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In recent decades, anthropogenically-driven climate change has affected phytoplankton growth and has widened
the differences observed among the gross primary productivity of waterbodies (WGPP) in global lake systems.
Results from this study showed that the range of WGPP increased over time (from 1950 to 2020). However, the
median WGPP of global inland lake systems has gradually and significantly decreased. On a geographical scale,
the geographical distribution WGPP pattern was high in low- to mid-latitudinal regions and low in high-
latitudinal regions. This study found that chrysophytes mainly control WGPP in high-latitudinal regions while
diatoms, cyanobacteria, and chlorophytes are dominant in low-latitudinal regions. Additionally, dominant and
sub-dominant phytoplankton communities contribute the most to WGPP. Under extreme environmental condi-
tions, algae must strengthen its capacity to adapt to the burgeoning environmental conditions of global lake
systems while gradually evolving to survive. Accordingly, regulating environmental conditions to promote
phytoplankton community diversity and to accelerate community competition will play an important role in
maintaining the ecological balance, environmental health and carbon cycle of global lake systems.

1. Introduction Additionally, WGPP also integrates C flows in other systems at regional

and global scales, thus widely supporting life activities and facilitating

Gross primary productivity of inland water bodies (WGPP) is the
amount of organic carbon (C) fixed by autotrophic organisms including
phytoplankton, macrophytes, and periphyton, etc. via photosynthesis
per unit time and unit area (Hamdan et al., 2018; Murrell et al., 2018;
Kazanjian et al., 2018). WGPP is the result of biological C sequestration
processes that together with water and sediment C sequestration
constituting C sequestration of inland water (Gao et al., 2021), and is
also the basic link between the structure and function of aquatic food
webs (Deng et al., 2017). WGPP determines the initial material and
energy entering into aquatic ecosystems and constitutes the funda-
mental process of C sequestration and C cycle in inland water bodies.

biogeochemical cycle (Bogard et al., 2017). Worthwhile, phytoplankton
in aquatic ecosystems contribute approximately half (50%) of the Earth's
annual net primary production (Siegel et al., 2013). Thus, processes of
producing WGPP by phytoplankton play significant roles in both global
biogeochemical cycling and C cycling processes (Gao and Yu, 2020; Ma
et al., 2017), it is therefore crucial to clarify regulation mechanisms of
various phytoplankton on WGPP in global inland water systems.

At present, many observational studies on lake phytoplankton
community characteristics have been conducted. Phytoplankton also
constitute the primary producer group of lake systems, and different
phytoplankton communities, including dominant species, sub-dominant

* Corresponding author at: Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences and Natural Resources Research,

Chinese Academy of Sciences, Beijing 100101, PR China.
E-mail address: gaoyang@igsnrr.ac.cn (Y. Gao).
1 Contribute equally.

https://doi.org/10.1016/j.earscirev.2022.104221

Received 6 December 2021; Received in revised form 4 September 2022; Accepted 11 October 2022

Available online 15 October 2022
0012-8252/© 2022 Elsevier B.V. All rights reserved.


mailto:gaoyang@igsnrr.ac.cn
www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2022.104221
https://doi.org/10.1016/j.earscirev.2022.104221
https://doi.org/10.1016/j.earscirev.2022.104221
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2022.104221&domain=pdf

J. Jia et al.

species, and non-dominant species, effectuate disparate primary pro-
ductivity outcomes. Different dominant phytoplankton communities
inhabit various lake systems, such as Tahoe Lake (Paytan et al., 2010),
Manzala Lake (Deyab et al., 2020), Tai Lake (Zhao et al., 2021), and
Vitel Lake (Allende et al., 2009). It is critical to understand the com-
munity composition of primary producers and their corresponding
production in C cycling and C neutrality research.

The development of anthropogenic activities has led to global
warming with an increase in atmospheric carbon dioxide (CO) con-
centration and the discharge of nutrients and heavy metals (IPCC, 2021),
so these environmental changes inevitably affect physiological activities
and the primary production of phytoplankton in aquatic ecosystems
(Winder and Sommer, 2012; Van de Waal and Litchman, 2020). Under
global climate change, the CO», sunlight, and temperature affect the
primary production and metabolism of phytoplankton through regu-
lating C-concentrating mechanisms (CCMs) and material and energy
redistribution (Ma and Wang, 2021; Barton et al., 2020). Nitrogen (N),
phosphorus (P), silicon (Si), iron (Fe), and other biogenic elements
participate in the biogeochemical cycle and influence significantly on
the physiological and ecological processes and C production and meta-
bolism of phytoplankton (Browning et al., 2017; Tagliabue et al., 2017;
Moore et al., 2013). Water regimes such as water level (Dembowska and
Kubiak-Wojcicka, 2017), water retention time (Schagerl et al., 2009),
flow rate (Li et al., 2013), and water depth (Qin et al., 2020) indirectly
influence phytoplankton community characteristics and primary pro-
ductivity by regulating nutrients status (Wang et al., 2021). Trans-
parency and turbidity also affect the absorption and scattering of light
that penetrates into the water, thus affecting the primary productivity
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(Ogbuagu and Ayoade, 2011). Additionally, more frequent and intensive
droughts due to low precipitation may also drastically affect WGPP
(Thompson et al., 2015; Winder and Sommer, 2012). Therefore, under
the background of global change, it is of great significance to discuss the
regulation of various environmental factors on the primary productivity
for ecosystem C cycle and C sources/sinks.

