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A B S T R A C T   

Agricultural practices-induced pollution runoff has been widely acknowledged to be a significant source of 
nutrients fueling cyanobacterial bloom. The impact of topdressing activities on cyanobacterial bloom phenology 
(key parameters for depicting bloom process), however, has not been verified. Taking Lake Erhai, a typical 
eutrophic plateau lake, as an example, this study explored the spatio-temporal characteristics of phenological 
metrics and coverage extent for surface cyanobacterial bloom, based on phycocyanin pigment series retrieved 
from satellite and investigated the bloom responses to environmental forces. The results showed that higher 
intensity and earlier onset bloom with a larger coverage extent mainly occurred in the northern region. We 
identified three distinct cyanobacterial bloom growth patterns with large inter-annual variability in their bloom 
initiation timing (BIT). The earlier BIT is highly linked to elevated total nitrogen level and decreased wind speed. 
The bloom amplitude is mainly related to summer TN in 2003–2011, while associated with winter TN/TP ratio 
(TN, total nitrogen; TP, total phosphorus) during 2016–2019. Additionally, we found direct evidence linking 
agricultural topdressing and the BIT of a typical autumn bloom. After one week for the topdressing practice, the 
BITs lagged by approximately average 23 days, coinciding with high rainfall intensity. Our research demon-
strates the topdressing activity should be reduced through agricultural planting adjustments. High TN and TP loss 
crops should be prohibited; planting adjustments should decrease high TP loss crop plantings in response to 
regional environmental forces.   

1. Introduction 

Overuse of chemical fertilizers (e.g., nitrogen and phosphorus) in 
intensive production related to the global expansion of industrialized 
agriculture and the intensification of conventional agricultural practices 
has resulted in increased runoff and subsequently a high level of water 
pollution into aquatic ecosystems (Beman et al., 2005; Huisman et al., 
2018). This induces eutrophication and frequently occurrence of cya-
nobacterial bloom in water bodies (Guan et al., 2020; O’Neil et al., 
2012), further posing severe environmental and ecological problems for 
inland waters. 

Understanding the critical temporal points during the cyanobacteria 
growth season could uncover the workings of the bloom process, not 
merely the temporally associated bloom frequencies (Mishra et al., 
2019). The initiation date, peak timing, and amplitude of cyanobacterial 
blooms are used to define the phenology of cyanobacterial bloom 
(Palmer et al., 2015). Long-term monitoring of cyanobacterial bloom 

phenology will significantly improve our understanding of the driving 
mechanism behind these cyanobacterial blooms (Huisman et al., 2018; 
Huang et al., 2020). Moreover, this knowledge could suggest effective 
means for controlling blooms related to human impacts on the envi-
ronment (Paerl and Barnard, 2020). However, lack of long-term on-site 
measurements of cyanobacteria in traditional methods presents diffi-
culties in quantifying the cyanobacterial bloom phenology. 

Satellite remote sensing providing favorable spatial and temporal 
coverage has exhibited as an extractive tool for investigating long-term 
cyanobacterial bloom phenology (Hu et al., 2010). Previous researches 
have applied remote sensing technology to quantify cyanobacterial 
bloom phenology based on an intermediary such as floating Algal index 
(FAI), and chlorophyll-a (Chla) pigment. In particular, Chla is a uni-
versal index for all phytoplankton, while the FAI is generally to char-
acterize the intense cyanobacterial blooms or surface floating algae 
scums (Hu et al., 2010). However, little research to date has utilized 
cyanobacterial phycocyanin pigment (PC) concentration as an 
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intermediary for the quantification of cyanobacterial bloom phenology. 
PC is generally considered a diagnostic pigment for capturing cyano-
bacterial bloom (Qi et al., 2014), and a biological indicator for eutro-
phication than physiochemical indicators (nitrogen (N) or phosphorus 
(P)) which merely act as indirect indicators. Remotely sensed PC time 
series have great potential for investigating the temporal pattern of 
cyanobacteria and further qualification of cyanobacteria phenology 
(Palmer et al., 2015; Shi et al., 2019a, 2019b). As a proxy for cyano-
bacteria presence, satellite estimated PC concentration can be retrieved 
robustly using the PC index (PCI) algorithm, which is immune to dis-
turbances and is not sensitive to perturbations from submerged macro-
phytes and other floating mats in surface water (Qi et al., 2014). 
Therefore, the PCI algorithm provides a solid foundation for establishing 

long-term records of PC products and cyanobacterial bloom phenology. 
Moreover, the bloom phenology is influenced by several potential 

driving forces (Gittings et al., 2018; Yang et al., 2016; Sasaoka et al., 
2011), such as nutrient enrichment (Shi et al., 2019a, 2019b; Duan et al., 
2014) and meteorology variability (Zhang et al., 2012; Marchese et al., 
2017). Among these influential factors, the lake nutrient level plays a 
crucial role in prompting cyanobacterial growth and dominating 
phytoplankton group, and relatively responsive to human intervention 
(Shi et al., 2017; Huo et al., 2019). Topdressing fertilization activity is 
the primary human intervention especially in agricultural dominated 
areas. Inappropriate topdressing fertilization schemes (i.e., quantity and 
timing) lead to excess nutrient exports via surface runoff from sur-
rounding watersheds (Tang et al., 2012a, 2012b; Li et al., 2020). 

Fig. 1. An overview of the hydrological and watershed land cover (Finer Resolution Observation and Monitoring of Global Land Cover dataset) conditions of the 
Erhai Lake lake–floodplain system. The arrow represents the only outlet Xier River. 
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Agricultural planting in Erhai Lake Basin is the main reason for the water 
pollution of Erhai Lake (Hu et al., 2018). Lake Erhai faced with a big 
challenge stems from runoff from the fertilizers and pesticides applied to 
the surrounding farmland, and the pollution from the farmland account 
for at least 60% of the pollutants entering the lake (Guo et al., 2001). 
Even though most studies have reached a consensus that agricultural 
runoff could fuel phytoplankton bloom, especially in intensive farm 
areas, the impact of topdressing on the phytoplankton bloom phenology 
was not verified by observations. 

