential and agricultural areas are discharged into the bay by the
Liangxi and Zhihu Gang rivers, and a strong algal bloom was present at the time of sampling for this study. The west to east spread
of HAB is somewhat variable year-to-year, and though we wanted
to revisit the sites previously studied for Fe limitation (one of which
was Station 3, Xu et al., 2013), we found that the station in eastern
Taihu that these authors studied was already partially impacted by
HAB. Hence, we sampled at the nearest eastern station that was not
impacted (Station 28, Xukou Bay) at the time of sampling. Gonghu
Bay (Station 13) was less affected by HAB than Station 3 at the time
of sampling and was chosen as such.
2.2. Sample collection and water sample analysis
Water samples from 0.2 m below the surface were collected in
August, 2017, into 40-L acid-cleaned polyethylene carboys. The
samples were used for NLB experiments (Section 2.3) and water
quality analysis. Physical parameters, (surface water temperature/
WT, pH, and dissolved oxygen/DO) were measured in the ﬁeld
using a YSI 6600 multisensor sonde. Chemical properties were
measured in the lab and included dissolved organic carbon (DOC),
total nitrogen (TN), total dissolved nitrogen (TDN), ammoniacal
nitrogen (NH4-N), nitrate (NO3-N), nitrite (NO2-N), total phosphorus (TP), total dissolved phosphorus (TDP), soluble reactive
phosphorus (SRP or orthophosphate), chlorophyll-a (Chl-a) and
total dissolved MNs (total dissolved Fe/TDFe, copper/TDCu, cobalt/
TDCo, boron/TDB, and molybdenum/TDMo). Biological testing
consisted of collecting phytoplankton counts. DOC was determined
using the high-temperature combustion method with a Dohrmann
DC-190 total organic carbon analyser (Rosemont Analytical Inc.,
Calif., USEPA, 1979). The quantities TN, TDN, TP, and TDP were
determined using a combined persulfate digestion (Ebina et al.,
1983). The NH4-N was determined using the indophenol blue
method, and NO3-N and NO2-N with the cadmium reduction
method (APHA, 1995). The SRP was determined by using the molybdenum blue method (APHA, 1995). Total dissolved MNs were
determined by inductively coupled plasma-mass spectrometry
(ICP-MS: NexION300, PerkinElmer, USA). For the determination of
Chl-a, water samples were ﬁltered onto Whatman GF/F glass ﬁber
ﬁlters, frozen at 20  C for no more than 2 days, then the concentration of Chl-a was determined spectrophotometrically after
extraction in 90% hot ethanol (ISO, 1992). Phytoplankton samples
were preserved with Lugol's iodine solution for storage and were
stored in the dark at room temperature until analysis. Algal objects
were counted from observations of samples sedimented in a
Sedgwick-Rafter chamber and reported as counts (Wang and Wang,
1982). The phytoplankton species were identiﬁed according to
Zhou and Chen (2011).
FCM spectral analysis of single cells was performed using a
FACSCalibur (Becton Dickinson, California, USA) with two lasers
(argon solid-state, and red diode, excitation at 488 and 635 nm,
respectively). For each sample, 800 mL of cell sample was inserted
into a 10 mL plastic vial and placed into the ﬂow cytometer with a
sample intake speed of 12 mL/min. The sheath ﬂuid was a commercial product (Beckman Coulter Inc., USA), composed of 9.84 g/L
Na2SO4, 4.07 g/L NaCl and 0.11 g/L procaine hydrochloride, pH 7.0,
delivered through a 150 mm nozzle at 4.5 psi. Measurements
included forward scatter (FSC), side scatter (SSC) and four ﬂuorescence channels: green ﬂuorescence (FL1, 530/30 nm bandpass,
associated with carotenoid ﬂuorescence at lmax ¼ 505e530 nm,
Chen et al., 2017; Kleinegris et al., 2010; Steinberg et al., 1995),
yellow ﬂuorescence (channel FL2: 585/42 nm bandpass, detects
phycoerythrin/PE at lmax ¼ 575 nm, Dennis et al., 2011), red ﬂuorescence (channel FL3: 670 nm/longpass, detects the integrated the
red tail of the Chl-a peak, lmax ¼ 650e700 nm, Vincent, 1983) and
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Fig. 1. Location of sampling sites in Taihu.

orange ﬂuorescence (FL4: 661/16 nm bandpass, detects allophycocyanin/APC at lmax ¼ 660 nm, Dennis et al., 2011). Resulting data
comprises a six-dimensional algal signature based on variations in
size, granularity, carotenoid ﬂuorescence (lower in chlorophytes,
for instance, Chen et al., 2017; Steinberg et al., 1995), PE (notably
associated with red algae and cryptophytes, French and Young,
1952), APC (characteristically dominant in cyanophytes, Canaani
and Gantt, 1980) and chlorophyll. For FSC and SSC the ampliﬁcation gain was set at 1 and measured in the linear mode. For ﬂuorescence channels the ampliﬁcation gain was set at 1 and measured
in the log-mode. Acquisition was set to capture 50,000 total events
for each sample.

2.3. Nutrient limitation bioassay experiments
NLB experiments were carried out immediately after sample
collection and followed the method of Paerl et al. (2011, also see
Haraughty and Burks, 1996; Whalen and Benson, 2007; and Xu
et al., 2013 as examples). For an expanded discussion of this type
of experiment and its application, please see the Supplementary
Material (SM). For each NLB treatment, triplicate water subsamples from each respective station were taken from the 40-L
samples described in Section 2.2 and placed into 1-L transparent,
chemically inert, cubitainers that were trace-metal clean, as
described in Xu et al. (2013). Nutrient was then added to cubitainers by spiking with concentrated solution to achieve the ﬁnal
concentrations shown in Table 1 for each treatment. The treatments

Table 1
Treatment schedule used in Lake Tai NLB experiments.
Experimental treatment