For this study, our objective was to answer the three following sci-
entific questions: 1) What is the geographical distribution WGPP pattern
of global lake systems from 1950 to 2020? 2) Which phytoplankton
communities control the WGPP pattern of global lake systems? 3) What
factors determine the geographical WGPP pattern dominated by
phytoplankton communities? To answer these questions, we collected
WGPP and phytoplankton composition data from lake systems
throughout the world to clarify geographical WGPP patterns and
phytoplanktonic composition in global lake systems. This will enable us
to integrate their phytoplanktonic regulation mechanisms and their
associated contributions to the C cycling processes of inland aquatic
systems, and to further promote our understanding of the C cycling of
inland water bodies under the global climate change and anthropogenic
activities.

2. Dataset and methods
2.1. Dataset collection and processing
This study collected WGPP data from 180, 270, and 242 global lake

systems during 1950-1980, 1980-2000, and 2000-2020 (Fig. 1) (Ap-
pendix S1 in Supplementary Materials for details and references). Global
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Fig. 1. Distribution of the global inland lake systems investigated during 1950-2020 (1950-1980 [n = 180], 1980-2020 [n = 2701, 2000-2020[n = 242]). a. Part of
America; b. Part of Europe; c. Part of China; d. The whole world.
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lake area data were obtained from the Natural Earth Data website (htt
p://www.naturalearthdata.com/), the Resource and Environment Data
Cloud Platform, the Chinese Academy of Sciences (http://www.resdc.
cn/), and a study by Wang and Dou (1998). WGPP unit conversion
was conducted as follows: hour to day conversion was generally ach-
ieved by multiplying by daytime sunlight hours (10h) (Nurnberg and
Shaw, 1998), while unit volume to unit area conversion was generally
achieved by multiplying the unit volume by the euphotic (mean) depth
(Morin et al., 1999; Patalas, 1980). Geographical WGPP patterns of
global lake systems were obtained by means of the inverse distance
weighted (IDW) spatial interpolation method (Arcmap 10.7).

In this study, we used SPSS (version 22) to classify and statistically
compare datasets on a spatiotemporal scale. Non-parametric tests on the
non-normal-distribution of lake area were conducted along longitude
and latitude. Non-parametric tests on the non-normal-distribution of
WGPP were conducted on hemispheric (i.e., Western Hemisphere and
Eastern Hemisphere; Northern Hemisphere and Southern Hemisphere),
continental (seven continents, including Oceania), area, and mean depth
scales, using the same timescale. Nonparametric tests can be applied to
data with non-normal distribution and inconsistent sample size to
minimize the impact of inconsistent sample data of different groups on
the statistical results. More detailed results can be found in Appendix S2
in Supplementary Materials. We collected phytoplankton biomass
(biovolume) or abundance or composition data from 71 global lake
systems and calculated the proportion of each taxonomic phytoplankton
group to all groups (see Appendix S3 in Supplementary Materials for
details and references).

2.2. Relationships among biomass and WGPP represented by dominant
phytoplankton communities

In this study, we hypothesized that the proportion of total phyto-
plankton biomass represented by the dominant phytoplankton com-
munity corresponded to the contribution rate of the dominant
phytoplankton community to WGPP, and we used Poyang Lake, China as
a case study to substantiate this scientific hypothesis. We calculated the
WGPP produced by each phytoplankton group and its proportion to the
total biomass according to the Eqgs. (1)-(17) in Section 2.3 and data
described in Appendix S4 in Supplementary Materials. More detailed
methods and results referred to Jia et al. (2022). We found that the
phytoplankton composition of Poyang Lake was consistent with that of
most global lake systems, particularly because the dominant and sub-
dominant algal communities were also diatoms, cyanobacteria, and
chlorophytes. Additionally, the proportion of the dominant phyto-
plankton in Poyang Lake (29.75%-83.91%) was consistent with the
proportion of dominant to total phytoplankton in most global lake sys-
tems. Moreover, we conducted a non-parametric test and found no sig-
nificant differences in the proportion of dominant communities between
Poyang Lake and the other 70 inland lake systems investigated (p =
0.311, Table S14 in Appendix S5 in Supplementary Materials), which
can be used to effectively explain phytoplankton composition and
dominant community contribution of inland lake systems. We also
conducted linear regression analysis on the proportion of total phyto-
plankton biomass represented by the dominant phytoplankton com-
munity and the contribution rate of the dominant phytoplankton
community to the WGPP of Poyang Lake, and results showed a strong
and significant positive correlation between the two (R? = 0.85)
(Fig. S2). This indicated that the proportion of total phytoplankton
biomass represented by the dominant phytoplankton community could
be characterized as the contribution of the dominant community to the
WGPP.

2.3. Calculation methods

At present, most methods used for measuring or estimating phyto-
plankton primary productivity in inland lakes are based on an entire
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waterbody or an entire water column. For example, oxygen stable iso-
topes method (Bogard et al., 2017; Song et al., 2018), model estimation
(Behrenfeld and Falkowski, 1997a, 1997b), light and dark bottle tech-
nique (Gaarder and Gran, 1927), and 14¢ method (Nielsen, 1952) are
used to measure the overall primary productivity of phytoplankton
communities in waterbodies. Although C isotopic techniques (Fernandez
et al., 2005; Sackett et al., 2016; Thomas et al., 1978) can also measure
the primary productivity of individual algae species cultured in the
laboratory, we proposed a method to systematically estimate the pri-
mary productivity of each individual phytoplankton taxonomic group in
inland lakes. Compared with other methods, this model is an efficient
method that can make up for the current gap in estimating the pro-
ductivity of each phytoplanktonic taxonomic group in a natural water,
although it needs further development (Jia et al., 2022).