This study fills this gap by linking the exogenous agriculture pollu-
tion induced by topdressing and cyanobacterial bloom phenology, 
thereby providing a scientific reference for agricultural planting struc-
ture adjustment. In this study, satellite estimated PC dataset was used to 
obtain the spatio-temporal distribution of cyanobacterial bloom features 
using the Gaussian fitting model and linear unmixing model during 
2003–2011 and 2016–2019. Then, the bloom response to environmental 
factors is analyzed to uncover the driving forces of bloom dynamics. 
Finally, the impact of topdressing on bloom phenology was verified. 

2. Material and method 

2.1. Study area 

Erhai Lake (25◦57′-25◦36′N, 100◦05′-100◦17′E, Fig. 1) was selected 
as our study area, as it is a typical semi-deep plateau freshwater lake and 
the main water resource for residents of Dali city in Yunnan Province of 
Southwestern China. This lake is considered to be in the representative 
preliminary eutrophic stage (Wang et al., 2015; Shang et al., 2012). The 
lake’s total area is approximately 251 km2. Erhai Lake has an average 
annual temperature of 15.1 ◦C and exhibits significant seasonal pre-
cipitation. In 2003–2019, about 80% rainfall was in the wet season from 
May to October (also the rice-growing season). Paddy rice or maize is the 
predominant crop in summer with the growth stages from May to 
September, and cultivated commonly in rotation with winter crops 
primarily include garlic, broad beans, oilseed rape, and wheat with the 
growing season from October to April (Li et al., 2018a, 2018b). There 
are three prominent rivers flowing into the lake, contributing to 60% of 
the total water inflow in the north of Erhai Lake basin. These include the 
Miju, the Luoshi, and the Yongan Rivers (Cao et al., 2018) which carry 
large-scale agricultural pollutants (Liu et al., 2019). 

2.2. Data source and pre-processing 

This study’s primary datasets included satellite-estimated PC time 
series, field measurements involving phytoplankton species composition 
data, and auto-monitoring measurements from water quality gauges. 
Other data sets such as field sampling measurements extracted from 
Tang et al. (2012a), Tang et al. (2012b) and Liu et al. (2011), and data 
collected from statistical yearbooks dataset, meteorological gauge, and 
auxiliary monthly water environment data were also employed in this 
study. These data required preprocessing before they could be fed into 
the following analysis. 

Satellite-estimated PC concentrations over periods of 2003–2011 
and 2016–2019 were retrieved and validated based on the PCI algorithm 
according to Qi et al. (2014), using Rayleigh-corrected reflectance (Rrc) 
data. The Rrc datasets were obtained by using the Rayleigh Correction 
module embedded in Sentinel Application Platform image processor 
SNAP (version 7.1) to remove molecular (Rayleigh) scattering effects 
evident in the images collected by the Medium Resolution Instrument 
Sensor (MERIS) onboard the ENVISAT satellite (2003–2011) and Ocean 
Land Color Instrument (OLCI) on the Sentinel-3 satellite (2016–2019). 
Then, the Rrc dataset was used to calculate the PC index (PCI). The PCI is 
as follows. 

PCI = R′

rc(620) − Rrc(620) (1)  

R′

rc(620) = Rrc(560)+
620 − 560
665 − 560

*(Rrc(665) − Rrc(560)) (2) 

The PCI is constructed here as the spectral differences between local 
Rrc trough at 620 nm (diagnosed distinctive absorption peak) and 
baseline formed between Rrc(560) and Rrc(665), which has been 
demonstrated a reliable index for estimating PC pigment concentrations 
or identifying cyanobacterial bloom (Qi et al., 2014). The estimated PC 
were obtained through model development and validation based on the 
PCI method proposed by Qi et al. (2014). 

Field measurements are obtained covering different periods. Water 
samples (surface water and ditch water) measurements from four typical 
crop rotation systems in 2009 along the basins of Miju River and Luoshi 
River, which were arranged in lines from the north bank of Erhai Lake 
northwards covering all seven towns; In situ data of phytoplankton 
species composition were obtained from June to November (covering 
cyanobacteria growing season) in 2016; The daily total nitrogen (TN) 
and total phosphorus (TP) from the main inflow rivers during 
2016–2018 were obtained from auto-monitoring water quality gauges. 

Datasets were collected from statistical records compiled by gov-
ernment agencies. Yearly agricultural industry-related data in Dali City 
during 1995–2018 were derived from the statistical yearbooks of 
Yunnan Province; Daily meteorological datasets such as rainfall (Rainf, 
mm), sunshine duration (Sundur, h), wind speed (Wspd, m/s), and air 
pressure (Airprs, hPa) were sourced from the National Meteorological 
Administration of China (http://data.cma.cn) and used to calculate the 
corresponding monthly climatological data. Additionally, rainfall in-
tensity (RI, mm) is here defined as monthly maximum consecutive 5-day 
rainfall; Auxiliary monthly datasets including water temperature 
(Wtemp, ◦C), nutrient (TN and TP, mg/L) were obtained from the Bu-
reau of Erhai Protection and Administration of Dali. 

Satellite-estimated PC time series were used for the retrieval of 
phenology metrics and bloom coverage. All the monthly environmental 
forcing data were used to calculate the corresponding seasonal mean, 
sub-seasonal (early, middle, late) mean data. The seasonal and sub- 
seasonal mean data such as TN, TP, Wtemp, Rainf, RI, Sundur, Wspd 
and Airprs were all included in the multi-linear regression to account for 
their impacts on cyanobacterial bloom phenology. 

2.3. Retrieval of phenology metrics and bloom coverage 

The phenology metrics and coverage were main features for char-
acterizing cyanobacterial blooms. Fig. 2 presents a flowchart to show 
how the phenology features and coverage extent of cyanobacterial 
bloom were extracted based on the estimated in-record phycocyanin 
pigment (PC) time series derived from all segments of the entire lake. 
These include the bloom initiation timing (BIT), bloom peaking time 
(BPT), bloom amplitude (BA), bloom duration (BD) and bloom coverage. 

The primary dataset used for phenology metrics determination is the 
satellite-estimated PC concentrations. The PC concentration series were 
obtained through model development and validation based on the PCI 
algorithm defined as equation (1) and (2) using Rrc products such as Rrc 
(620), Rrc(560), and Rrc(665), which are obtained by a preprocessing 
procedure followed by the approach described in Qi et al. (2014). These 
PC time series were then used for the preprocessing procedure. 