Nutrient concentrationa

Control
N
P
NP
Fe
Fe þ NP
Cu
Cu þ NP
Co
Co þ NP
B
B þ NP
Mo
Mo þ NP

no addition
2.0 mg/L N
0.20 mg/L P
2.0 mg/L N þ 0.20 mg/L P
200 mg/L Fe
200 mg/L Fe þ 2.0 mg/L N þ 0.20 mg/L P
20 mg/L Cu
20 mg/L Cu þ 2.0 mg/L N þ 0.20 mg/L P
1 mg/L Co
1 mg/L Co þ 2.0 mg/L N þ 0.20 mg/L P
18 mg/L B
18 mg/L B þ 2.0 mg/L N þ 0.20 mg/L P
1 mg/L Mo
1 mg/L Mo þ 2.0 mg/L N þ 0.20 mg/L P

a
N was added as KNO3, P was added as K2HPO4$3H2O, Fe was added as FeSO4$7H2O, Cu was added as CuSO4$5H2O, Co was added as CoCl2$6H2O, B was added
as H3BO3, and Mo was added as Na2MoO4$2H2O.

were control (no nutrient additions), N, P, combined N and P (NP),
single MNs (Fe, Cu, Co, B or Mo), and MN þ NP (Fe þ NP, Cu þ NP,
Co þ NP, B þ NP or Mo þ NP). Each treatment was sampled twice
(once at 2 days, once 4 days) for analysis (Section 2.2). Concentrations of N, P, NP, and Fe were based on those used in previous work;
concentrations for other MNs were initially targeted at four times
projected ambient, based on literature on Taihu or according to
zkova

other information in literature (Bayer et al., 2008; Procha
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et al., 2014; Xu et al., 2013). The chemical form (see Table 1) of
treatments was designed to maximize bioavailability. After nutrient
additions, the cubitainers were incubated in situ in Taihu near the
surface for four days by placing them in a frame at Taihu Laboratory
for Lake Ecosystem Research. This NLB approach was developed to
provide a rapid assessment of nutrient limitation characteristics
(Paerl and Bowles, 1987; Piehler et al., 2009; Xu et al., 2010) and
follows the preceding Taihu work on Fe limitation described in Xu
et al. (2013). The approach functionally represents small mesocosm
experiments that link the controlled nature of lab experiments with
ﬁeld experiments to capture ambient environmental conditions
(e.g. diel cycles, temperature conditions). As an exploratory study,
we chose this method to examine short-term growth responses of
algae, as the issue of long-term phytoplankton succession patterns
is undoubtedly more complex.

Table 2
Properties of lake water used for NLB experiments.a

Physical

Chemical

2.4. Data analyses
One-way ANOVA followed by Tukey's Honest Signiﬁcant Difference (HSD) post-hoc test was used to test for differences in Chl-a
among treatments. The R programming language and environment
for statistical computing was used to perform calculations, and the
level of signiﬁcance used was p < 0.05 for all tests (Bretz et al.,
2011). Additional tests for correlation were performed in Microsoft Excel (Pearson's r and Spearman's nonparametric r).
To analyse FCM data we used FlowMerge (Finak and Gottardo,
2011), which is part of the Bioconductor software project for the
analysis of FCM data (Huber et al., 2015). FlowMerge is an extension
of the Bioconductor FlowClust algorithm (Finak et al., 2009).
FlowClust is based on t-mixture models with Box-Cox transformation, and when the number of clusters is not known a priori,
the Bayesian information criterion (BIC) is used to determine the
most appropriate number of clusters inherent in the multidimensional structure of FCM data (Lo et al., 2008, 2009). While
this approach is used and works well in many applications, it has
been noted that the BIC may overestimate cluster number because
the number of mixture components needed to model data may be
greater than justiﬁed by inherent difference in a sample (Baudry
et al., 2010; Finak et al., 2009). This issue has been addressed by
application of the entropy-based integrated completed likelihood
criterion (ICL). The ICL has been shown to provide a better estimate
of the number of clusters, however is not a good model for the
underlying data distribution (Baudry et al., 2010). By combining the
two approaches, data is ﬁrst clustered using the t-mixture model
with Box-Cox transformation, and subsequently the ICL guides
remerging mis-split clusters, arriving at a solution that has the
suitable ﬁtting properties and a number of clusters that is most
likely to represent the number of different types of cells/populations present in a sample (Finak et al., 2009).
3. Results and discussion
3.1. Initial conditions and water quality
Results from water quality analysis, shown in Table 2, conﬁrm
that the three different stations had different initial conditions.
Turbidity, nutrients (TN, TDN, NH4-N, TP, TDP, SRP), DOC, and Chl-a
are highest for Station 3, intermediate for Station 13 and lowest for
Station 28. Some MN concentrations follow this trend. TDFe are
relatively high and within the range that a previous study found for
Station 3 (10e106 mg/L) but are considerably higher than that study
found in the eastern part of the lake (below detection to 3 mg/L, Xu
et al., 2013). Other MN values are reasonably low or below detection, as may occur with trace quantities. The nutrients TN and TP
are both dominated by organic forms, the majority of which is

Biological

Parameter

Station 3

Station 13

Station 28

WT (OC)
Turbidity (NTU)
pH
TN (mg/L)
TDN (mg/L)
TKN (mg/L)
NH4-N (mg/L)
NO3-N (mg/L)
NO2-N (mg/L)
TP (mg/L)
TDP (mg/L)
DOP þ PP (mg/L)
SRP (mg/L)
TN:TP
TDN:TDP
TDFe (mg/L)
TDCu (mg/L)
TDCo (mg/L)
TDB (mg/L)
TDMo (mg/L)
DOC (mg/L)
DO (mg/L)
Chl-a (mg/L)

30.4
124
9.26
4.55
0.80 (18)
4.4 (98)
0.30 (6.6)
0.10 (2.2)
0.002 (0.04)
0.43
0.03 (7)
0.42 (97)
0.014 (3)
11
27
94
2.9
<0.8
<10
3.8
5.46
12.3
203