A series of novel equations to estimate total phytoplankton WGPP,
net primary productivity of waterbodies (WNPP), and WGPP of phyto-
planktonic taxonomic groups at each sampling point in a specific lake
are described below. In this study, phytoplanktonic taxonomic groups
include diatoms, cyanobacteria, chlorophytes, cryptophytes, chryso-
phytes, euglenoids, dinoflagellates, and xanthophytes. More detailed
methods referred to Jia et al. (2022).

2.3.1. Total phytoplankton WGPP

WGPP is estimated using the Vertically Generalized Production
Model (VGPM) (Behrenfeld and Falkowski, 1997a, 1997b). VGPM is
described as follows:

E
WGPP; = 0.66125P% o ——"
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where WGPP; (mg C m™2 d™!) is the primary productivity of the
euphotic zone in waterbodies; Cop; (mg m~3) is the Chlorophyll a (Chl a)
content of surface water; Eg (mol m~2 d™1) is the photosynthetically
available radiation intensity of the water surface; Dy (h) is the duration
of sunshine.

Pffpt (mg C mg Chla~! h™!) is the maximum photosynthesis rate of
water, which is a function of temperature, calculated as follows:

1137 < 1.0
Pi = ,4.00 T >285 2
Py, —1.0<T <285
Pffp,' =1.2956 +2.749 x 107! T+ 6.17 x 1072T% — 2.05 x 1072T> 4-2.462
x 107°T* — 1.348 x 107*7T° +3.4132 x 107°7® —3.27 x 107*7”
3

where ng: (mg C mg Chla~*-h™1) is the maximum photosynthesis rate of
water; P,,Bpt’ is the maximum photosynthesis rate of water, when —1.0 <
T < 28.5; T (°C) is the temperature of the water surface.

Zey (m) is the euphotic depth (Kirk, 2011; Holmes, 1970).
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where Kj is the vertical attenuation coefficient for downward irradiance;
fis 1.44 (Holmes, 1970); SD (m) is water transparency.

2.3.2. WNPP of phytoplanktonic taxonomic groups

In this study, WNPP indicates an increase in organic matter per unit
time and area in waterbodies (Kleiber, 1975) and estimated by the
growth rate model (Kirchman, 2002; Cloern et al., 2014; Malthus, 1798;
Orefice et al., 2019).

WNPPp = uWCBp (6)
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where WNPPp (mg C m~2 d™1) is production of each phytoplanktonic
taxonomic group in waterbodies, which represents an increase in
biomass over time in the absence of mortality (i.e., the NPP of each
phytoplanktonic taxonomic group under the assumption of that no
mortality has taken place); (d’l) is the growth rate and the production
capacity per unit biomass; WBy (mg L™!) is the initial biomass of each
phytoplankton taxonomic group at time t at a certain sampling point in
waterbodies; WB; (mg L™Y) is the biomass of each phytoplankton taxo-
nomic group at the next sampling time at the same sampling point in
waterbodies; tp is the order of the initial sampling time at a certain
sampling point in a year; t; is the order of the next sampling time at the
same sampling point in a year; t (d) is growth time, namely the time
interval between two samplings. The phytoplankton sampling time is
used to estimate the phytoplankton growth time interval, 4 and WNPP.
Each phytoplankton taxonomic group at each sampling point during
each hydrological period has a corresponding growth rate.

WCBp (mg C L™1) is the C biomass of each phytoplanktonic taxo-
nomic group (a sum of all of the species-taxa-based estimates) in
waterbodies at sampling times, estimated by Egs. (8)-(11) (Eppley et al.,
1970; Menden-Deuer and Lessard, 2000; Eppley et al., 1970).

WCBp = WCBp =Y WAp x WCBc ®)
i=1 i=1

Diatoms : log;yWCB¢ = 0.76(log,oV) — 0.352 9)

Dinoflagellates : log,cWCB¢ = 0.819(logoV) —0.119 (10)

Other phytoplankton : log;oWCB¢ = 0.94(logV) — 0.600 11

where WCBp; (pg C L™1) is the C biomass of each phytoplankton species
in waterbodies; WAp; (cells L™1) is the cell abundance of each phyto-
plankton species in waterbodies; WCB¢ (pg C cell™)) is the carbon
content of each cell of each phytoplankton species in waterbodies; n is
phytoplankton species number. V (pm®) is the cell volume.

2.3.3. WGPP of phytoplanktonic taxonomic groups

The model relies on a series of assumptions, which include: (1)
WGPP = WNPP + WR, there is no diffusion and convection flow of the
phytoplankton, as well as no consumption of phytoplankton by other
species in waterbodies; (2) WRp/WR = WBp/WBr, there are no signif-
icant differences in respiration between phytoplankton species members
per unit biomass due to they are in the same trophic level on a regional
scale (May, 1973); (3) The growth rate of each phytoplankton taxanomic
group reaches the maximum between two sampling periods according to
Malthusian growth model.