The binning and filtering procedure reduces the effect of outliers at 
an appropriate temporal resolution for describing the bloom phenology. 
An 8-day composite PC time series was created by binning and median 
averaging in a preprocessing step for phenological metrics extraction in 
view of the limited amount of valid satellite data. Then, the resulting 8- 
day binned data are filtered using the Savizky-Golay approach (Palmer 
et al., 2015). The cyanobacterial bloom with higher amplitude and 
longer duration in the annual cycle is considered as the criteria for 
determining the primary bloom. 

A Gaussian fitting procedure for extracting primary bloom pheno-
logical metrics was performed. Given the condition that secondary 
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bloom may occur in addition to primary bloom in an annual period, a 
two-peak Gaussian function (Eq. (3)) for describing two-peak charac-
teristics of the annual bloom was fitted to the filtered composite PC 
dataset and subsequently, the baseline of phenological metrics for the 
primary bloom was extracted. To increase the goodness of the pheno-
logical fitting procedure, the baseline of metrics from the identified 
primary bloom was then taken as initiation parameters for further 
adjusted Gaussian fitting (Eq. (4)) based on the algorithm proposed by 
Park et al. (2019). The best-fitted parameters were finally obtained using 
the least-squares method through the iterated procedure. 

C(x) = C0 +
∑2

i=1
hi × exp(

− (x − tpi)
2

2σ2
i

) (3)  

C(x) = C0 + h × exp(
− (x − tp)

2

2σ2 )+
d

1 + exp(− (x− tp)
2σ )

(4) 

In these two equations, C0 is the background PC concentration 
(baseline PC level determined by the fitted function), h is the BA, which 
is the highest value of PC during the bloom event, tp is the BPT (Date at 
which the PC reaches its maximum value), σ is the bloom width, x is the 
time step and d represents the residual PC concentration. 

The BIT was determined from the fitted PC time series using two 
groups of methods. A threshold method and inflection point detection 
method were applied (Wang et al., 2019). For a dynamic threshold 
method, BITDT or ti (Eq. (5)) was identified as the date when the fitted 
function reaches a specific percentage 50% of the annual maximum 
amplitude, similar to the relative threshold method of Zhai et al. (2011). 
Another approach for inflection point detection in the smoothed annual 
PC time series curve was also adopted to determine the BIT from the 
annual PC series. For the curvature method, the BITIP is defined as when 
the rate of change in PC curvature reached the local maximum, given 
that rapid and excessive cyanobacterial growth is commonly referred to 
as a ‘bloom’. The average of the above two BITs was considered as the 
robust BIT when the difference is below 20 days. 

ti = tp − 1.17σ (5) 

The BD is defined as the period from initiation to when the PC 
concentration change decreases to 50% of the amplitude, equivalent to 
twice the difference between BIT and BPT. Moreover, the bloom in-
tensity map was obtained by calculating the ratio of the BA and its 
corresponding BD in a pixel-by-pixel procedure. 

Apart from the phenological feature extraction approach, partial- 
pixel cyanobacteria coverage was determined based on a long-term 
estimated PC dataset using a linear unmixing algorithm. The method 
proposed by Hu et al. (2010) was employed given the linear design of 
PCI facilitates pixel unmixing. The preprocessing step for the unmixing 
algorithm determines the threshold for non-algal and full algal pixels. 
However, little research has taken a PC range for classifying the bloom 
level. Here, bloom thresholds were determined according to an empir-
ical logarithm and piece-wise linear relationship between satellite esti-
mated PC and in situ cyanobacteria biomass and cell density proportion 
among available matchups derived from water samples (N = 28). Spe-
cifically, as shown in Fig. S1, PC’s ability to indicate cyanobacteria 
abundance proportion is reduced as the proportion of cyanobacteria 
abundance becomes saturated with PCs. Additionally, cyanobacteria 
comprising more than 80% of phytoplankton cell density were consid-
ered dominant cyanobacteria (Orr et al., 2010). Thus, when cyanobac-
teria constitute more than 80% of the phytoplankton cell density (above 
41ug/L by PC level), this PC level is considered a threshold for sparse 
bloom. Meanwhile, the dense bloom threshold by PC level is defined as 
334ug/L with 100% cyanobacterial biomass proportion. 

Therefore, we took the PC value of pixel (PCpixel) below 41ug/L and 
above 334ug/L as the threshold of the nonalgal pixel (PCSparse

th ) and full 
algal pixel (PCDense

th ), respectively. In between PCSparse
th and PCDense

th , PCpixel 

is normalized to obtain the ratio of partial coverage for the corre-
sponding mixed pixel (αpixel) as follow. 

αpixel = (PCpixel − PCSparse
th )/(PCDense

th − PCSparse
th ) (6) 

As such, the corresponding coverage can be obtained by a pixel’s 

Fig. 2. Flowchart to reveal each step of the approach presented in this study. Note that BIT, BPT, BD, and BA correspond to bloom initiation timing, bloom peaking 
time, bloom duration, and bloom amplitude. 
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coverage (0.09 km2) multiplied by αpixel. When the pixel PC value is more 
than PCdensebloom, the cyanobacteria coverage is considered as 0.09 km2. 
The whole coverage in each image is obtained by summing all the 
coverage for each available pixel. 

3. Results 

3.1. Spatio-temporal characteristics of phenological metrics and coverage 
extension 

Lake Erhai shows distinct spatial and temporal heterogeneity for the 
bloom phenology metrics (i.e., BIT and BA), especially in the northern 
lake. As shown in Fig. 3, the average BIT in the northern region was nine 
days earlier than the BIT for the entire lake. The BIT in the entire lake 
ranged from 179 to 327 according to the day of the year (DoY), with 
annual average BIT of 246. The average BIT in the entire lake was nearly 
the same as the average BIT in the central or southern lake. The highest 
BA was observed in the north region, followed by the central and south 
areas. As listed in Table1, the top three high BA value ranked in order of 
decreasing priority occurring in 2003, 2006 and 2008, with the mean 
value of 1419.76 μgL− 1, while the top three low value ranked in the 
same order occurring in 2018, 2005 and 2010, with the average value of 
16.86 μgL− 1. No temporal trend was observed during 2003–2011 in the 
annual mean BA, while in 2016–2019 the annual average BA showed a 
weak declining trend. Specifically, the BA decreased apparently from 
2016 (139.2ug/L) to 2018 (21.8ug/L), and rebounded 2.5 times higher 
in 2019 than that in 2018. The summertime BA over the period 
2016–2019 remained low as compared to the other seasons (Fig. 3). 