29.8
48
8.91
2.22
0.69 (31)
2.1 (95)
0.26 (12)
0.11 (5)
0.002 (0.09)
0.18
0.02 (11)
0.17 (94)
0.006 (3)
12
35
68
3.0
<0.8
<10
3.7
4.61
13.0
73

30.8
0.54
9.30
0.62
0.60 (97)
0.52 (84)
0.14 (23)
0.09 (15)
0.012 (1.9)
0.02
0.01 (50)
0.016 (80)
0.004 (20)
31
60
38
1.7
<0.8
<10
3.1
3.83
11.7
1.5

a

Values in parentheses are percentages of TN and TP for nitrogen and phosphorus
species, respectively; TKN and DOP þ PP determined by difference. Abbreviations
are surface water temperature (WT), total nitrogen (TN), total dissolved nitrogen
(TDN), total Kjeldahl nitrogen (TKN), ammoniacal nitrogen (NH4-N), nitrate (NO3-N),
nitrite (NO2-N), total phosphorus (TP), total dissolved phosphorus (TDP), soluble
reactive phosphorus (SRP), total dissolved Fe (TDFe), total dissolved copper (TDCu),
total dissolved cobalt (TDCo), total dissolved boron (TDB), and total dissolved molybdenum (TDMo), total dissolved carbon (DOC), dissolved oxygen (DO), and chlorophyll a (Chl-a).

particulate for N, and presumably P as well, though there is a small
diminution in the percentage of organic forms from Station 3 to
Station 28. DOC follows that pattern, and since the predominant
drainage pattern and HAB pattern is from west to east, these results
are as expected. Most other nutrient forms follow this pattern,
however, within analytical uncertainty, NO3-N is low and essentially static. The TN:TP ratios are similar for Stations 3 and 13 and
higher for Station 28, and TDN:TDP ratios are both a factor of ~2 less
than the TDN:TDP ratio for Station 28. There have been reports
detailing the ability of cyanobacteria to ﬂourish at low TN:TP ratios
(Schindler, 1977; Smith, 1983). The high pH of Taihu is notable and
perhaps the best indicator of the degree of its anthropogenic
perturbation. The high pH has been attributed to inorganic carbon
scavenging of phytoplankton as a result of HABs, part of a vicious
cycle conveying competitive advantage on bloom-forming species
(Wang et al., 2017). This pH may substantively reduce the
bioavailability of MNs due to the formation of bis-hydroxy- and/or
carbonato-complexes at high pH that is expected theoretically and
has been demonstrated experimentally (Kim et al., 1999; O’Shea
and Mancy, 1978).
Consistent with prior recent reports, we found that the phytoplankton in Taihu were variable across the lake, dominated by
Cyanophyta (blue-green algae/cyanobacteria), Bacilliarophyta (diatoms), Chlorophyta (green algae), Cryptophyta and Euglenophyta
(Chen et al., 2003b; Xu et al., 2013). Fig. 2 shows pie charts with the
relative percentages of each phylum and the total counts for each
station. Station 3 and Station 13 were dominated by Cyanophyta
(>90% of total counts), however, for Station 3, ~82% of all cyanophytes (Chroococcus, Microcystis, Nostoc, and Oscillaria spp.) were
Microcystis by count, whereas for Station 13, ~90% of all cyanophytes were Nostoc spp. by count. Microcystis and Nostoc are nonnitrogen-ﬁxing and nitrogen-ﬁxing genera, respectively, which
may affect phytoplankton growth differently between these two
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Fig. 2. Pie charts showing the relative amounts of different phyla present in Taihu at the time of sampling (Bac ¼ Bacillariophyta; Chl ¼ Chlorophyta; Cry ¼ Cryptophyta;
Cya ¼ Cyanophyta; Eug ¼ Euglenophyta). Total counts are given below each pie chart.

stations. Station 28 was dominated by Bacilliarophyta. The total
counts for Station 13 are approximately three times that of Station
3, whereas the inverse is true for Chl-a between the two stations.
The results in Table 2 and Fig. 2 are consistent with the frequent
summer trend in Taihu wherein nutrient enrichment followed by
an HAB begins in the western side of the lake and spreads to the
east over the course or the summer, per literature cited in Section
2.1.
3.2. Nutrient limitation bioassays, Chl-a results
Fig. 3 shows the results from analysis of NLBs for Chl-a, which
we use as an index of photosynthetic biomass (Billington, 1991;
, 1981; Flemer, 1969; Hallegraeff, 1977). To show relative
Desortova
changes, N, P, NP, Fe, Cu, Co, B, and Mo treatments are normalized to
the control (panels A, D, and G), and all MN þ NP treatments are
normalized to NP (panels B, E, and H), i.e. according to expressions
1a and 1b below:

Normalized Chl  aN=P;MN ¼

Normalized Chl  aN=P;MN ¼

½Chl  aN=P;MN
½Chl  aC

; and

½Chl  aMNþNP
;
½Chl  aNP

(1a)

(1b)

where the brackets indicate concentration, the subscripts N/P, MN
indicate N, P, NP, or one of the MN treatments, and the subscript
MN þ NP indicates one of the MN treatments also amended with
NP. The rate of change from 0 to 2 days (DChl-a0-2d) versus 2e4 days
(DChl-a2-4d) for all treatments, as given in expressions 2a (for
diminution) and 2b (for growth) below, is also plotted (panels C, F,
and I).