WNPP; = Z WNPP (12)

i=1

where WNPPr (mg C m~2 d 1) is the total NPP at each sampling point in
waterbodies, which is estimated by a sum of WNPP of phytoplankton
taxonomic groups; WNPPp (mg C m~2 d™?) is the NPP of each phyto-
plankton taxonomic group at each sampling point in waterbodies, esti-
mated using Egs. (6)-(11), while WNPPp per unit area is converted by
WNPPp per unit volume multiplied by the eutrophic depth (Z,); n is
phytoplankton taxonomic groups number.

WR; = WGPP; — WNPP; 13)

where WGPP; (mg C m~2 d™1) is the total phytoplankton GPP at each
sampling point in waterbodies, estimated by Egs. (1)-(5); WRy (mg C
m~2 d1) is total phytoplankton respiration at each sampling point in
waterbodies, calculated by WGPPy subtracted by WNPPr.
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R WB
WRp — WRr x WBp (14)
WBr

where WRp (mg C m~2 d 1) is the C consumed through phytoplankton
respiration for each taxonomic group at each sampling point in water-
bodies, is estimated by the ratio of the biomass of each phytoplankton
taxonomic group to the total biomass; WBp (mg L™1) is the phyto-
plankton biomass of each taxonomic group at each sampling point in
waterbodies; WBr (mg L) is the total biomass of phytoplankton, i.e.,
the sum of WBp at each sampling point in waterbodies.

WGPP of phytoplankton taxonomic groups is estimated based on the
definition, namely NPP is the result of autotrophic respiration sub-
tracted from the GPP of autotrophs in waterbodies.

WGPPp = WNPPp + WRp (15)

where WGPPp (mg C m~2 d™!) is the GPP of each phytoplankton taxo-
nomic group at each sampling point in waterbodies. WNPPp (mg C m 2
d™1) is the NPP of each phytoplankton taxonomic group at each sam-
pling point in waterbodies.

2.3.4. Contribution rate of phytoplankton community to WGPP

WGPPp

Contribution rate =
WGPPr

x 100% (16)

where Contribution rate (%) is the contribution rate of phytoplankton
community to WGPP. WGPPp (mg C m~2 d™1) is the GPP of each
phytoplankton taxonomic group in waterbodies. WGPPr is the GPP of
total phytoplankton communities in waterbodies.

2.3.5. Proportion of each phytoplankton community in total phytoplankton
biomass
p

WB
5 < 100% a7

T

Proportion =

where Proportion (%) is the proportion of total phytoplankton biomass
represented by each phytoplankton community; WBp (mg L™}) is the
phytoplankton biomass of each taxonomic group in waterbodies; WBr
(mg L™1) is the total biomass of phytoplankton at each sampling point in
waterbodies and the sum of WBp.

3. Distribution characteristics of global lake systems

Global lake systems investigated exhibited considerable spatial dis-
tribution differences. Fig. 2 shows the number and area distribution
characteristics of global inland lake systems investigated along longi-
tude and latitude. Results showed that from 1950 to 2020, global lake
systems investigated covered the area from 78°S to 82°N and 160°W to
177°E. The collected lake area ranged from 2.0 x 103 km? to 8.2 x 10*
km?, which can effectively represent the global lake system. According
to the number of lakes distributed at different latitudes and longitudes,
>60% of global lake systems investigated were primarily distributed in
the mid-latitudinal regions of the Northern Hemisphere (30°N-60°N).
From 1950 to 1980, the lakes studied were mainly distributed in the
areas of 45°W-135°W and 0°E-45°E. After 1980, the lakes studied have
focused on the areas of 45°W-90°W, 0°E-45°E, and 90°E-135°E.
Additionally, >50% of global lake systems had an area of <10 km?
>20% of global lake systems covered an area of 10 km? to 100 km?.

During different periods, significant spatial differences occurred in
lake area. From 1950 to 1980, the area of lake systems at mid-high-
latitudes of the Northern Hemisphere (30°N-90°N) was significantly
lower than that at low latitudes (30°S-30°N). The lake area in the re-
gions of 0°E-45°E was significantly higher than that in the Western
Hemisphere. From 1980 to 2000, the lake area at low latitudes in the
Southern Hemisphere (0°S-30°S) was significantly different from that in
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Fig. 2. Number and area distribution characteristics of the global inland lake
systems investigated along longitude (a) and latitude (b). (The English letters is
that significance (p) difference of Mann-Whitney test for the lake area along
longitude and latitude.)

the Northern Hemisphere. The lake area in the regions of 90°E-135°E
was significantly greater than that in the Western Hemisphere. From
2000 to 2020, in the Northern Hemisphere, the area of lake systems at
low latitudes was significantly higher than that at mid-high-latitudes,
and the area of lake systems in the regions of 90°E-135°E was signifi-
cantly higher than other regions.

4. WGPP patterns of global lake systems

Based on WGPP data collected for this study, the WGPP of global lake
systems have fluctuated within a range of 0-22 g Cm~2 d~! from 1950
to 2020 (Fig. 3). Moreover, the WGPP range of global inland lake sys-
tems increased over time. This changing WGPP pattern generally
occurred from 2000 to 2020 (0-22 g C m 2 d’l), which was consider-
ably higher than that from 1980 to 2000 and from 1950 to 1980 (0-8 g C
m2d (Fig. 4). However, we observed significant temporal differ-
ences in the median WGPP of global inland lake systems (0.41 g C m ™2
d~! from 2000 to 2020, < 0.56 g Cm~2 d"! from 1980 to 2000, and <
0.71 g Cm 2 d! from 1950 to 1980) (Fig. 5a and Table S4). This in-
dicates that the median WGPP of global inland lake systems decreased
significantly from 1950 to 2020. At the same time, this decreasing trend
was also reflected in the WGPP distribution pattern of lake systems in
the Northern Hemisphere (Table S4).