Apart from analyzing the magnitude of the BA in the inter-annual 
blooms, all the annual cyanobacteria growth cycles can be grouped 
into three dominant seasonal cycles such as ‘Early Peak’, ‘Late Peak’, 
and ‘Winter Max’, by normalizing 52 annual PC time series derived from 
different regions (Fig. 4). As shown in Fig. 4a, the seasonal cycle char-
acterized by an early-season peak, with the PC value increasing from 
May and decreasing from its peak in June or July to a minimum in 
October, was labeled ‘Early Peak’ (average BIT reaching DoY 173). 
Specifically, the blooms occurring in 2003 and 2006 belong to the ‘Early 
Peak’ group with the highest average BA up to 1162.6ug/L and shortest 
BD reaching 62 days. The ‘Late Peak’ seasonal cycle (average BIT 
reaching DoY 173) is characterized by a summer PC minimum, then a 
longer, late summer or early autumn elevated period from July through 
October (Fig. 4b). As displayed in Fig. 4c, the seasonal cycle charac-
terized by a weak summer PC maximum for a short period and distinct 
elevated levels in late autumn, then to its peak in early winter was 
denoted as ‘Winter Max’, with BIT reaching DoY 319. For example, the 
blooms occurring in 2016 and 2017 were grouped to the ‘Winter Max’ 
mode, with higher BA and shorter BD than the ‘Late Peak’ mode. These 
results suggest that about 70 percent of all annual PC fitting time series 
were labeled as the ‘Lake Peak’ mode or typical autumn bloom pattern, 
while the ‘Early Peak’ and ‘Winter Max’ mode accounted for comparably 
about 15% of the total. Thus, the ‘Lake Peak’ mode appears the primary 
cyanobacteria growth periods, whereas other modes seem to result from 
inter-annual environmental changes. 

The spatial heterogeneity of bloom coverage in regions is similar to 
the BA’s spatial heterogeneity, with the highest bloom coverage 
observed in the north region, followed by central and south areas 

Fig. 3. Seasonal and inter-annual trends in MERIS/OLCI derived 8-day composite images of PC concentrations averaged by each region for 2003–2011 and 
2016–2019, and the corresponding BITs (dotted line) derived from Gaussian curve fit. 
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(Fig. 5). As shown in Table1, during 2003–2011, the average bloom 
coverage area was 207.4 km2 for BA ≥ 420 μgL− 1. Specifically, large 
summer blooms occurred in July 2003 and August 2006 with the 
maximum coverage extent of 233.7 and 181.0 km2, respectively. In 
contrast, in 2016–2019, a widespread reduction in the spatial extent was 

particularly apparent with a trough occurring in 2018 (the maximum 
area of 14.4 km2) in the growing season, and bloom coverage increased 
slightly in 2019 with a maximum of 56.4 km2. In particular, winter 
bloom coverage reached about 163.9 and 125.9 km2 occurring in 
December 2016 and 2017 (Table1). Meanwhile, the typical autumn 
bloom coverage has an average value of 49.7 ± 38.8 km2. 

Detailed spatial and temporal differences of the BIT and bloom in-
tensity were shown in Fig. 6. In 2003 and 2006, the bloom occurrence 
was earliest with the average DoY 174 ± 9 and showed consistent spatial 
variation (Fig. 6a), along with the most extensive bloom coverage of 
207.4 km2 in the entire lake. In contrast, the entire lake experienced a 
distinct delayed BIT in 2016 and 2017 except for the northern area. 
Fig. 6b shows that the strongest bloom intensity was observed in the 
northern and central regions of Lake Erhai in 2003 (35.7 μgL− 1day− 1) 
and 2006 (3.0 μgL− 1day− 1). Overall, these blooms showed earlier onset 
and stronger intensity in the northern lake than other parts of the lake. In 
addition, the observed bloom intensity pattern was found to be consis-
tent with the spatial distribution of nutrient sources obtained by Li et al. 
(2018a), Li et al. (2018b) and Li et al. (2020). Thus, the northern lake 
turns out to be an ideal location for cyanobacterial blooms owing to the 
effect of the surrounding agricultural activities. 

3.2. Cyanobacterial bloom phenology linked with meteorological factors 
and lake water quality 

A strengthened summer TN and weakened autumn Wspd signifi-
cantly lead to an earlier onset of the blooms in the period 2003–2011. As 
shown in Fig. 7a, the years 2003, 2006 marked by the earlier BIT in 
2003–2011. The regression results for the BIT showed that early summer 
TN and early autumn Wspd were the primary contributors explaining 
87% of the inter-annual variation in BIT (p < 0.01; Table 2, Fig. 7b). It 
was clear that the BIT was delayed in the period 2003–2011 when 
summer TN decreased and autumn Wspd increased simultaneously. 
According to this relationship, the impact of the TN and Wspd on the BIT 
was quantitatively estimated, considering their contribution and vari-
ability, as presented in Fig. 7c. The BIT was delayed by about 91 days in 
2007 as compared to the BIT in 2006, while the bloom occurred around 
43 days later in 2004 than in 2003. The decrease of TN in 2006–2007 is 
similar to that in 2003–2004, which is 0.23 and 0.24 mg/L, respectively. 
In contrast, the increase of Wspd (0.2 m/s) in 2006–2007 was four times 
that in 2003–2004 (0.05 m/s). The decrease in the combined effect of 
the TN and Wspd during 2006–2007 was just half than that during 
2003–2004. These results show that although the wind speed increased 
greatly and TN decreased little between the two periods, the joint 
interpretation of TN and Wspd decreased not that much because TN 
alone could account for 60% of the variability of BITs. 

In contrast, low late summer Wspd significantly leads to earlier 
cyanobacterial bloom onset for period 2016–2019 based on the 

Table 1 
Phenology metrics extracted using the adjusted Gaussian fitting.  