DChl  ati tiþ2d ¼

½Chl  ati  ½Chl  atiþ2d


 100%; and

½Chl  ati

(2a)


DChl  atiþ2d ti ¼

½Chl  atiþ2d  ½Chl  ati
½Chl  atiþ2d


 100%;

(2b)

where the subscript i indicates a measurement time point (0, 2 or 4
days) and iþ2d indicates the reference time point i plus 2 days. Raw
data is provided in the SM. Generally, for those treatments exhibiting relative increases in Chl-a, average increases are more modest
and less variable for Station 3 (average 25% increase, with relative
standard deviations/RSDs ranging from 10 to 15%), followed by
Station 13 (40% increase and RSDs ranging from 30 to 35%) and

Station 28 (average increase of Chl-a by 220%, with RSDs exceeding
100%).
A one-way ANOVA/Tukey's HSD post-hoc test was performed,
showing some signiﬁcant (p < 0.05) pair-wise differences (treatment compared to control or NP), indicated by asterisks in Fig. 3.
For Station 3, few differences are seen, and only at day 2 for P, N, NP,
B, and Fe þ NP. Both B and Fe have previously been reported to
increase Microcystis growth (Gerloff, 1968; Srivastava et al., 2016).
While NP exhibited the highest Chl-a relative to the control by day
2, by day 4 it appears that NP has accelerated the onset of senescence (a term representing a range of processes, mostly in reference
to declining/degrading Chl-a associated with late stationary/lysis
phases resulting from environmental stresses such as nutrient
limitation Louda et al., 1998). Station 3 had the highest nutrients
and initial concentrations of Chl-a, and on an absolute basis there is
a trend of Chl-a diminution over 4 days, with an inverse correlation
(R2 ¼ 0.80) between DChl-a0-2d and DChl-a2-4d. This observation ﬁts
with the idea that, for a late stationary assemblage, less nutritive
treatments (e.g. the control in Fig. 3C) result in progressive senescence or decline (decreasing growth curve slope) with a diminishing rate of change, whereas more nutritive treatments cause
partial reinvigoration or at least retard the onset of senescence (ﬂat
to increasing growth curve slope, as for NP/MN þ NP treatments in
Fig. 3C), with subsequent senescence after nutrient exhaustion. In
terms of growth curve behaviour, larger nutrient concentrations
result in larger changes in curvature/rate of change, in comparison
to lower concentrations (Gough et al., 2015; Lee et al., 2000; Pinna
et al., 2015). More discussion of growth curve slopes is provided in
the SM along with an illustrative schematic. Station 3 was highly
impacted by an HAB during the time of this study, the results
indicate that NP, MN þ NP, and to a lesser extent B have the most
effect in supporting the persistence of the HAB. In actual lake
conditions Microcystis can vertically migrate throughout the
shallow water column, optimizing its ability to access favorable
conditions to proliferate, which in turn increases its lateral extent;
smaller differences we see in mesocosm NLBs might be larger in an
open lake. For the data in Fig. 3C (also see Fig 3F and I), Pearson's r
and Spearman's r are given in the ﬁgure caption. For a further
discussion of Fig. 3 results and results from additional statistical
tests, see the SM.
The Station 13 trend for N and P is similar overall to that of
Station 3 in that the order of effect relative to the control is
NP > N > P (Fig. 3), albeit the pattern persists to day 4. Treatments of
MN only statistically exceed control/NP treatment for Cu and
Fe þ NP (day 2) and Cu þ NP (day 4). While for most MN/MN þ NP,
relative Chl-a decreases from day 2 to day 4, the behaviour of Cu/
Cu þ NP is strikingly different, with Chl-a concentrations increasing
for Cu (by 61%) and Cu þ NP (by 11%) from day 2 to day 4 relative to
the control and NP, respectively. For the scatter plot showing DChl-
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Fig. 3. Results from Chl-a analysis for Station 3 (top row), Station 13 (middle row) and Station 28 (bottom row); Chl-a concentrations for each station are shown normalized to the
control (for N, P, NP, and single MN treatments, panels A, D, and G) or to NP (for all MN þ NP treatments, panels B, E, and H). Panels C, F, and I show rate of Chl-a change over 0e2
days compared to 2e4 days. Asterisks in panels A, B, D, E, G, and H indicate signiﬁcant (p < 0.05) pairwise differences based on a one-way ANOVA/Tukey HSD post-hoc test. Open
and ﬁlled markers in panels C, F and I are based on apparent groupings as described in the text, and Pearson's r squared (R2) is given in each. We also calculated Spearman's r.
Pearson's r and Spearman's for each panel are, respectively, as follows: panel C, 0.89 and 0.91; panel F, 0.89 and 0.75 (for ﬁlled markers) or 0.93 and 0.90 (for open
markers); panel I, 0.96 and 0.94. For panel I, Cu þ NP is treated as a separate class based on Cook's distance, whereas if grouped with other data (ﬁlled markers), the correlation
coefﬁcients become 0.58 (r) and 0.93 (r).

a0-2d versus DChl-a2-4d for Station 13 (Fig. 3F), both visually and in
terms of R2, there appears to be two groups with an inverse linear
relationship. The ﬁrst group is the “no-growth” group; though
R2 ¼ 0.86, it may be more appropriate to view this group as tightly