On a geographical scale, the geographical distribution WGPP pattern
was high in low- to mid-latitudinal regions and low in high-latitudinal
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regions. Compared to the Southern Hemisphere, inland lake systems in
the Northern Hemisphere were more densely distributed, and WGPP
subsequently fluctuated more significantly (Fig. 4); however, the me-
dian WGPP between the two equatorial divides did not significantly
differ (Fig. 5a and Table S5). The longitudinal distribution of inland lake
systems (i.e., the Eastern Hemisphere and the Western Hemisphere) was
balanced overall, but their WGPP varied widely. The median WGPP of
the Eastern Hemisphere (0.89 g Cm ™2 d ') was only significantly higher
frolm 1950 to 1980 compared to the Western Hemisphere (0.60 g C m ™2
d=—.

On a continental scale, no significant temporal differences were
found between the median WGPP of inland lake systems except for
Oceania (here regarded as a continent) and North America (Fig. 5b and
Table S6). The median WGPP of lake systems in Oceania from 1950 to
1980 was significantly lower compared to the other two periods. The
median WGPP of lake systems in all seven continents showed significant
spatial differences during all three periods (Fig. 5b and Table S7). The
median WGPP of Antarctic lake systems was significantly lower during
all three time periods compared to the other six continents. After 1950,
significant spatial differences were observed in the median WGPP of
African lake systems compared to lake systems in the Northern Hemi-
sphere, except for lake systems in Asia from 1950 to 1980, which were
not generally significant. From 1950 to 1980 and from 2000 to 2020, the
WGPP of lake systems in North America was significantly higher
compared to all other continents except for Asia.

Lake WGPP was divided into five groups according to area (0-1 km?,
1-10 km? 10-100 km? 100-1000 km? and > 1000 km?) and four
groups according to depth (0-1 m, 1-10 m, 10-100 m, and > 100 m).
Pertaining to area and depth characteristics, the WGPP of lake systems
generally decreased with an increase in area and depth (Fig. 6). Using
the same timescale, this study found significant differences in the me-
dian WGPP of lake systems with different areas and depths (Table S8 and
S10), but no significant temporal differences were found (see Table S9
and S11). From 1950 to 1980, significant differences were found in the
median WGPP of lake systems with depths <1 m and > 100 m. From
1950 to 2000, the median WGPP of lake systems with an area < 1 km?
differed significantly from lake systems with an area > 1000 km?. From
2000 to 2020, the median WGPP of lake systems with an area between 1
and 10 km? (0.79 g C m 2 d™!) was significantly higher compared to
lake systems with areas between 0 and 1 km? (0.37 gC m2d1 and
10-100 km? (0.33 g Cm2d™h).

5. Phytoplankton composition in global lake systems

Fig. 7 shows the biomass (or biovolume or abundance) proportion of
phytoplankton groups to total phytoplankton of global inland lake sys-
tems. These lake systems included those in Asia, Europe, North America,
South America, Antarctica, Oceania, and Africa. Results showed that
phytoplankton communities in global lake systems mainly included di-
atoms, dinoflagellates, xanthophytes, chrysophytes, euglenoids, cryp-
tophytes, cyanobacteria, and chlorophytes. Cyanobacteria, diatoms, and
chlorophytes were dominant in most lake systems (90.14% of the 71
lake systems) (Fig. 7a). Among these 71 lake systems, 31 (43.66%) were
dominated by cyanobacteria, while diatoms were the dominant algae in
20 (28.17%). Chlorophytes were the dominant phytoplankton group in
global lake systems (18.31%), but dinoflagellates formed the dominant
group in Kinneret Lake (i.e., the Sea of Galilee), Israel. Chrysophytes
were the dominant community in only six lake systems near polar re-
gions (Fig. 7b).

Phytoplankton composition consisted of at least four algal taxonomic
groups in all seven continents. Similar dominant (cyanobacteria) and
sub-dominant (diatoms, chlorophytes and cryptophytes) phytoplankton
communities were found in all continents except for Antarctica, where
chrysophytes were dominant (Fig. S3). Dominant and sub-dominant
phytoplankton communities accounted for 53.00%-98.14% of all
phytoplankton communities found in all the lake systems investigated,



J. Jia et al.

Earth-Science Reviews 234 (2022) 104221

_“-15“

Legend

1950-1980 [ [2.0-2.5
Bo-02 [ ]25-3.0
Bo.2-05["13.0-35
, Ho5-1.0Ml35-45
B 1.0-1.5 45-55

_“-15 -

Legend

1980-2000 [ ]2.0-3.0
Blo-02 [ ]3.0-4.0
Mo2-05[ ]40-5.0
Ml o.5-1.0 M 5.0-6.0
-10 1.5 I 6.0 - 7.0

Legend

2000-2020 [ ]2.0-3.0
Bo-02 [ 13.0-5.0
Bo2-05[ 15.0-10.0
I 0.5-1.0 I 10.0 - 15.0
B 1.0-1.5 1 15.0 - 22.0
B 1.5-2.0 N

0 4750 9500 14250 19000 A
Kilometers

Fig. 3. WGPP (g C m~2 d™ 1) pattern in global lake systems from 1950 to 2020. a. 1950-1980; b. 1980-2000; c. 2000-2020.

with an average of 76.63% + 12.30% (mean + standard deviation).
Based on their corresponding relationship, this was also used as the
contribution rate of dominant phytoplankton communities to total
WGPP of the global lake systems investigated (Fig. S2).