Period C0(μg/L) d(μg/L)  h(μg/L)  σ(days)  ti(days)  tp(days)  R2 RMSE (μg/L) BD (days) BC (km2) 

2003  18.81 − 10.62  3633.77 25 07/28(181) 06/30(209)  0.93  201.18 56  233.73 
2004  30.84 11.23  84.19 27 09/11(224) 08/11(255)  0.60  15.57 62  45.33 
2005  26.32 − 18.58  18.80 54 10/26(239) 08/27(299)  0.85  1.89 120  1.74 
2006  4.99 50.54  419.70 34 07/30(172) 06/21(211)  0.98  22.14 78  181.03 
2007  36.49 − 28.28  62.10 41 11/05(263) 09/20(309)  0.96  3.79 92  52.29 
2008  25.35 6.88  205.80 34 09/25(231) 08/18(269)  0.98  10.41 76  87.93 
2009  22.20 34.91  68.78 38 09/10(210) 07/29(253)  0.96  5.65 86  60.41 
2010  27.97 − 4.89  10.02 65 10/04(206) 07/25(277)  0.53  3.10 142  7.76 
2011  28.54 − 8.51  92.16 29 09/02(212) 07/31(245)  0.92  8.26 66  121.26 
2016  50.51 − 20.37  139.22 32 12/26(325) 11/20(361)  0.95  10.05 72  163.93 
2017  33.59 0.42  83.37 45 12/06(289) 10/16(340)  0.90  9.81 102  125.94 
2018  32.88 3.61  21.76 26 11/05(280) 10/07(309)  0.84  3.48 58  14.37 
2019  30.16 24.37  53.75 38 10/06(236) 08/24(279)  0.93  6.16 86  56.42 

Note: C0: initial PC concentration, h: BA, σ: bloom width, ti: BIT tp: BPT, BD: bloom duration) in Northern Lake and maximum bloom coverage (BC) in the growing 
season for Entire Lake. 

Fig. 4. Mean cyanobacteria seasonal cycles within the three groups defined by 
the individual annual cycles, representing phenological stages of the main 
cyanobacteria growth period. (a) ‘Early Peak’ (b) ‘Late Peak’ (c) ‘Winter Max’. 
Note that the background PC concentration is denoted as Co and the bloom 
amplitude is denoted as h. 
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regression result. As shown in Fig. 7d and Fig. 7e, an advance trend of 
the bloom was noticeable with reduced Wspd (~− 30 days year− 1, p <
0.05). The linear regression for the BIT shows that late summer Wspd 
explained up to 93.5% of the observed total variation in the BIT (p <
0.05; Table 2, Fig. 7f). Indeed, low wind speed plays a prerequisite role 
in forming cyanobacteria surface cyanobacteria aggregation, especially 
when the wind speed is <3–4 m/s (Zhang et al., 2012). The effect of 
wind speed on bloom phenology is also revealed by Zhang et al. (2012) 
and Shi et al. (2019a), Shi et al. (2019b) that low wind speed could 
advance cyanobacterial bloom in Lake Taihu. 

The inter-annual BIT variances were grouped according to the bloom 
type to explore their seasonal responses to potential environmental 
factors. As presented in Fig. 8, the Wtemp and Sundur exhibit a distinct 
correlation with the BIT variance. This indicates that the BIT was 
delayed significantly with the decrease in late summer sunshine hours (r 
= − 0.76, p < 0.05) and with the warmer water temperature in early 
autumn (r = 0.71) (Fig. 8). In particular, the negative relation between 
the BIT and sunshine hours was also found by Zhang et al. (2012), 
indicating that elevated light duration promotes cyanobacteria domi-
nance. Also, the results suggest that blooms occurring in summer 
generally witnessed lower early autumn Wtemp, while blooms occurring 
in winter were subject to a higher early autumn Wtemp in the Lake Erhai 
area. Especially for bloom occurrence in winter, cyanobacterial bloom 
onset in winter is related to the increase in water temperature (Trom-
betta et al., 2019). 

The regression result for the bloom amplitude (BA) and environ-
mental factors suggests that the TN appears to be the primary nutrient 
fueling the bloom in 2003–2011, while TN/TP ratio became the main 

factor prompting the bloom in 2016–2019. For instance, as for the BA in 
2003–2011, the summer TN and rainfall intensity (RI) explained 61.9% 
and 24.7% of the BA variation (p < 0.01; Table 2), indicating that the 
enhanced amplitude is significantly correlated with both increased 
summer TN and RI. Moreover, cyanobacterial species without N-fixing 
ability (i.e., microcystis) were found to generally dominate in summer 
and autumn and form the bloom (Yu et al., 2014). In addition, the in-
crease in TN level is likely to induce cyanobacterial bloom. Therefore, 
the relationship between TN and the BA in 2003–2011 has more to do 
with the rising TN driving increased cyanobacterial bloom rather than 
the N-fixing cyanobacteria (i.e., Anabaena) producing a large amount of 
TN by fixing nitrogen in the atmosphere. In contrast, winter TN/TP ratio 
in 2016–2019 accounted for 91.3% of the BA variations and is negative 
with bloom amplitude, suggesting bloom amplitude tended to increase 
when TN/TP decreases. 

3.3. Nutrient (N and P) effects of agricultural activities in Erhai lake 
basin 

Crops vary in their N and P fertilizer rate owing to their unique 
fertilizer requirements. For instance, as shown in Fig. 9a, crop garlic 
exhibits the highest N application rate, followed by maize, while broad 
bean shows the highest P application rate. Meanwhile, in the northern 
lake basin, the three crops displayed higher sown areas than other crops 
with an average of 4004 hm2, following rice which covered the largest 
extent. Thus, crops such as garlic, broad bean, and maize contributed to 
a higher risk of N and P loss. 

Inter-annual variability of agricultural activities is shown in Fig. 9b, 

Fig. 5. Monthly coverage areas of cyanobacterial bloom for the entire lake and each segment for 2003–2011 and 2016–2019.  
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by depicting fertilizer amount and sown area for crop planting. As for 
the long-term fertilizer N and P application in Dali city, a distinct 
reduction occurred in 2018 following a slowly decreasing trend from 
2013 to 2017, resulting from the strict control of external nutrient 
loadings. With regards to the sown area for crop planting, garlic culti-
vation was banned in the whole basin in 2018, and the beans rotated 
together with garlic decreased by 24.0% in the same year. In contrast, an 
abrupt increase in maize sown area of 15.6% was observed in 2018, 
followed by an increasing trend from 2009 to 2017. Additionally, the 
vegetable sown area in Dali city presented a significant increasing trend 
by 2129.1 tons year− 1 (p < 0.001) from 2011 to 2018. In particular, N 
and P fertilizer application rates of leaf vegetables in Dali are up to 1200 
and 1500 kg/hm2 (Sun et al., 2016). Also, agricultural nonpoint source 
pollution mainly results from TN and TP runoff in garlic and maize lands 
across the northern area of Erhai Lake (Cheng et al., 2010). Accordingly, 

apart from garlic cultivation, other crops such as maize with high N 
fertilizer use, broad bean with high P use, and vegetable planting with 
high N and P fertilization should also be considered. 

