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Abstract: Algal blooms caused by eutrophication are a major global problem, and the monitoring
and prediction of algal densities in lakes are important indicators of eutrophication management.
However, the reliability of the commonly used chlorophyll-a (Chl-a) to characterize phytoplankton
density in lake environments needs to be further investigated. In this paper, we sampled and
analyzed 365 samples from nine plateau lakes in Yunnan Province during the dry and rainy seasons.
The Chl-a data measured by the laboratory spectrophotometric method and the portable YSI multi-
parameter water quality meter (YSI) directly used in the field were compared, and regression analysis
and correlation analysis with phytoplankton density were performed. Most of the Chl-a values
measured by the laboratory instrument were greater than those measured by the YSI, and the
correlation between the two methods was weak (0.492, p < 0.001). The correlation between Chl-a
and phytoplankton density measured by the YSI reached 0.67 (p < 0.001) in the dry season, while
the laboratory methods used to measure Chl-a to characterize phytoplankton density may have led
to an overestimation of phytoplankton density due to nonspecific sources of Chl-a. However, both
methods are relatively inaccurate for characterizing phytoplankton density. For different trophic
states of lakes, nutrient concentration changes affect the Chl-a concentration of phytoplankton. During
different seasons, changes in the fluorescence intensity of phytoplankton in response to environmental
conditions prevent the YSI results from reflecting the authentic phytoplankton density. Furthermore,
high species diversity can lead to inconsistent changes in Chl-a and phytoplankton because the
content of Chl-a in individual cells of different phytoplankton is different. The relationship between
Chl-a and phytoplankton density was species specific. Therefore, when applying Chl-a to characterize
phytoplankton density in lakes, it is necessary to consider environmental conditions, phytoplankton
community structure and other practical conditions. In addition, laboratory analytical methods and
instrumental techniques and instruments need to be improved.

Keywords: phytoplankton; chlorophyll-a; YSI multi-parameter water quality meter; laboratory
spectrophotometric method

1. Introduction

With the rapid development of industrial and agricultural production and the rapid
increase in human influence, the eutrophication of lakes is becoming increasingly serious
due to the large amount of nutrients in the water body. Coupled with the impact of climate
change, “algal blooms” occur more frequently [1] and affect material circulation and
energy flow in aquatic ecosystems, destroying ecological balance [2]. Phytoplankton, as the
primary producers of lakes, play an important role in maintaining the balance of aquatic
ecosystems, and they have an obvious effect on water eutrophication [3,4]. Therefore,
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phytoplankton monitoring is beneficial for identifying effective measures to mitigate the
harmful effects of “algal blooms” [5-7]. Chlorophyll-a (Chl-a) is an essential pigment for
photosynthesis and an important component of phytoplankton cells [8]. The concentration
of Chl-a is commonly used to characterize phytoplankton density and reflects the intensity
of bloom occurrence and eutrophication level of water bodies, as well as the resulting
environmental risks [9].

For quantitative phytoplankton analysis, phytoplankton cell counting can be used
to quantify the number, classification and composition of phytoplankton. Moreover, it
is a direct indicator of phytoplankton determination. However, the testing process is
time-consuming and complicated and requires a great deal of effort in terms of algal
identification and cell counting for complex environmental samples [10]. In addition to the
direct method of cell counting, Chl-a is an indirect indicator for phytoplankton analysis
and is currently widely used in environmental studies [8]. Compared with traditional cell
counting methods, Chl-a has the advantages of being fast and easy to measure [10]. More
importantly, based on hyperspectral remote sensing data, many studies have established
inversion models of water quality parameters such as the Chl-a concentration [11-14]. These
models are mainly constructed from the perspective of environmental conditions affecting
phytoplankton growth. The Chl-a concentration is used to reflect the total phytoplankton
density, to a certain extent, and characterize the intensity of cyanobacterial blooms [15,16].
The lack of in-depth analysis of phytoplankton community structure affects the accuracy
of the models. Although the current technology can correlate remote sensing data with
Chl-g, it is not possible to accurately estimate the number of algae and the characteristics
of algal blooms from remote sensing data without a reliable relationship between Chl-a
and phytoplankton, especially algae. Therefore, it is of decisive significance and value to
explore how to obtain reliable Chl-a data related to phytoplankton, especially algae.