6. Control mechanisms of geographical WGPP patterns in global
lake systems

From 1950 to 2020, the trend in the geographical distribution WGPP
pattern of global inland lake systems was a decrease from low-latitudinal
regions (the equator) to high-latitudinal regions (the poles) (Fig. 3).
Chrysophytes were the dominant algae community in high-latitudinal
regions, and cyanobacteria, diatoms, and chlorophytes contributed the
most to WGPP in low-mid latitudinal regions (Fig. 7). Additionally, the
range of WGPP increased over time (Fig. 4). However, the median WGPP
of global inland lake systems exhibited a significant decrease from 1950
to 2020 (Table S4). Potential reasons for this phenomenon can vary
(Fig. 8). Fundamentally, WGPP that derives from lake system phyto-
plankton can be defined as the amount of organic carbon produced by
phytoplankton utilizing CO, and H2O during photosynthesis (Gao et al.,
2021), thus, phytoplankton, sunlight, and CO- are the main influencing
factors of WGPP.

Sunlight: Being a key determinant of primary productivity, the
geographical pattern of sunlight is consistent with the distribution trend
of WGPP. Because the earth is a sphere, sunlight illuminates the surface
at different angles. While the azimuth of equatorial sunlight is vertical
and fully illuminates the surface, sunlight is more oblique near the poles
(Fig. 8). Therefore, compared to high-latitudinal regions, the solar
elevation angle (i.e., the altitude angle) is broader in low-latitudinal
regions, providing greater overall sunshine hours and solar radiation
(Cloern et al., 2014), which also results in stronger photosynthetic in-
tensity and subsequently greater WGPP. Additionally, photoinhibition
during the phytoplanktonic photosynthesis process also reduces the
photosynthetic rate (non-maximum) of phytoplankton under light
saturation conditions (Kehoe et al., 2015). Multi-decadal in situ obser-
vational records of surface solar radiation has shown a widespread
decline between the 1950s and the 1980s (“global dimming”) and a
partial recovery thereafter (“brightening”) (IPCC, 2021). Moreover, this
may have caused the supersaturation of sunlight, subsequently limiting
phytoplankton-based photosynthesis after 1980, which would have also
led to a significant decrease in the median WGPP from 1950 to 2020
(Table S4).

CO3: Being a photosynthetic reactant, CO, is bound to have a po-
tential impact on the WGPP of aquatic ecosystems. To overcome the
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limitation of low CO3 concentration in waterbodies, the phytoplankton
communities have evolved CCMs to maintain relatively high photo-
synthesis (Reinfelder, 2011). Pertaining to timescale, under a contin-
uous increase in global atmospheric COp (IPCC, 2021) (Fig. 8),
phytoplankton will reduce the cost of absorbing HCO3 energy by down-
regulating the high-efficiency CCMs for N and P absorption, cellular
material redistribution, electron transfer and energy reuse, and phyto-
plankton growth (Ma and Wang, 2021; Luo et al., 2019). Elevated CO»
improves algal growth and increases the biomass (Ma and Wang, 2021),
which may be one reason for the increasing changes observed in the
range of WGPP. However, most inland lake systems are averagely su-
persaturation (Cole et al., 1994), CO may not have a significant effect
on WGPP under a supersaturated state (Vogt et al., 2017). Additionally,
metabolic respiration may cause lake systems to act as C sources (Ray-
mond et al., 2013). The trend in the spatial distribution of CO, emissions
from global lake systems was high in the Western Hemisphere and the
Northern Hemisphere and low in the Eastern Hemisphere and Southern
Hemisphere (Raymond et al., 2013), which was due to strong respiratory
consumption, weak photosynthesis and inherently lower WGPP of the
Western Hemisphere and the Northern Hemisphere, which also confirms
the geographical distribution of WGPP, namely, it was high in the
Eastern Hemisphere and the Southern Hemisphere but low in the
Western Hemisphere and the Northern Hemisphere (Fig. 3 and
Table S5).

Phytoplankton: Phytoplankton plays a key role in the primary
production of photosynthesis. Generally, the dominant phytoplankton
community mainly controls WGPP distribution of global lake systems
(Fig. S2). In high-latitudinal regions, chrysophytes mainly control
WGPP, while in low- and mid-latitudinal regions, diatoms, cyanobac-
teria, and chlorophytes dominate (Fig. 7). The upper water body with
sufficient sunlight and suitable temperature often becomes the main
gathering area for phytoplankton (Fernandez-Gonzalez et al., 2020).
And phytoplankton rely on their own unique physiological structure to
absorb various nutrients from the surrounding environment and