Interestingly, during 2016–2019, the bloom amplitude trough in 
2018 was observed and was in coincidence with strict implemented 
policy for agricultural planting structure adjustment represented by the 
ban on garlic cultivation in the whole basin, the rotation systems of 
which has been demonstrated to result in highest N loss and higher P loss 
than other rotations (Tang et al., 2012a, 2012b; Li et al., 2018a, 2018b). 

3.4. Impact of topdressing activities on the phenological characteristics of 
cyanobacterial bloom 

3.4.1. Nutrient state of three inflowing tributaries and lake Erhai 
There exists a decreasing trend in nutrients (TN and TP) of the three 

Fig. 6. Spatial distribution of annual bloom characteristics during 2003–2011 and 2016–2019. (a) BIT (mean ± stdv) (b) bloom intensity (mean ± stdv).  
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tributaries during Jun 2016 and Jun 2019. As shown in the upper panel 
of Fig. 10a, both the TN and TP levels of the Miju River (the largest 
inflow of lake) exhibited a slight decrease trend. A decreasing trend in 
TP level was both observed in Luoshi and Yongan River. Meanwhile, a 
marked decreasing trend in the TN level of Yongan River was observed, 
while the Luoshi River showed a significant increasing trend in TN level 
(Fig. 10a, lower and middle panel). 

The distinct inter-annual and seasonal variability in TN and TP levels 
were observed in Lake Erhai (Fig. 10b). The annual mean TP level 
exhibited an apparent decrease trend in 2016–2019. The 2003–2019 TP 
time series showed that the TP level in summer and autumn was about 
1.57 times higher than other seasons (Fig. 10b, upper panel). Specif-
ically for the period 2016–2018, TP level in autumn and winter 
decreased significantly. In contrast, in 2003 and 2006, two peaks of the 
TN level were observed simultaneously in summer and autumn, while 
the TN level decreased progressively and remained at a relatively stable 

level of around 0.5 mg/L in all seasons after 2010, although the TN level 
was elevated a bit in autumn during 2016–2019 (Fig. 10b, middle 
panel). In general, the combined results for the nutrient state of lake and 
bloom dynamics indicate that summer bloom was alleviated through 
reasonable control of the TN level in Lake Erhai. Meanwhile, during 
2016–2018, there was a decreasing trend in autumn and winter TP. This 
decrease in the TP level in autumn and winter alleviated the bloom in 
2018 based on the link between winter TN/TP and the bloom amplitude. 
The autumn TP level increased once again in 2019 and probably resulted 
in a bit larger bloom in the autumn of 2019. 

These results suggest that Lake Erhai is generally co-limited by N and 
P in summer and autumn, while limited by P in winter and spring. As 
shown in the lower panel of Fig. 10b, Lake Erhai generally exhibited N +
P co-limitation in the summer and autumn, while it showed P only 
limitation mostly in winter and spring season following the TN/TP ratio 
criteria as proposed by Qin et al. (2020) for indicating potential lake 

Fig. 6. (continued). 
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nutrient limitation. In particular, the summer and autumn seasons are in 
the rainy season, covering May to October. In this period, rice cropping 
was the primary agricultural activity in the Lake Erhai basin, and the 
fertilization application in this hot period of cropping contributes to the 
plenty of N and P runoff losses from intensive agricultural watersheds 
due to the synchrony between extreme rainfall and fertilization events, 
especially topdressing activities. Thus, Lake Erhai appears to limited by 
the fertilizer application induced nutrient runoff during cropping in the 
summer and autumn seasons. 

3.4.2. Relationship between topdressing and phenological metrics 
As shown in Fig. 11a, garlic-rice and broad bean-rice planting modes 

were major crop rotation systems in the northern watershed of Erhai 
Lake, suffering from the maximum amount of runoff TN losses and TP 
losses at 17.82 kg/hm2 and 3.26 kg/hm2, respectively. Then, garlic-rice 
rotation produces most runoff TN losses and relatively high TP losses. 
Owing to the positive relationship between nutrient N loss in farmland 
with fertilizer application amount (Li et al., 2018a, 2018b), the amount 
of chemical fertilizer application was the highest during the garlic-rice 
rotation. 

The effect of the topdressing application on the TN and TP levels in 
the surface and ditch water of farmland is revealed during the second 
primary topdressing period from July 10th to July 15 in 2009 (Fig. 11b). 
A substantial increase of 74% in TP and 35% in TN was observed in 
cropland’s surface water on the just beginning date (July 10th) of 

Fig. 7. Interannual variabilities in (a) The 
observed BIT (b) Early summer TN and early 
autumn Wspd during 2003–2011. (c) The time 
series of the observed BIT changes and the com-
bined effect of TN and wind speed (Wspd). The 
vertical axis on the left represents the year-to- 
year differences in the observed BIT. The verti-
cal axis on the right represents the ratio of the 
normalized values of TN and Wspd (i.e., 0.60×
normalized TN + 0.27× normalized Wspd), 
showing the effect of both predictors quantita-
tively simultaneously. (d)-(e) the modeled BIT 
and late summer Wspd during 2016–2019. (f) 
The time series of the observed BIT changes and 
the effect of late summer Wspd.   

Table 2 
The results of multilinear (Linear) regression for primary bloom phenology features over 2003–2011 and 2016–2019.  