clustered. The second group is all of the remaining treatments. For
this group, the NP/MN þ NP treatments show growth during over
ﬁrst two days (positive growth curve slope, i.e. a negative DChl-a02d value), followed by diminution as nutrients have become
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exhausted whereas Cu and P show diminution in Chl-a over the
ﬁrst two days with a net increase thereafter. We posit that, as for
Station 3, the standing stock for Station 13 is at or nearing decline,
and while the NP treatments provoke a reasonably rapid response,
P and Cu may undergo lag, i.e. the changes are suggestive of
adjustment and/or decline of the standing stock followed by
growth.
For Station 28, changes for N and P are not signiﬁcantly different
from the control, however NP together has Chl-a that is almost 10
times that of the control (days 2 and 4). Interestingly, by day 2 for all
MN þ NP treatments the response is less than that of NP alone, with
Cu þ NP being a pronounced factor of 4.9 lower. The lower response
for single MN is not generalisable, though the response for Cu alone
is also much lower, 2.7 times less, than the control. By day 4 all of
the control-normalized single MN treatments have increased
compared to their values on day 2, and MN þ NP treatments are all
larger than NP, signiﬁcantly so for Co and Cu. The treatment
Cu þ NP has the most pronounced differential effect and is 4 times
greater than for NP with a 22-fold increase from day 2 to day 4. The
scatter plot for Station 28 (Fig. 3I) lends the appearance of different
behaviours: 1) C, N, P, Fe, Co, B, and Mo; 2) Cu, NP, Fe þ NP, Co þ NP,
B þ NP, and Mo þ NP; and 3) Cu þ NP in a class of its own. Changes
for the ﬁrst group are small and consist of a near-constant DChl-a02d, followed by small and variable increases in DChl-a2-4d. The
second group follows the inverse relationship discussed previously
for Stations 3 and 13, wherein those greatest increases in DChl-a0-2d
(positive growth curve slope) are followed by smaller DChl-a2-4d,
(in the case of Station 28 possibly indicating onset of stationary
phase rather than senescence) and vice versa. Overall, we observe
trends in Fig 3C, F, and I that are rationalizable in terms of algal
growth curves (see SM) and appear to result in different groupings
based on the initial condition of standing stocks and the relative
nutrient value of different treatments. The similarity between
Pearson's r and Spearman's r are in most cases in good agreement,
except when including Cu þ NP for Station 28. For Station 28 (ﬁlled
markers in Fig. 3I) Spearman's r indicates a strong monotonic, if not
linear, relationship when including Cu þ NP.
With respect to N, P, and NP, the results herein present a uniﬁed
picture for the stations sampled, spanning the width of Taihu,
wherein NP are co-limiting nutrients for HABs, in agreement with
previous studies (Dzialowski et al., 2005; Paerl et al., 2015; Xu et al.,
2013; Yang et al., 2017). While there is an increasing awareness that
MNs and the bioavailability of trace metals play important roles in
the carbon and nitrogen metabolism of algae (Baptista and
Vasconcelos, 2006; Berman-Frank et al., 2001; Juneja et al., 2013;
Romero et al., 2013), the state of knowledge is as yet immature, and
our primary purpose for this work was to ascertain whether MNs
would exhibit effects in a highly disturbed and frequently hypereutrophic system as Taihu. The statistically signiﬁcant results in
Fig. 3 indicate that MNs may serve both as primary and as colimiting nutrients in some cases. Results for Cu/Cu þ NP (Stations
13 and 28) are most marked, and Fe þ NP shows effects for two
stations (3 and 13). For Station 28, Cu/Cu þ NP appeared to show an
inhibitory effect at day 2, whereas by day 4 the maximum increase
observed during this study was for Cu þ NP. It has long been known
that, at high enough concentrations, Cu is an algal biocide, and Cu2þ
has even been suggested for use in environmental management of
€llqvist and
HABs at concentrations ranging from 90 to 500 mg/L (Ka
Meadows, 1978; Wu et al., 2017). Likewise, the importance of Cu as
a MN for algae has long been recognised (Manahan and Smith,
1973). Because MN such as Cu are required in very small amounts
in the whole algae life cycle, there is frequently only a very small
difference between a nutritional, growth-promoting effect and cell
zkov
toxicity (Procha
a et al., 2014). The effect of Cu þ NP in Station
28 is unique to our knowledge in the literature. There is some
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possibility that the Cu effect relates to Fe.
There has been a growing amount of research into bacterial and
algal production of copper-binding ligands called chalkophores and
copper-binding siderophores. These ligands have demonstrated
importance in controlling the bioavailability of Cu and may aid
organisms to regulate Cu uptake and navigate a narrow divide
between nutrition and toxicity (Johnstone and Nolan, 2015).
Regarding a linked effect with Fe, as early as 1980, Mcknight and
Morel (1980) published ﬁndings wherein Fe limitation resulted in
strong secretion of chalkophores by two Anabaena species; they
speculated that Cu complexes formed with such ligands were likely
non-toxic and might convey an advantage to cyanophyte populations. Subsequently, genetic regulatory links between Cu and Fe
homeostasis in cyanophytes have been discovered. For example,
based on genetic studies employing site-directed mutagenesis,
Nicolaisen et al. (2010) have developed a model wherein schizokinen, a siderophore secreted by Anabaena spp., is produced and
exported under low Fe or high Cu conditions. When the concentrations of both Fe and Cu are low, schizokinen complexes with Fe,
increasing Fe bioavailability to the organism. At high Cu/low Fe
concentrations, schizokinen complexes Cu in a manner protective
to the organism and another Fe transporter is activated. These
ﬁndings are analogous to ﬁndings for P. aeruginosa wherein exposure to toxic Cu concentrations resulted in the differential production of siderophores, such that a more Cu-protective effect
(bioavailability reduction) is favoured (Braud et al., 2010). In this
study, the ambient TDFe for Station 28 averages half that of the
other stations (Table 2). Since the high Chl-a response of Cu þ NP
appears previously undocumented, some phytoplankton reportedly have a relatively high cellular Fe requirement (Brand, 1991),
and the low solubility of environmentally prevalent Fe3þ reduces Fe
bioavailability, we cannot rule out that Cu treatment induced
increased Fe bioavailability followed by growth.
3.3. Effects of micronutrient supply on changes in algal assemblages
Our purpose in using in situ algae was to investigate if any
changes in algal assemblages might be observed and if there might
be clues as to MN's mediating conditions favouring Microcystis over
other algae. Figs 4e6 showing the changing proportions of algae in
response to MN treatments. Disaggregated counts for all species,
including species with very low frequency, are given in the SM.
While count data give a sense of changes, some species quantiﬁed
are colonial and some are not e counting methods address this,
arguably, not very successfully (Rott et al., 2007), thus here we take
a semi-quantitative rather than statistical approach.
For Station 3, changes in total counts and algal assemblages are
relatively small; cyanophytes remain dominant, with Microcystis
spp. averaging 88% of the total cyanophyte counts (Fig. 4). By day 4,
the total counts for both Cyanophyta and Chlorophyta were larger
for the single MN treatments in comparison to the corresponding
MN þ NPs, consistent with the effects discussed for Chl-a with
respect to NP.
While Cyanophyta predominated initially for Station 13, followed by Bacillariophyta, then Chlorophtya, the dominant genus
was Nostoc spp., and changes to the algal populations of Station 13
in response to MN treatment present a more complex picture than
that of Station 3 (Fig. 5). The stairstep pattern of Cyanophyta > Bacillariophyta > Chlorophtya in the initial water persisted
in the control over 4 days, however the percentage of cyanophytes
in the control shifted from 81% Nostoc spp./7% Microcystis spp.
initially to 19% Nostoc/39% Microcystis by day 2 and 12% Nostoc/37%
Microcystis by day 4. This transition from Nostoc to Microcystis
occurred in all treatments as well with varying percentages. The
stairstep distribution was observed for the all non-NP treatments in
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Fig. 4. Pie charts showing the changing proportions of algae in response to different treatments for Station 3. Numbers on the pies represent %, numbers below are total counts.
Phyla whose occurrence is less than 10% at any time are not shown/constitute a negligible fraction, see SM.