maintain normal physiological metabolic processes (Van de Waal and
Litchman, 2020). However, phytoplankton growth is limited by envi-
ronmental conditions (Biogeochem et al., 2011). Different algal species
have different requirements for habitats, and competition for abiotic
resources among algal species determines the changes between domi-
nant species and other species (Tilman et al., 1981; Grover, 1990),
which also causes differences in phytoplankton community distribution
and biomass among different water bodies. In fact, different algal species
also have different C sequestration capacities in different water envi-
ronments. Under large and complex hydrological environment changes,
rare phytoplankton communities (opportunists) have high net C
sequestration potential, while under stable water environment, domi-
nant communities (gleaners) have great contributions to C sequestration
(Jia et al., 2022). Algae growth is determined by a variety of environ-
mental factors, such as underwater light condition (Cloern et al., 2014;
Winder and Sommer, 2012), temperature (Celewicz and Gotdyn, 2021;
Weisse et al., 2016), nutrient (Anderson et al., 2020; Kumar et al., 2018),
heavy metal (Jia et al., 2020a; Pinedo-Gonzalez et al., 2015), salinity
(Diego et al., 2015; Jia et al., 2021), pH (Beklioglu and Moss, 2010;
Chakraborty et al., 2011; Unrein et al., 2009), turbidity (Cloern, 1987;
Guenther and Bozelli, 2004), etc. Here, we describe the living habits and
growth of phytoplankton under different sunlight, temperature, nutri-
ents and metals levels, as well as precipitation and hydrological factors.

Light limitation: Incident solar irradiance, turbidity, and mixed
layer depth together determine underwater light conditions and hence
influence the phytoplankton growth rate (Cloern et al., 2014). Phyto-
plankton production within lake systems in high latitudinal regions is
restricted by a short growth season. This is because solar irradiance
cannot breach ice that covers the water surface in winter (Cloern et al.,
2014), which leads to lower phytoplankton biomass and WGPP in these
regions. Different algae also prefer different light environments. For
instance, flagellates use several survival strategies, such as mixotrophy
as a nutritional strategy (Waibel et al., 2019), reducing their metabolic
rates, producing resting spores, or using stored energy reserves to
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survive under darkened conditions (Celewicz and Goldyn, 2021;
McMinn and Martin, 2013; Walter et al., 2017). Cyanobacteria can also
survive under a large range of light intensities, while chlorophytes and
diatoms prefer an environment with sufficient light (Wu et al., 2013).
Thus, this may also constitute the geographical pattern of dominant
phytoplankton communities in global lake systems. Additionally, the
distribution of dominant algal species is also associated with the hy-
drological mobility of a lake system. Cyanobacteria are more likely to
grow in static water (Park et al., 2012), while diatoms prefer flowing
water (Zhang and Prepas, 1996). Variation in the mixed layer depth also
affects the growth of phytoplankton by influencing light intensity
(Cloern et al., 2014). Generally, sunlight cannot easily penetrate deeper
water layers of lake systems; thus, phytoplankton growth is limited by
light (Matsumoto et al., 2014). Fig. 6b also confirms this point, namely,
that global lake system WGPP decreases with an increase in the mean
depth of lakes.

Temperature: Low-latitudinal regions are characterized by strong
sunlight and high temperatures. These climate characteristics are more
likely to lead to the rapid growth and propagation of phytoplankton in
lake systems within these regions. Algal communities respond differ-
ently to temperature. Cyanobacteria blooms will consistently occur in
waterbodies under high temperatures (from 24 to 26 °C) (Kehoe et al.,
2015; Park et al., 2012). Relatively higher temperatures are also suitable
for the growth of chlorophytes (15-25 °C) and diatoms (< 15 °C) (Cho
et al., 2007). Low temperatures are more suitable for the growth of
different flagellate groups (chrysophytes and dinoflagellates) (Celewicz
and Gotdyn, 2021). Therefore, temperature is also a key factor affecting
phytoplankton diversity and biomass. In recent decades, temperatures
have gradually increased under global warming (IPCC, 2021). An in-
crease in temperature may strengthen nutrient absorption, increase
protein abundance, and promote growth and primary production by
down-regulating CCMs and reducing the energy and material costs of
phytoplankton metabolism (Winder and Sommer, 2012,Van de Waal
and Litchman, 2020). However, respiration is always more dependent
on temperature compared to photosynthesis, and rising temperature will
also accelerate the respiratory consumption of organic carbon and
change the ratio of primary production to respiration (Barton et al.,
2020); thus, the median WGPP decreases significantly from 1950 to
2020.

Nutrients and metals: The supply of nutrients and metals from
anthropogenic activities is another key factor that must be considered.
Dam construction, industrial and agricultural activities, and changes in
hydrological circulation will lead to differences in the ambient condi-
tions of global lake systems, especially in developed and developing
countries in low- and mid-latitudinal regions (Liu et al., 2015; Maavara
et al., 2020a; Maavara et al., 2020b). For instance, the damming of the
Yangtze River in China resulted in the backflow of water into Poyang
Lake, subsequently causing nutrients to accumulate in the lake (Maavara
et al., 2020b). Although the impact of the resultant nutrients and pol-
lutants from this backflow on phytoplankton growth has not been
clarified; it stands to reason that this must affect both dominant species
and WGPP regulation (Jia et al., 2020a; Jia et al., 2020b). Nutrient in-
puts are also often an important factor in promoting the rapid propa-
gation of algae. Cyanobacteria preferentially favors high P and low N/P
conditions (Grossman et al., 1970; Jones and Brett, 2014; Park et al.,
2012; Zhang and Prepas, 1996). Relatively low nutrients primarily drive
diatom growth (Costa and Anil, 2010; Li et al., 2018). However, high
heavy metal concentrations can poison algae through toxification and
inactivating the enzyme system, severely affecting photosynthesis and
WGPP (Jia et al., 2020a). Since 1950, anthropogenic activities have
gradually increased (IPCC, 2021), the resultant increase in nutrients and
heavy metals derived from anthropogenic inputs has also led to a
gradual increase in WGPP variability (Figs. 3 and 4).