Period Feature Predictor Standardized Coefficients t statistic  VIF Relative contribution (%) R2 RMSE p value  

2003–2011 Amplitude Summer TN  0.58  3.55*  1.18  61.92 0.87 497.4 (μg/L) ** 
Summer RI  0.54  3.33*  1.18  24.7    

BIT early Summer TN  − 0.68  − 4.52**  1.03  59.9 0.87 11.83 (days) ** 
early Autumn Wspd  0.53  3.49*  1.03  26.86 

2016–2019 Amplitude Winter TN/TP ratio  − 0.96  14.83*   91.29 0.91 18.04 (μg/L) * 
BIT late Summer Wspd  0.97  5.36*   93.50 0.93 11.43 (days) * 

Note: The P-value is denoted as * (P < 0.05), ** (P < 0.01), and ***(P < 0.001); A variance inflation factor (VIF) value over 10 is a clear signal of multicollinearity. 

Fig. 8. Correlation between environmental variables involving Wtemp, Sun-
dur, and the BIT variance. Note that water temperature is denoted as Wtemp 
and sunshine duration is denoted as Sundur; All the potential environmental 
variables and the BIT variance were normalized before the correlation analysis. 
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topdressing fertilization. About a week later than the ending date of this 
topdressing period, the TN and TP levels in ditch water reached their 
peak at 5.83 mg/L (a four-fold increase) and 0.32 mg/L (a five-fold in-
crease) on July 21th. This was the time of the ditch nutrient peak when 
the rainfall reached 42.8 mm. Notably, a one-week window (seven days 
after fertilizer application) for each topdressing range is also optimal in 

this study, consistent with (Cui et al., 2020) and (Xue et al., 2014). The 
results suggested that surface water in cropland overflows into the 
surrounding ditches (acting as the major pathway of farmland surface 
runoff) through surface runoff after a certain amount of rainfall (rainfall 
reached 30 mm/d). Thus, nutrients increase in surface water of farmland 
and afterward in ditch water is primarily due to the amount of chemical 

Fig. 9. The crops sown area and fertilizer application (a) The crops sown area in the year 2008 and fertilizer amount in northern lake basin obtained from Liu et al. 
(2011). (b) The sown area of four main crops selected with an average area of more than 30 thousand hm2 and fertilizer amount (1995–2018) in Dali city. 

Fig. 10. Nutrient status in inflowing tributaries and surface lake (a) Monthly average nutrients TP and TN concentrations from three major tributaries including 
Miju, Luoshi, and Yongan River. The annotations “↑” and “↓” represent statistically significant increasing and decreasing trends, respectively, from June 2016 to June 
2019. The P-value for the linear trend is denoted as * (P < 0.05) and ** (P < 0.01) (b) Temporal variations in the average nutrients involving TN, TP, TN/TP ratio in 
Erhai Lake during the period 2003–2019. 
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fertilizer application in the topdressing practices. Moreover, the timing 
of topdressing application turns out to be the critical period of nutrient 
runoff losses, especially at the critical growth stages of rice crop. 

The synchrony between topdressing fertilization and extreme rain-
fall events indicates the high probability of N and P runoff happened 
during the fertilization period, providing sufficient nutrients for cya-
nobacterial bloom occurrence. With the introduction of satellite esti-
mated PC time series in 2009, the effect of the topdressing application on 
cyanobacterial bloom phenology is revealed in Fig. 11c. The BIT of this 
typical autumn bloom was July 29 th, about eight days later following 
the ditch nutrient peak timing. This nutrient peak timing in ditch water 
was just the end of the one-week window before which the nearest 
topdressing event is finished, indicating the risk period of runoff TN and 
TP losses. The BPT occurred on September 10th, nine days later than the 
end of the third topdressing range. In particular, during the three 
topdressing periods from the earliest May 25th to August 20th, the days 
with rainfall more than 30 mm/d lasted for a week. The maximum 
rainfall value was 87.6 mm/d occurring on August 13th. As such, given 
the coincidence of such massive rainfall events, especially shortly after 
the topdressing activities, any remaining excess nutrients in surface 
water of farmland after the topdressing application entered into ditches 
from the ridge of field and produced runoff, then feed into nearby river 
channels (Miju River or Luoshi River), and finally directly flooded into 
the northern lake, providing sufficient nutrients for cyanobacteria 
growth, resulting in a rapid increase in the PC concentrations sur-
rounding the corresponding inlet. 

Further, we calculated the time lag for each BIT with ditch nutrient 
peak timing induced from the nearest topdressing event in the whole 
study period, and the distribution of time lag was presented in Fig. 12, 
with an average of 23 ± 18 days. The BITs for summer bloom occurring 
in 2003 and 2006 are close to the first primary topdressing range, 
indicating that the topdressing event from May 25th to June 10 provided 

a nutrient basis for summer bloom. By contrast, the time lags for winter 
blooms occurrence in 2016 and 2017 were relatively larger with the 
value 38 and 74, respectively. In particular, most BITs of autumn bloom 
were observed occurring close to the second topdressing period. Addi-
tionally, the time lag in the whole period was significantly positively 
correlated with autumn water temperature (r = 0.6, p < 0.05). 

Fig. 11. The link between topdressing and BIT (a) 
Runoff TN and TP losses under four major planting 
modes (b) Surface water TN and TP of farmland 
and ditch water TN and TP sampled in the rice- 
growing season by in-field survey conducted in 
2009. Three primary topdressing periods (from 
May 25th to June 10th, from July 10th to July 
15th, from August 20th to September 1th) were 
obtained from household survey of fertilizer con-
ducted by Tang et al.2012. (c) Relationship be-
tween satellites estimated PC concentrations and 
rainfall levels in 2009.   

Fig. 12. The impact of long-term topdressing activities on phenological metrics 
(a) Links between phenological metrics (BIT, BPT) covering the whole periods 
and the primary topdressing ranges. (b) Histogram for time lags with dashed 
line represents its mean value. 
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4. Discussion 

4.1. Implications for environment protection in Lake Erhai 

Our research shows a link between fertilizer topdressing application 
and cyanobacterial blooms. For example, a sharp drop in fertilizer 
application was highly associated with alleviated bloom in 2018. As 
such, mitigation strategies for addressing the ongoing challenge could 
be drawn from this link, as other researchers have indicated. Source 
control strategy aiming to reduce excess fertilizer N and P application is 
preferred for agricultural runoff pollution control (Zou et al., 2019; Xia 
et al., 2020). Accordingly, we concur that the first and foremost strategy 
to mitigate bloom occurrences in Lake Erhai should focus on reducing 
the amount and the frequency of fertilizer topdressing. 