Some studies have established regression relationships between Chl-a and phyto-
plankton density to study seasonal changes in phytoplankton [17,18]. However, when
using Chl-a to characterize phytoplankton density, it was found that the linear relationship
between Chl-a content and phytoplankton density was not always valid, and sometimes
the correlation between the two was not even observed. For example, Du et al. [19] found
an extremely significant linear relationship between Chl-a and phytoplankton density in
Xiamen Port (r = 0.92), but there was no correlation between the two parameters in the Pan-
jilakou and Dayawan reservoirs. The Chl-a concentration in phytoplankton cells varies with
phytoplankton species or taxa and is also affected by phytoplankton age, growth rate, light
and nutritional conditions [20]. Moreover, studies have shown that the Chl-a concentrations
significantly differ among different methods of Chl-a concentration testing [21]. Therefore,
whether the uncertainty of this correlation is due to the influence of multiple factors on the
Chl-a concentration or the inaccuracy of the measurement methods is still unclear. Given
that Chl-a is currently one of the most widely used indicators [11,12,14], it is necessary to
discuss the accuracy of its test method and the factors that affect its measurement accuracy
to provide a scientific basis for its accurate application in environmental monitoring.

There are various methods for the determination of Chl-a. The traditional laboratory
spectrophotometric method (hereinafter referred to as Lab) is more widely used and
has the advantages of mature experimental methods, rigorous processes, standardized
operation and relevant industry standards. However, the test procedure is time consuming
and requires experienced analysts to ensure good data. Moreover, it cannot be used for
continuous monitoring to obtain important real-time data in the early stage of a bloom.
A portable YSI multi-parameter water quality meter (YSI6600V2, hereinafter referred
to as YSI) can be directly used in the field and has been widely used because it is fast,
lightweight and suitable for real-time analysis of a large number of samples [20]. Some
researchers compared the Chl-a values measured by the YSI with those determined by
spectrophotometry. Most of the values measured by the YSI were low and significantly
different from those determined by spectrophotometry [21,22]. However, which of these
two methods is reliable for characterizing phytoplankton density has not been assessed.
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In this study, based on a comparison of these two methods, we further analyzed the
factors affecting phytoplankton Chl-z and investigated the accuracy of characterizing
phytoplankton density by Chl-a under the influence of different trophic states of lakes,
seasonal variations, nutrient concentrations and phytoplankton community structures.
This study provides a theoretical basis for the improvement of remote sensing data models,
laboratory analysis methods and instruments.

2. Materials and Methods
2.1. Study Area

The Yunnan—Guizhou Plateau is located in the southeastern part of the Tibetan Plateau.
Lake Dianchi (LDC), Lake Qilu (LQL), Lake Yilong (LYL), Lake Chenghai (LCH), Lake
Yangzong (LYZ), Lake Lugu (LLG), Lake Erhai (LEH), Lake Fuxian (LFX) and Lake Xingyun
(LXY) are the nine major lakes on the Yunnan Plateau with areas greater than 30 km?. The
Yunnan—Guizhou Plateau, where the nine lakes are located, has obvious dry (from October
to April) and rainy seasons (from May to September). The nine plateau lakes play a vital
role in water resource regulation and provide habitats for aquatic plants and animals. The
population living in the watersheds of the nine plateau lakes is the most densely populated
and economically developed region in the province. The rapid economic development of
the nine plateau lakes has led to the deterioration of water quality, posing a great threat to
the ecological environment. At present, LDC and LXY are dominated by Microcystis genera
with frequent cyanobacterial blooms. LQL and LYL are heavily polluted by nutrients and
have low transparency [23]. Nutrient salt concentrations reached mesotrophic levels in
LEH, LCH and LYZ, of which LYZ was heavily contaminated by arsenic [24]. Although
LEX and LLG are in an oligotrophic state, these two lakes have shown a trend toward
increasing nutrient salt concentrations in recent years [25,26]. Therefore, the nine plateau
lakes in Yunnan are ideal research subjects for studying phytoplankton.

2.2. Sample Collection

A total of 365 water samples were collected from nine lakes in April (in the dry season)
and October (in the rainy season) 2020 (Figure 1). Water samples were collected 0.5 m below
the surface of each lake, and stratified samples were taken at three sampling points in each
lake. Stratified lake water was collected at vertical intervals of 1-2 m from lakes with water
depths less than 10 m and at intervals of 5 m from lakes with water depths greater than
10 m. Phytoplankton samples and environmental samples were collected simultaneously.
Water samples were stored in Lugo solution for phytoplankton cell counting and species
identification. The YSI Multi-parameter Water Quality Monitor (hereafter referred to as
YSI) was used to measure Chl-a, water temperature (WT), pH, dissolved oxygen (DO),
depth and turbidity in situ, with six measurements at each monitoring point to ensure the
accuracy of the data.