Fig. 5. Pie charts showing the changing proportions of algae in response to different treatments for Station 13. Numbers on the pies represent %, numbers below are total counts.
Phyla whose occurrence is less than 10% at any time are not shown/constitute a negligible fraction, see SM.

Fig. 6. Pie charts showing the changing proportions of algae in response to different treatments for Station 28. Numbers on the pies represent %, numbers below are total counts.
Phyla whose occurrence is less than 10% at any time are not shown/constitute a negligible fraction, see SM.

day 2. For NP treatments, by day 2 there was a consistent increase of
Chlorophtya relative to Bacillariophyta, with abundance of chlorophtyes being similar or exceeding that of bacillariophytes, a shift
which continued to day 4 when all NP/MN þ NP treatments save
Cu þ NP were dominated by cyanophytes, however chlorophytes
had become more abundant than bacillariophytes. The change for
Cu þ NP was dramatic with Chlorophyta becoming 89%, a strikingly
apparent visual change under the microscope. Also, by day 4, the
most abundant form of cyanophyte was Chroococcus spp. for
Cu þ NP, and Scenedesmus spp. abundance was 78%, over four times

that of any other treatment. For Stations 3 and 13, Chroococcus
abundance only reached double digits for Cu (Station 3 and 13) and
Cu þ NP in Station 13. Notable changes in phytoplankton assemblages in single MN treatments were observed for Cu and Co. In the
case of Cu, by day 4 the pattern mimicked that of Cu þ NP wherein
chlorophytes were dominant, followed by cyanophytes (most
common form Chroococcus), then bacillariophytes. For Co, by day 4
Bacillariophyta became the most abundant type outnumbering
Cyanophyta.
For Station 28 the dominant algae in the water column initially