It can be inferred from the results of this study that a reduction in 
nutrient runoff could be realized by several approaches, such as 
reducing the application rate of applied fertilizer on a specific area of 
cropland or switching land allocation from a fertilizer-intensive crop to a 
fertilizer-saving crop. Indeed, switching land allocation is an effective 
method to optimize a reasonable planting structure and avoid high 
fertilizer input. For example, a shift from cultivating staple food crops 
requiring high-fertilizer to preferentially cultivating crops such as 
flowers, rapes, medicinal materials, and other crops with higher profits 
for producers and smaller amounts of fertilizer additions is necessary. 

From the perspective of external pollution control, banning garlic 
planting in the whole watershed in 2018 could reduce the loss of large 
amount N. Although there was an unexpected increase in the TN level of 
Lake Erhai occurring in 2018, the TN level observed in the lake has 
remained at a constant low level owing to the consistent control strat-
egy, which results in little influence on the occurrence of cyanobacteria 
bloom. Much efforts have been made to reduce high N export, and it 
turns out that high N export needs to be prohibited. However, the TP 
level has not been controlled. More importantly, the TP level has been 
demonstrated to be the primary driver for cyanobacterial bloom in Lake 
Erhai in recent years. Therefore, our results suggest the need to reduce 
conventional P fertilizer application in crop production regions, and 
high P loss crops in rotation crop systems (i.e., broad bean, wheat) 
should be considered. Strictly bans stimulate adjustment of planting 
structure, which in turn affects fertilizer use. In particular, typical 
fertilizer-intensive crops, including maize and leaf vegetables, are 
increasingly cultivated over wider areas of land in the study area. Under 
such a cultivation trend, the P management strategy should be 
strengthened. The consistent suggestion could also be found in Fan et al 
(2020). 

4.2. Uncertainty and limitations 

The mutation feature of bloom in a shorter period observed by sat-
ellite would bring uncertainty in PC time series analysis procedures such 
as 8-day PC composition and the Savizky-Golay approach. Although 
MERIS/OLCI provides an ideally revisit time of three days at the equator 
in cloud-free conditions, the actual temporal resolution of available 
image series in this research is limited with an average of 4.7 ± 4.8 days 
owing to contaminations such as high cloud cover. In addition, a uni-
form number of images per year are required for time series analysis. For 
this reason, the eight days was selected as the temporal resolution, and 
8-day composite series were subsequently generated when more than 
one observation per 8-day bin was available in this study area, although 
composite median averaging would bring information loss and could not 
capture short-term blooms. Moreover, it would take about seven days for 
the cyanobacterial biomass to double and dominated the phytoplankton 
groups with a slow-growing rate of 0.1d− 1 (Wynne et al., 2010). 
Therefore, 8-day PC composition is sufficient to capture the cyano-
bacterial bloom phenology (seasonal trend) in the growing stages of 
surface cyanobacteria. 

The Savizky-Golay smoothing procedure would filter out the high 

frequency ‘noise’ induced by the occurrence of short-term bloom 
throughout the annual cycle for cyanobacteria growth, resulting in a 
negative impact on the Gaussian fitting process for phenology metrics 
extracting. However, our results suggest that though the bloom ampli-
tude varied in the seasonal and inter-annual scale, distinct seasonal 
blooms with relatively high signal–noise ratio have been frequently 
observed in this eutrophic lake since 2003. Thus, the smoothing pro-
cedure filtering the short-term bloom would have little impact on cya-
nobacterial blooms with a relatively high signal–noise ratio. Moreover, 
the importance of observational noise would be weaker in areas with 
high bloom amplitude but more significant in regions with low seasonal 
bloom amplitude versus noise level (Ferreira et al., 2014). Therefore, the 
uncertainty brought by Savizky-Golay approach would not have much 
impact on the results. 

5. Conclusions 

In this study, cyanobacterial bloom phenology and its responses to 
environmental forces were explored in Lake Erhai. We explored the 
spatio-temporal characteristics of phenological metrics and coverage 
extent for surface cyanobacterial bloom, based on 13-year phycocyanin 
pigment series retrieved from satellite using Gaussian fitting and linear 
unmixing models during period 2003–2011 and 2016–2019. The result 
indicates that high intensity and early onset bloom were identified with 
a large coverage extent in the north lake, showing three dominant 
growth patterns such as ‘Early Peak’, ‘Late Peak’, and ‘Winter Max’ 
mode. This exploration of bloom phenology responses to environmental 
forces shows that the TN and TP were found to the most impacts on 
bloom amplitude. Moreover, elevated early summer TN and weakened 
early autumn wind speeds contributed to early-onset bloom in 
2003–2011, while reduced late summer wind speed led to earlier BIT in 
2016–2019. Fluctuating TP level fueled the blooms over the period 
2016–2019, occurring primarily in autumn and winter as the TN level 
was stable and under effective control. 

Evidence for the impact of fertilizer topdressing application on 
cyanobacterial bloom phenology in the northern watersheds was 
observed, indicating that given the coincidence of such massive rainfall 
events, especially shortly after the topdressing activities, any remaining 
excess nutrients in surface water of farmland after the topdressing 
application entered into ditches from the ridge of field and produced 
runoff, then feed into nearby river channels and finally provide suffi-
cient nutrient for cyanobacteria growth in the receiving lake. Moreover, 
in coincidence with high rainfall intensity, the BITs lagged by approxi-
mately an average of 23 days behind a one-week window for the 
topdressing practice. 

The results of this research have implications for the protection of 
Lake Erhai. As part of agricultural planting structure adjustment im-
plements, strict bans on garlic cultivation in the whole basin indeed 
positively alleviated cyanobacterial bloom by reducing the topdressing 
fertilization. Moreover, adjustment of planting structure turns out to be 
an effective measure for reducing fertilizer topdressings. Since TN 
pollution has been under control, crops such as leaf vegetables and 
wheat with high TP loss should be reduced or eliminated. Our research 
verified the link between topdressing and cyanobacterial bloom in such 
a typical early eutrophication plateau lake. This would help guide for 
agricultural transformation from traditional planting towards more 
economically and environmentally friendly practices. Similar work for 
reducing topdressing activities during sensitive periods for cyano-
bacterial bloom and optimizing planting structure could also be imple-
mented in other agricultural planting dominated areas. 
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