2.3. Laboratory Spectrophotometric Assay

Water samples (1 L) were collected at each set of sampling points and returned to
the laboratory as soon as possible. According to the “National Environmental Protection
Standard of the People’s Republic of China” (HJ 897-2017), the experimental detection and
analysis of Chl-a were performed via 90% acetone extraction spectrophotometry [10]. These
water samples were filtered with a glass fiber filter membrane (0.7 um aperture, GF/C,
Whatman, USA), immersed in 10 mL of 90% acetone for grinding, and then chlorophyll
was extracted at 4 °C for 24 h in the dark. Finally, a UV-visible spectrophotometer (UV-
2600, Japan) was used to measure the absorbance at 750, 664, 647 and 630 nm. The Chl-a
concentrations were calculated by the following formula, according to Jeffrey-Humphrey:

pchi-a = [11.85 X (Eggs — E7s0) — 1.54 X (Egay — E750)—
0.08 x (E630 - E750)} X Vacetone/ Vwater sample X L

(1)
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where pcp, is the Chl-a content of the sample (ug/L); Ezso, Egsa, Egay and Egag are the
absorbance values of the acetone extract at wavelengths of 750 nm, 664 nm, 647 nm and
630 nm, respectively; Vicetone is the volume of the acetone extract (mL); Viwater sample 18 the
volume of the water sample filtered (L); and L is the optical range of the cuvette (cm).

LYL B8

LaL
2420 2372
26.58
23.68 ‘
24.16
26.52
23.64-

2412

24.96|LYZ 2776{LLG
24.92

27.72-
27.68
24.88

2764
10272 10276  102.80 102,52 102.56 102.60 10062 10068 10074 10296 103.00 10304 100.76 100.80 100.84

23.60 26.46

LDC LEH

102.6 102.7 10: 100.1 100.2 100.3

24.40{-XY LFX
24.36

24.32

24.28

102.76 102.80 102.8 1029

Figure 1. Location and distribution of sampling points on the nine plateau lakes; yellow dots in the
lake indicate sampling points where water samples were collected 0.5 m below the surface, and green
dots indicate layered sampling points. (LDC: Lake Dianchi, LQL: Lake Qilu, LYL: Lake Yilong, LCH:
Lake Chenghai, LYZ: Lake Yangzong, LLG: Lake Lugu, LEH: Lake Erhai, LFX: Lake Fuxian, LXY:
Lake Xingyun).

The determination of TN and TP in the water samples was carried out in accordance
with the national standard method “Monitoring and Analysis Method of Water and Wastew-
ater” (fourth edition) (GB/T11893-1989) [20]. The principle of TN determination is that
potassium persulfate will produce potassium bisulfate and atomic oxygen in an aqueous
solution above 60 °C, and atomic oxygen can convert nitrogen in the water sample to nitrate
at 120 °C. Therefore, the absorbance can be determined by a UV-visible spectrophotometer
(UV-2600, Japan, wavelengths of 220 nm and 275 nm), and then the TN content in the
sample can be calculated. The principle of TP determination is to use potassium persulfate
to dissolve the sample under neutral conditions and oxidize the phosphorus in the water
sample to orthophosphate. When orthophosphate reacts with ammonium molybdate, it is
immediately reduced with ascorbic acid to form a phosphorous molybdenum blue complex.
Finally, the absorbance was measured by a UV-visible spectrophotometer (UV-2600, Japan,
wavelength 700 nm), and the TP content in the sample was calculated.

2.4. Phytoplankton Collection and Identification

Phytoplankton samples were stored in Lugol’s solution for phytoplankton cell count-
ing and species identification. All phytoplankton groups were counted in a counting
chamber (0.1 mL) under a microscope (Olympus, Japan, 400x magnification). More than
500 cells were counted for each sample. Phytoplankton identification and counting were
performed according to relevant classical literature for genus identification [27-29].

2.5. Statistical Analysis

The recorded data were evaluated using Microsoft Excel 2016. t-tests were performed
on the data using SPSS 23. Scatter plots were drawn using Origin 2023 (Origin Lab, Ltd.,
Northampton, MA, USA) software, and correlation analysis graphs were generated in R.
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3. Results
3.1. Comparative Analysis of Laboratory Instrumental Measurements and YSI Determination
of Chl-a

The statistical results of the Chl-a concentration obtained by laboratory instrumental
measurements and the YSI show that 90% of the data samples had higher laboratory values
than the YSI values, indicating that the overall value of the Lab is higher than that of the
YSI (Table 1). A paired t-test (p < 0.001) was performed on the two groups of data, and
the results indicated a highly significant difference between the two groups. Correlation
analysis between the Lab and YSI Chl-a values revealed a correlation coefficient of 0.492
(p < 0.001). The above results are generally consistent with previous results [21,22]; that is,
most of the values measured by the YSI were low and significantly different from those
determined by spectrophotometry. Overall, there is a certain correlation between the
two methods, indicating that the Chl-a concentration determined by these two methods
has a certain accuracy. However, the difference between the two groups of data is very
significant, indicating that it may be affected by a variety of factors; one or both methods
are not accurate enough, and which method is more accurate needs to be further discussed.