X. Zhang et al. / Water Research 151 (2019) 500e514

were bacilliarophytes (Melosira spp., 77%, see SM), with another 11
and 4% respectively of cyanophytes and chlorophytes (Fig. 6). For
most treatments, the pattern of abundance was Bacillariophyta/
Melosira, followed by Cyanophyta or Chlorophyta. In some cases
(control, N, NP, Fe þ NP, Cu, Cu þ NP, Co þ NP, B þ NP, Mo þ NP)
Chlorophyta were more prevalent than Cyanophyta. Cyanophytes
were mostly Microcystis, except for Cu/Cu þ NP, the only treatments
that had double-digit abundance of Chroococcus (13%). The day 2
total counts for both Cu and Cu þ NP were lower than for any other
treatment, and Cu þ NP was the only treatment wherein chlorophytes dominated (followed by Bacillariophyta, then Cyanophyta).
For the original Station 28 water, the small amount of chlorophytes
present was equally distributed between Chlorella and Pediastrum
spp. By day 2, the proportion was the same for Cu, and Cu þ NP had
twice the amount of the latter as the former e by day 4 Cu þ NP
Chlorophyta was dominated by Scenedesmus spp. (24%), the only
treatment to have more than 4%. The pattern of abundance by
phylum was not greatly changed by day 4 for some treatments,
(control, N, P, all of the single MN treatments except for Cu). For NP,
Fe þ NP and Cu þ NP, cyanophytes had become the dominant
species, also having a high abundance in Cu, and for NP and Cu þ NP
Bacillariophyta became a minor component. The treatments NP,
Fe þ NP, Cu, and Cu þ NP at day 4 were the only ones to have
Chroococcus spp. ~30% or greater (30, 29, 37, 56% respectively, see
SM). The treatments Co þ NP, B þ NP, and Mo þ NP all showed a
similar pattern at 4 days (Bacillariophyta dominant, followed by
Cyanophyta, then Chlorophyta) with relatively elevated total
counts. These treatments were also distinguished by relatively high
amounts of Synedra spp. (69, 75, and 84%, respectively, averaging > 2.5 times the highest of all other treatments, see SM).
Results from count data are in general accord with Chl-a data in
that Station 3 is relatively static, and for Stations 13 and 28 more
and varied changes occur, reﬂecting potentially complicated succession patterns that depend on the relative distribution of the
different species at the start of our experiments and how each
respond to treatment. Chlorophyta or Bacillariophyta are able in
some cases to expand at the expense of Cyanophyta (for Cu/Cu þ NP
and Co in Station 13). The most notable change occurring for Stations 13 and 28 is for Cu treatment, singly or with NP. For both
stations much higher amounts of Pediastrum and/or Scenedesmus,
species thought to be relatively more tolerant and/or needing Cu
(Bilgrami and Kumar, 1997; Merchant, 1998) appear by day 4 for
Cu þ NP and to a lesser extent Cu. For Station 13, Microcystis diminishes from day 2 to day 4 for Cu/Cu þ NP, whereas the opposite
occurs for Station 28. The largest increases for Microcystis in Station
28 occur for NP, Fe þ NP, Cu, and Cu þ NP. In view of the relative
sensitivity of Microcystis to Cu (Horne and Goldman, 1974; Zeng
et al., 2010), the potential role of Cu and Fe affecting the bioavailability of each other (as discussed for Chl-a in Section 3.2), the
lower amount of Fe in the ambient water of Station 28, and the
contrasting effect of Cu/Cu þ NP on Microcystis in Stations 13 versus
28, this again raises the question of to what extent changes seen for
Cu relate to Fe. The present results also underscore the desirability
of trying to understand how MNs affect succession patterns.
3.4. Flow cytometry analysis to determine changing characteristics
of algal populations
FCM is a promising tool to study changes in size, abundance and
community composition. We used FCM in two ways: 1) for univariate analysis, performing estimation of biovolumes and analysis
of the FL3/Chl-a channel in comparison to bulk Chl-a analysis, and
2) for data-driven multivariate analysis. We review the major
ﬁndings of multivariate analysis here as we believe it to the most
important contribution to the literature. The results of univariate
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analysis, along with detailed comments on multivariate analysis,
are included in the SM for brevity.
Clustering algorithms are fundamental in the quest to automate analysis of FCM data (Johnsson et al., 2016). The data-driven
approach that we use here is more robust to handling difﬁcult
clustering issues in FCM to provide a ﬁnal number of clusters most
likely representing the number of different types of cells or populations that are “separable”/distinct in a sample (Finak and
Gottardo, 2011). We tried a number of algorithms (Busam et al.,
2007; Han et al., 2011; Lo et al., 2008; Zare et al., 2010), however, FlowMerge was superior in consistent reproducibility across
treatments, stations, and sampling periods. To perform clustering,
we took FCM data ﬁles and visually inspected bivariate plots,
conﬁrming a large number of changes as a function of time and
treatment. Next, we performed clustering on each data ﬁle.
Clusters are characterised in terms of cluster centers, which is the
average value of each of the FCM channels for a given cluster (FSC,
SSC, FL1/caroteniod, FL2/PE, FL3/Chl-a, FL4/APC, per Section 2.2).
For the triplicate samples, the average proportion of each cluster
and value of each FCM channel was plotted as a function of time.
Three main types of cluster, “Cluster 1” (C1), “Cluster 2” (C2), and
“Cluster 3” (C3), occur reproducibly. C1 and C2 were detected in
most samples. C1 is characterised by, relative to the other clusters,
a high SSC to FSC ratio and very low FL values across all channels.
C2 has, relatively, a high FSC to SSC ratio and moderate FL across
all channels. C3 is a cluster that appears in many treatments at
days 2 and 4, and is characterised by having smaller FSC than C2,
smaller SSC than C1, and FL generally higher than C1 but lower
than C2. Often, the FlowMerge algorithm (Finak and Gottardo,
2011) that we used identiﬁed many more clusters than these
three, however, as some of these do not appear with high frequency, represent very small proportions of the sample, and often
do not cluster repeatably across replicate samples, we do not
discuss them further.
Fig. 7 shows some representative FCM contour plots, how these
compare to cluster plots (the total number of bivariate plots was
3825; see SM for additional selected examples), and some examples of how clusters change as a function of time (see SM for the full
63 plots of this data). Examination of the bivariate contour plots
that we constructed in comparison to clustering data suggests that
for C1, and especially C2, there might be more structure in some
results than are differentiable by data-driven clustering. These
“buried clusters” likely represent different algal species/phyla
(Dennis et al., 2011; Franklin et al., 2010; Peniuk et al., 2016).
Regarding C1, FCM reports of features with very low ﬂuorescence
for algal samples describe these features in two ways: near zero
ﬂuorescence that is characteristic of bacterial heterotrophs, and
very low ﬂuorescence signals from algal sources such as debris, or
compromised cells that have variously been described as shrunken
cells with high granularity/SSC, cells that have lost membrane
integrity or cells that have been veriﬁed to be dead (Huang et al.,
2015; Lopes da Silva et al., 2018; Wang et al., 2016). For those
samples dominated by C1 and C2 (e.g. our initial water samples) C2
is everything else, i.e. predominately cells in the exponential or
stationary phase of growth. We observe that C3 is not present in
Stations 3, 13, or 28 initially and is only present in some day 2 and
day 4 samples for which active growth is likely occurring. SSC may
increase disproportionately to FSC for dead or dying cells, however
for growing cells FSC and SSC are expected to increase together
(larger objects scatter more than smaller in the forward and side
directions). It is also possible that internal cell structure changes
cause variations in SSC signal. Overall, C3's modest FSC, SSC, and FL
signatures imply small, but living, cells e the small FSC denoting
small(er) relative size, small SSC resulting from smaller side scatter
of a small object, and small FL resulting from a smaller volume of
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Fig. 7. Examples of plots from FCM results including bivariate contour plots (panels, A, D, and G), bivariate cluster plots (panels B, E, and H), and plots of cluster variations over time
for different treatments (panels C, F, and I). Panels AeC, show plots for Station 3, Fe treatment; this treatment is an example with cells distributed across C1 and C2. Panels DeF,
show plots for Station 13, Fe þ NP treatment; in this plot C1, C2, and a small C3 are present. Panels GeI, show plots for Station 28, B þ NP treatment; this is an example wherein C1 is
absent (in multivariate space, which is not necessarily obvious in bivariate space), C2 is small, and C3 is well developed. For panels C, F, and I, FSC and SSC is only shown for one
cluster for plot clarity. See SM for full dataset.