Table 1. Statistics of the results of the two methods for the determination of Chl-a.

Season Statistical Item Lab YSI
Sample size 178 178
Maximum value 243.31 63.99
Dry season Minimum value 0.11 0.02
Mean value 51.20 10.38
Standard deviation 57.65 12.28
Variance 3323.00 150.80
Sample size 187 187
Maximum value 1037.21 38.1
Rainy season Minimum value 0.88 0.06
Mean value 62.48 5.92
Standard deviation 106.45 743
Variance 11,331.92 55.13

In terms of different seasons, the data were divided into dry and rainy seasons, and
regression analysis of the data obtained by the two methods in the two seasons was
performed (Figure 2). The results showed that there was a positive correlation between the
Chl-a values measured by the two methods in both seasons. The correlation coefficient of
the dry season was 0.58 (p < 0.001) greater than that of the rainy season, which was 0.21
(p < 0.001), which indicated that the accuracy of either or both of these methods was greater
in the dry season.

y=2.08+0.16 x, R = 0.58, p < 0.001 (b) *p<=0.05 **p<=0.01 ***p<=0.001 (C) *p<=0.05 **p<=0.01 ***p<=0.001
600 600 v A
3400 400
=) [=)
= = H
e . o
= 200 < 200
* . .
« Dry season 0 - i —_ — 0 = =
Rainy season|
0 200 400 600 800 1000 1200 Lab YSI Lab YSI Lab YSI Lab YSI Lab YSI Lab YSI
Lab Eutrophic Mesotrophic Oligotrophic Eutrophic Mesotrophic Oligotrophic

Figure 2. (a) Linear regression analysis of the two methods; (b) comparison of two methods for the
determination of Chl-a in three trophic lakes in the dry season; (c) comparison of two methods for the
determination of Chl-g in three trophic lakes in the rainy season.

To explore the effects of different trophic states on the results measured by the two
methods, the samples from nine lakes were divided into three groups according to the
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concentrations of TN and TP. The first group included LQL, LYL, LXY and LDC, which
were characterized by high concentrations of TN and TP. The second group consisted of
LCH, LEH and LYZ, and the contents of TN and TP were in the middle. The third group
included LFX and LLG, which had low TN and TP contents. These grouping results are
consistent with most studies showing that LQL, LYL, LXY and LDC are eutrophic lakes;
LCH, LEH and LYZ are mesotrophic lakes; and LFX and LLG are oligotrophic lakes [30].
The results revealed that the two methods were influenced by the trophic states of the lakes,
with highly significant differences between the Chl-a concentrations measured by the two
methods in eutrophic and mesotrophic lakes and no significant differences between the
two methods in oligotrophic lakes (Figure 2). Therefore, for eutrophic and mesotrophic
lakes, the measurement error increases due to the increased nutrient concentration.

3.2. Accuracy of Chl-a Concentration in Characterizing Phytoplankton Density

The two methods for measuring Chl-a concentrations differ significantly both overall
and in lakes during different seasons or with different trophic states. Therefore, to determine
which method is most accurate, we compared the Chl-a values with phytoplankton density
from different perspectives, such as seasonal variations, trophic states, and phytoplankton
community structure.

3.2.1. Effects of Seasonal Variations

The Chl-a values measured by Lab and YSI in the dry season and the rainy season
were correlated with phytoplankton density according to regression analysis (Figure 3).
The results showed that the Chl-a values measured by the two methods were positively
correlated with phytoplankton density in both seasons. In the dry season, the correlation
coefficient between phytoplankton density and Chl-a measured by Lab was 0.57 (p < 0.001),
and that between phytoplankton density and Chl-a measured by the YSI was 0.67 (p < 0.001).
In the rainy season, the correlation coefficient between phytoplankton density and Chl-a
measured by Lab was 0.62 (p < 0.001), and that between phytoplankton density and Chl-a
measured by the YSI was 0.66 (p < 0.001). The correlation coefficient between the Chl-a
value and phytoplankton density measured by the YSI was greater than that between the
Chl-a value and phytoplankton density measured by the laboratory. These results indicated
that the two methods can characterize phytoplankton density under different seasonal
conditions, and the YSI is more accurate.

(@)2s0 (b)1200
y=22.23+0.27 x, R = 0.57, p < 0.001 y=13.60 + 0.36 x, R? = 0.62, p < 0.001
200 9004
150 4
Q 2600-
2100+ >
‘(; ‘(;300-
L 504 L
ey ey
(@) O o4
0. "
-50 300+
50 . Lab + Lab
-100 e Y A
-100 O 100 200 300 400 500 600 700 -200 O 200 400 600 800 1000 1200 1400 1600
Phytoplankton (x10° cells/L) Phytoplankton (x10° cells/L)

Figure 3. Linear regression analysis of Chl-a and phytoplankton density measured by two methods.
(a) Dry season; (b) rainy season.

3.2.2. Effects of Trophic States of the Lakes

Phytoplankton Chl-a was affected by nutrients, and all correlation coefficients between
Chl-a and phytoplankton density were lower after the lakes were grouped according
to nutrient concentrations than before grouping (Figure 4). The correlation coefficients
between laboratory instrumental data and phytoplankton density ranged from 0.19 to 0.37;
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the correlation coefficients between data obtained by the YSI and phytoplankton density
ranged from 0.10 to 0.54. The correlation coefficients between Chl-2 and phytoplankton
density were as follows: eutrophic lake > oligotrophic lake > mesotrophic lake. These
results indicated that Chl-a is more accurate at characterizing phytoplankton density in
eutrophic lakes. However, we also acknowledge that after grouping, the small sample
sizes of mesotrophic and oligotrophic lakes may have contributed to the inaccuracy of
these results.

3
( )180 y=86.15+0.12 x, R?=0.28, p,< 0°001 « », (b)180_ y=7.80+0.06 x, R? = 0.54, p < 0.001
y=47.60-0.50 x, R>=0.31, <0007 _** y=5.25+0.03x, R*=0.04, p = 0.077
y=-0.30 + 1.45 x, R?=0.19, p < 0.00 y=-1.13+2.56x, R*=0.21, p < 0.001
_ ! . 120
- =
5,120 S
k> 2 50
Q . = V7 LI .
. (/)] .
—'(.vj e oot > o, Lo e .
© 60 4 1 L ® T % oS .
= H . - = 04
o A o
== .
2" *  Eutrophic -604 * Eutrophic
01 = Mesotrophic = Mesotrophic
+  Oligotrophic 4 Oligotrophic
-100 0 100 200 300 400 500 600 700 -100 0 100 200 300 400 500 600 700
Phytoplankton (x108 cells/L) Phytoplankton (x108 cells/L)
(¢)1200 > (d) ~
y=50.57 +0.29 x, R = 0.33, p < 0.001 404 y=7.34+0.02 x, R*=0.23, p < 0.001
10004 y=19.88 +0.09 x, R?=-0.01, p=0.513 * 35] ¥=3.65-0.01x R?5-0.01, p=0.692

y=1.09 + 1.00 x, R? = 0.37, p < 0.001 y=0.35+0.51x, R?=0.10, p = 0.005

~ 8001 301

= = 25

2 600 - [=]

= 220

—'(.v 400 4 Q 154

P 200+ $104 oz
5 <
O ol 5 51 ,

« Eutrophic 01 Eutrophic
=200 - = Mesotrophic -5 Mesotrophic
400 4 Oligotrophic 10 4 Oligotrophic

-200 O 200 400 600 800 1000 1200 1400 1600 -200 0 200 400 600 800 10001200 1400 1600
Phytoplankton (x10° cells/L) Phytoplankton (x10° cells/L)

Figure 4. Linear regression analysis between the Chl-a values measured by the two methods and
phytoplankton density. (a) Dry season, Lab; (b) dry season, YSI; (c) rainy season, Lab; (d) rainy
season, YSI.

3.2.3. Effects of Phytoplankton Community Structures in Lakes

There were great differences in the phytoplankton community structure in the nine
lakes, and there were also great differences in the phytoplankton community structure
in each lake between the two seasons [31]. In both seasons, four eutrophic lakes, LQL,
LYL, LXY and LDC, and three mesotrophic lakes, LCH, LEH and LYZ, were dominated
by cyanobacteria with a single dominant phytoplankton species. In the dry season, the
oligotrophic lake LFX was dominated by cyanobacteria, chlorophytes, diatoms and chrys-
ophytes, while in the rainy season, LFX was dominated by cyanobacteria, chlorophytes
and diatoms with a variety of phytoplankton species. In the dry season, the LLG was
dominated by diatoms, while in the rainy season, the LLG was dominated by chlorophyte
and diatom species (Figure 5).