pigment contained in small cells. We posit that C3 is newly divided
or induction/early exponential phase cells.
Clustering results for Station 3 shows the least variability (for
greater detail on clustering results, see SM). Changes to C1 are
modest. For C2, by day 4, N, NP and NP þ MN treatments see
overall a slight decrease over this time (the biggest loss is 12% for
NP), corresponding to the appearance of C3 for these treatments;
the highest proportion of C3 is NP. NP had notably low bulk Chl-a
by day 4 e the very low bulk Chl-a in day 4 for NP may be related
to this treatment's having the highest loss of C2 for NP (the most
ﬂuorescent cluster) and greatest gain of C3. The Cu þ NP clustering
is the only one to show a consistent rise in FSC and all FL channels

between day 2 and day 4. For Station 13, changes to C1 are similar
as for Station 3, and losses in C2 translate to gains in C3. By day 4,
the proportion of C2 in Cu and Cu þ NP treatments has decreased
by 30 and 32%, respectively, which are the only treatments to have
proportions of C2 less than the control. Only 20% of the Cu
treatment population is in C2 by day 2, less than half the initial
proportion. By day 4, C3 has appeared for all NP/MN þ NP clusters
and Cu. The proportion of all C3 clusters except Cu and Cu þ NP is
~5%, whereas for Cu and Cu þ NP it is 10% and 28%, respectively.
Overall, the observations appear consistent with bulk Chl-a results, though the relationship is complex (see SM for further
comments on FL3 versus Chl-a and how Chl-a relates to clustering
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results). For Station 28, the proportion of C1 is highest initially
(73%) and is diminishing much more strongly in comparison to
Stations 3 and 13. By day 4, C1 had disappeared for the treatments
Co, Co þ NP, B, B þ NP, and Mo þ NP. For all other treatments save
N and P, the C1 proportion diminished to <10%, with N having the
highest proportion of C1 at ~16%. The changes in proportion for C2
are most extreme of the three stations and are mirrored by C3.
Over the ﬁrst two days of treatment, proportions of C2 decrease
from 23% to 4e6% for Cu and Cu þ NP, remain in the region of
starting conditions for P, and for all other treatments a marked
increase in the proportion of C2 by an integer factor of 2e3 is
observed. By day 4, C3 appears in all treatments, however, the
proportions of C3 for Cu and Cu þ NP (60e70%) are twice that of
the remaining treatment C3s (11e29%). A number of other
changes are seen (see SM), one notable one is that for C3, Cu þ NP
FSC increases by a factor of approximately 2.5 from day 2 to day 4,
and SSC increases by a factor of ~4, both of which are by far the
largest relative increases for these.
Clustering results are consistent with other results, however
provide a different perspective. For example, NP in Station 3, Cu/
Cu þ NP in Stations 13 and 28, and Co þ NP, B þ NP, and Mo þ NP in
Station 28 show distinct differences in Chl-a and/or counts that are
also apparent in clustering. Notably, Cu þ NP behaviour was
different in clustering across all stations, and the behaviour,
particularly for Station 28, suggests that this treatment is causing a
rapid diminution in standing stocks (C2) with rapid new growth
(C3) thereafter. We have posited that the effect of Cu might relate to
Fe bioavailability, however, the clustering result suggests another
possibility: Cu-sensitive populations are inhibited while less Cusensitive populations obtain competitive advantage and grow
rapidly in the presence of NP. This would be consistent with
changes in assemblages seen from count data. For Station 13
Cu þ NP did not favour Microcystis, however, for Station 28 it did.
We have found only one report detailing longer-term studies on the
effect of Cu addition (Zhao et al., 2009), and this report found that
Cu does discourage cyanobacteria for a limited time, after which
cyanobacterial HAB conditions return. The question of how Cu
mediates shifts in assemblages, and whether this relates to Fe, is an
interesting topic for further study.
As our use of a data-driven approach to FCM analysis of
phytoplankton is new, we had no expectations about what we
might ﬁnd. We did not ﬁnd linkages pointing to contributions of
species/phyta. This requires “authentic” samples, posing issues in
terms of whether algal cultures are truly axenic, whether culture
collection strains are representative of in situ counterparts, and
whether the effect of distortions imposed by environmental
conditions are mimicked in authentic samples. We did ﬁnd that
the results from clustering of FCM data are in many ways in accord
with other ﬁndings for initial water quality, Chl-a changes, and
changes in phytoplankton assemblage: Station 3 represents one
endpoint in terms of initial water quality and shows the smallest
overall changes in Chl-a and phytoplankton assemblages. Station
28 is in most ways the diametric opposite, with lower initial
concentrations of most constituents analysed and having Chl-a
and phytoplankton assemblages that changed the most, and
quite variably, in response to treatment. Station 13 is intermediate
to Stations 3 and 13. Based on our results, it would be reasonable
to characterize response to treatment as what is mathematically
referred to as an initial value problem e initial water quality parameters and phytoplankton assemblages determine the trajectory of change, and a change in the status quo can potentially
result in dramatic outcomes (e.g. Cu þ NP in Station 28). Given the
high efﬁciency with which data-driven FCM can be performed, we
will pursue further studies in future to develop and better understand the utility of this approach.
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4. Conclusions
The results presented here show that MN treatment effects on
algae varied spatially and among algal groups in Taihu, with key
points being as follows:
 There is a growing body of molecular biological data (vida supra)
that documents homeostatic links between MNs (herein we
discuss Fe and Cu) and possible mechanisms of molecular control of the bioavailability of MNs. Simultaneously, there is an
emerging body of literature 1) documenting the importance of
Fe in controlling algal phytoplankton growth, and 2) propounding the use of Cu as an algal biocide. Given the strong
effects for Cu that we report here are mutually consistent
through the Chl-a, count, and FCM data, and given that we
cannot rule out a role for Fe in causing these effects, more
research into MNs and how they interact with N, P, and other
MNs should be pursued to explore new interventions for
effective management of HABs. Notably, the very nature of the
“micro” in micronutrient may hold promise as being more
amenable to intervention (for instance, to help one species
outcompete another) over regional scales.
 In view of the stimulatory effect that Cu exhibited, inclusive of
the cyanobacteria Microcystis spp., management of HABs with
Cu as an algal biocide may be inadvisable. The data in our study
are not sufﬁciently exhaustive to demonstrate that copper sulfate treatments, and the resulting copper concentrations in
treated water, have the potential to promote Microcystis growth,
however, they do lend basis for invoking the best-practice Precautionary Principle in environmental management. A better
understanding of the role of Cu in affecting algal phytoplankton
is needed before implementing its widespread use in an environment where it might stimulate growth rather than retard it.
 Results from data-driven analysis of FCM are in accord with the
Chl-a and counting data, and this approach holds promise for
development of more efﬁcient and reliable ways to investigate
growth-related changes in algal communities.
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