According to the dominant species of phytoplankton in each lake, the samples from
lakes with the same dominant species were divided into groups. In both seasons, the
first group included LQL, LYL, LXY, LDC, LCH, LEH and LYZ, with cyanobacteria as the
single dominant species. In the dry season, the second group was LFX, which had diverse
phytoplankton species. The third group was LLG, with diatoms as the single dominant
species. In the rainy season, the second group included LFX and LLG, with diverse
phytoplankton species and chlorophytes among the dominant species. The third group was
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the LLG, which had diverse phytoplankton species. In lakes with cyanobacteria as the single
dominant species, there was a positive correlation between the Chl-a values measured by
the two methods and phytoplankton density. In the dry season, the correlation coefficient
between phytoplankton density and Chl-a measured by Lab was 0.45 (p < 0.001), and that
between phytoplankton density and Chl-z measured by the YSI was 0.67 (p < 0.001). In the
rainy season, the correlation coefficient between phytoplankton density and Chl-a measured
by Lab was 0.55 (p < 0.001), and that between phytoplankton density and Chl-a measured by
the YSI was 0.58 (p < 0.001). In lakes with diatoms as the single dominant species, there was
a positive correlation between Chl-a measured by the YSI and phytoplankton density, and
the correlation coefficient was 0.60 (p < 0.001); however, there was no correlation with Lab.
In lakes with diverse phytoplankton species, Chl-a measured by both methods in lakes with
diverse phytoplankton species had low correlation coefficients with phytoplankton density,
and the correlations were weak or uncorrelated (Figure 6). The above results indicated that
in the samples with cyanobacteria as the dominant species, the Chl-a concentration was
more accurate for characterizing phytoplankton density, and the YSI method was better.
Second, in the samples with diatoms as the dominant species, the characterization of Chl-a
determined by the YSI method was also more accurate.
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Figure 5. Phytoplankton species composition in nine lakes. (a) Dry season; (b) rainy season.
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Figure 6. Linear regression analysis of Chl-a and phytoplankton density. (a) Dry season, lakes with
cyanobacteria as a single dominant species; (b) dry season, lakes with diverse species; (c) dry season,
lakes with a single dominant species of diatom; (d) rainy season, lakes with a single dominant species
of cyanobacteria; (e) rainy season, lakes with diverse species composition with chlorophytes among
the dominant species; (f) rainy season, lakes with diverse species.



Water 2024, 16, 1350

9 of 14

3.3. Analysis of the Factors Influencing the Chl-a Concentration

In terms of the physicochemical properties of lake water, correlation analysis revealed
a significant positive correlation between Chl-a and TP in both seasons in the three trophic
states of the lakes. In eutrophic lakes, there was a significant positive correlation between Chl-a
and TN, but there was no significant correlation between Chl-a and TN in mesotrophic and
oligotrophic lakes. This indicated that phytoplankton growth was limited by TN and TP in
eutrophic lakes, and TP was the limiting factor for phytoplankton growth in mesotrophic and
oligotrophic lakes [32]. In the three trophic states of the lakes, there was a significant positive
correlation between Chl-a and WT, DO and pH in both seasons and a significant negative
correlation between Chl-z and depth. These significant correlations were related to the growth
environment of phytoplankton, which require light and high water temperatures and grow
mainly at the lake surface [6,33]. In the three trophic states of the lakes, there was a positive or
significant positive correlation between Chl-a and turbidity in the two seasons, and only a weak
negative correlation appeared in the oligotrophic lakes. This is mainly because the turbidity
of the water body will be affected by the phytoplankton density in the water. The greater the
phytoplankton density, the greater the turbidity of the water body and the greater the measured
Chl-a [34].

For biological factors, there were dominant species but no correlations with the Lab of
Chl-a in the rainy season in either mesotrophic or oligotrophic lakes, such as cyanobacteria in
mesotrophic lakes and diatoms in oligotrophic lakes. In mesotrophic and oligotrophic lakes,
there were also dominant species but no correlations with the Chl-a concentration measured
by the YSI, such as cyanobacteria in the dry season in mesotrophic lakes, cyanobacteria and
chrysophytes in the dry season in oligotrophic lakes, and diatoms in the rainy season (Figure 7).
The above phenomenon indicated that the Chl-a concentration is independent of the dominant
species of phytoplankton in the lake.
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Figure 7. Correlation analysis between the measured parameters and the Chl-a concentration measured
by the two methods. (a) Dry season, eutrophic lakes; (b) rainy season, eutrophic lakes; (c) dry season,
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mesotrophic lakes; (d) rainy season, mesotrophic lakes; (e) dry season, oligotrophic lakes; (f) rainy
season, oligotrophic lakes. The thickness of the line indicates the strength of the correlation; an
asterisk indicates a significant correlation: * p < =0.05, ** p <=0.01, *** p < = 0.001. Cya.: Cyanophyta;
Chl.: Chlorophyta; Bac.: Bacillariophyta; Eug.: Euglenophyta; Pyr.: Pyrrophyta; Chr.: Chrysophyta;
Cry.: Cryptophyta.

4. Discussion
4.1. Potential Reasons for Discrepancies between Laboratory Instruments and the YSI

The results of the data analysis showed that most of the Chl-a values measured by the
laboratory instrument were greater than those measured by the YSI, and the correlation
between the two methods was weak (Figure 2). To compare the accuracy of the two
methods for predicting phytoplankton, linear regression analysis was performed on the
Chl-a measured by the two methods and phytoplankton density, and the YSI was more
strongly correlated than the Lab (Figure 3). The possible reason for this difference was the
nonspecific source of Chl-a. In addition to phytoplankton, Chl-a can also be produced by
aquatic plants and terrestrial plants, and the use of Lab to measure Chl-a to characterize
phytoplankton density may lead to an overestimation of phytoplankton cell density.

Previous studies revealed that in the case of low Chl-a concentrations, YSI results were
more accurate, and the measurement error increased with increasing concentration [21,22].
Therefore, in this study, there was a highly significant difference between the two methods
for measuring Chl-a in eutrophic and mesotrophic lakes, while there was no significant
difference in Chl-a in oligotrophic lakes (Figure 2).

The principle used by the YSI is the fluorescence method [20,35], and that used by the
laboratory is the spectrophotometric method [36,37]. The YSI is based on the fluorescence
principle of photosynthetic pigments unique to blue-green algae [35], so the determination
of blue-green algae density is relatively accurate; as a result, the Chl-a concentration is more
accurate for characterizing phytoplankton density in eutrophic lakes (Figure 4). In fact, in
terms of instrument accuracy, both methods are relatively inaccurate due to overlapping
absorption bands and the presence of degradation products [18]. Moreover, the Chl-a
concentration of phytoplankton cells is affected by external and internal factors, including
environmental changes and phytoplankton community structure changes [38]. The above
factors all affect the characterization of phytoplankton density by the Chl-a concentration.

4.2. Factors Affecting the Effect of Chl-a on Phytoplankton Density

The concentrations of Chl-a in the different lakes greatly differed, and the results of
grouping all the samples according to trophic state revealed that Chl-a was positively
correlated with phytoplankton density only in the eutrophic lakes in the dry season
(Figure 4). In other periods, the correlation between Chl-a and the phytoplankton density at
all nutrient levels weakened or even had no correlation (Figure 4). The possible reason was
that the change in nutrient concentration can affect the Chl-a concentration of phytoplank-
ton. That is, under nutrient-limited conditions, the relative Chl-a concentration decreases
with increasing total cell volume [39,40], which in turn affects the Chl-a characterization of
phytoplankton density. On the other hand, in eutrophic lakes, the phytoplankton density is
high, and the Chl-a concentration is high, while in mesotrophic or even oligotrophic lakes,
the phytoplankton density is low, and the Chl-a concentration is low, which is susceptible
to interference from Chl-a produced by aquatic and terrestrial plants, thus affecting the
characterization of phytoplankton density by Chl-a [40].

In this study, the correlation between Chl-a and phytoplankton density differed be-
tween the dry season and the rainy season (Figure 3). Laboratory spectrophotometry
revealed a significant positive correlation between the Chl-a concentration and phytoplank-
ton density in both seasons (Figure 3). However, due to nutrient restriction, the content
of Chl-a in algal cells decreased in the dry season [21], resulting in a weaker correlation
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between the two than in the rainy season (Figure 3). In the rainy season, precipitation will
bring a large amount of nutrients from runoff into the lake, resulting in a rapid increase in
nutrient concentration [41]. The correlations between TN, TP and Chl-a also confirmed that
nutrient concentration had an effect on Chl-a (Figure 7). For physical factors, Chl-a was
significantly positively correlated with WT, DO, pH and turbidity and negatively correlated
with water depth (Figure 7), which is consistent with the findings of most studies [42,43].
In different seasons, the WT, DO, pH and turbidity change significantly due to the increase
and decrease in temperature and precipitation [44]. For example, the fluorescence intensity
of phytoplankton increased with decreasing temperature, and as the depth of the lake
increased, the light decreased and the algal cells fluoresced more in the dark environment
than in the light transmission zone of the water column [21]. Therefore, the change in the
fluorescence intensity of phytoplankton in response to environmental conditions prevents
the YSI results from reflecting the authentic phytoplankton density.

In addition, the phytoplankton community structure in the different lakes varied
greatly (Figure 5). In mesotrophic lakes, the correlation between Chl-a and phytoplankton
density was minimal or even negative (Figure 6). The possible reason was that phyto-
plankton species diversity has an impact on the Chl-a concentration of phytoplankton
because the Chl-a concentrations in individual cells of different phytoplankton species are
different, and high species diversity will lead to inconsistent changes in Chl-a and phyto-
plankton [20,45]. In this study, LEH identified the greatest number of phytoplankton taxa
in mesotrophic lakes (Figure 5). Thus, Chl-a affected the characterization of phytoplankton
density, showing the lowest correlation with phytoplankton density (Figure 6). This finding
is similar to the results of Du et al. [19]. On the other hand, a large number of studies have
also shown that when there is a single dominant phytoplankton species in water, the Chl-a
content generally increases proportionally with increasing phytoplankton density, which is
significantly and positively correlated with each other [39,46]. In this study, there was a
significant positive correlation between Chl-az and phytoplankton density in lakes with a
single dominant species of cyanobacteria, while there was little or no correlation between
Chl-a and phytoplankton density in lakes with diverse dominant species (Figure 6). This
phenomenon also indicated that the relationship between Chl-a and phytoplankton density
was species specific [39]. This is due to environmental changes (nutrient salts, temperature,
light, etc.). However, the absence of a correlation between the Chl-a concentration and a
particular dominant species indicated that Chl-a is not affected by a particular dominant
species (Figure 7).

According to the above analysis, in the field environment, a significant correlation
between phytoplankton density and Chl-a can be observed only when the external envi-
ronmental conditions are stable and when the dominant phytoplankton species are single.
However, when the phytoplankton community is altered, the dominant species become
more numerous, and the environmental conditions change, which can lead to a weakening
or even disappearance of the relationship between phytoplankton density and Chl-a [19,47].

5. Conclusions

In our work, we compared the determination of Chl-a by the commonly used labo-
ratory spectrophotometric method and the portable YSI multi-parameter water quality
meter directly used in the field. Most of the Chl-a values measured by the laboratory
instrument were greater than those measured by the YSI, and the correlation between
the two methods was weak (0.492, p < 0.001). The correlation between Chl-a and phyto-
plankton density measured by the YSI reached 0.67 (p < 0.001) in the dry season, while
the laboratory methods used to measure Chl-a to characterize phytoplankton density may
have led to an overestimation of phytoplankton density due to nonspecific sources of
Chl-a. However, both methods are relatively inaccurate for characterizing phytoplank-
ton density. The content of Chl-a in phytoplankton cells is affected by both external and
internal factors. For different trophic states of lakes, nutrient concentration changes af-
fect the Chl-a concentration of phytoplankton. We also found that the effect of TN on
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laboratory-measured Chl-a was largely dependent on the trophic state of the lake, with TN
having a positive effect on Chl-a in eutrophic lakes but not in mesotrophic or hypotrophic
lakes. During different seasons, changes in the fluorescence intensity of phytoplankton in
response to environmental conditions prevent the YSI results from reflecting the authentic
phytoplankton density. Physical factors, such as WT, DO, pH and light, all have effects on
Chl-a. Furthermore, high species diversity can lead to inconsistent changes in Chl-a and
phytoplankton because the content of Chl-a in individual cells of different phytoplankton
is different. The number of phytoplankton taxa identified by LEH in mesotrophic lakes
was the highest, and the correlation between Chl-a and phytoplankton density was the
lowest. The relationship between Chl-a and phytoplankton density was species specific. In
this study, there was a significant positive correlation between Chl-a and phytoplankton
density in lakes with a single dominant species of cyanobacteria, while there was little or
no correlation between Chl-2 and phytoplankton density in lakes with diverse dominant
species. Due to the complexity and variability of the phytoplankton community structure
in Yunnan Plateau lakes, it is very difficult to characterize phytoplankton density by using
Chl-a because most lakes can hardly meet the stringent prerequisites of a stable external
environment and a single dominant phytoplankton species. To improve the reliability of
the sample analysis results, the best index should be selected according to the specific
situation in practical applications. Therefore, the two methods for determining Chl-a can
only approximate phytoplankton density in some specific situations. In future studies,
on the one hand, it will be necessary to update the instruments and equipment, such as
improving the fluorescence test accuracy of the YSI for photosynthetic pigments in various
algae. On the other hand, it is also necessary to establish an integrated index system for a
more accurate characterization of phytoplankton density in lake environments.
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