Precipitation and hydrological factors: Since the late 1970s, the
frequency of extreme precipitation and severe drought has increased
(IPCC, 2021), which leads to the evolution of hydrological cycles in
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aquatic ecosystems in a more extreme direction. In such changing sys-
tems, phytoplankton also responds to climate change, for example,
within regions that are wet or getting wetter, increasing rainfall is likely
to increase WGPP, whereas in dry or drying ecosystems, algal abun-
dances decrease (Thompson et al., 2015). This may also be another
reason why the range of WGPP gradually increased from 1950 to 2020.
The changing dry-wet cycles caused by extreme rainfall have the po-
tential to increase C and N losses as well as P availability of nutrient
runoff from terrestrial sources, thus affecting the availability of nutrients
by phytoplankton in water bodies (Winder and Sommer, 2012; Reverey
et al., 2016). Nutrient pulse by precipitation also promotes the genera-
tion of phytoplankton primary productivity (Meng et al., 2015).
Simultaneously, increases in wind speed accompanied by heavy rainfall
typically deepen the mixed layer, which can reduce light availability but
increase nutrients mixing (Kim et al., 2014). Additionally, rainfall cau-
ses changes in hydrological factors, such as water level, water retention
time, flow rate, and water depth (Germer et al., 2011). These factors
affect nutrients status in aquatic ecosystems (Qin et al., 2020), thereby
affecting the uptake and utilization of nutrients by phytoplankton, and
thus leading to variability in phytoplankton biomass, species composi-
tion, and WGPP (Wang et al., 2021; Jia et al., 2022).

At global scales, sunlight is the dominant factor determining the
geographical pattern of WGPP, and the temporal trend of WGPP is
driven by temperature and CO, concentrations. At basin scales, the main
factors controlling the spatiotemporal distribution pattern of WGPP in
different lakes are differentiated. For example, in Poyang Lake in China,
a floodplain lake with strong hydrological mobility, has a greater impact
on WGPP by water level (Jia et al., 2022). In relative static water systems
(e.g., Taihu Lake in China), P and temperature mainly control phyto-
plankton biomass (Huang et al., 2019). In plateau lake systems, solar
radiation, salinity, and nutrient contents under altitude gradients are the
main drivers of lake primary productivity (Jia et al., 2021). At urban
scales, N, P, and Si dynamics caused by anthropogenic disturbance drive
the seasonal periodicity of phytoplankton species (Silva, 2005), and ion
concentrations, especially sodium and magnesium, have more signifi-
cant effects on phytoplankton community structure (Lu et al., 2017). In
practical terms, climate change driven by anthropogenic activities
(IPCC, 2021) controls the geographical distribution pattern and long-
term trend of WGPP in global lake systems. It is therefore critical to
determine which factors will play a more significant role in WGPP
variability into the future, which researchers and stakeholders will have
to resolve.

7. Implications
7.1. Implications for global water environment management

Primary productivity provides an energy source for biological ac-
tivities, is the basis of the biological food chain, and the starting point of
ecosystem energy flow (Gao et al., 2021). Multiple ecological ramifi-
cations are also accomplished by increasing WGPP through biological
carbon sequestration. On the one hand, increasing WGPP can improve
ecosystem efficiency, promote water fertility and the ability to support
biological resources, which is more conducive to fisheries, aquaculture
and human development (Jia et al., 2022; Gao et al., 2021). On the other
hand, the emergence of higher WGPP may also be accompanied by many
negative ecological impacts, such as algal blooms, eutrophication,
decreased species diversity, water quality deterioration, serious water
environment pollution, and threats to drinking water safety (Feng et al.,
2021; Ho et al., 2019). Therefore, even though understanding WGPP
controls is critical in maximizing primary productivity, it is equally
important to quantify its trophic fate while maintaining the ecological
balance and environmental health.

In recent decades, anthropogenic-driven climate change has affected
phytoplankton growth and expanded the scope of WGPP. High WGPP is
particularly prevalent in inland water systems worldwide (Tonetta et al.,



J. Jia et al.

2015). On a global scale, anthropogenic-derived nutrients cause exces-
sive enrichment of aquatic and terrestrial ecosystems (Dokulil, 2014),
which leads to proliferation of phytoplankton, elevated primary pro-
ductivity, and an increase in the distribution and frequency of hypoxia,
many waterbodies are gradually erupting water blooms and becoming
eutrophic (Feng et al., 2021; Ho et al., 2019). Moreover, the increased
frequency of extreme environmental conditions caused by climate
change may be more detrimental to algae development in global lake
systems. Under extreme environmental conditions, algae will have to
strengthen its capacity to adapt to the burgeoning environmental con-
ditions of global lake systems while gradually evolving to survive.
Generally, algae blooms are caused by a single dominant algal species
during its aggressive, explosive growth stages (Kumar et al., 2018).
During such stages, the measures taken by governments or managerial
departments typically involve the removal of algae to control algae
blooms but such practices do not consider broad ecological goals,
namely, encouraging the flow of WGPP into water systems. In fact, the
control of environmental conditions is critical in preventing and con-
trolling algal blooms. Therefore, effective measures cannot only maxi-
mize WGPP but must also effectively prevent algae bloom occurrences, a
strategy that should urgently be applied to water-based environment
management policies. The critical question is how to regulate environ-
mental conditions to allow for the survival of a variety of algae species
without promoting algal bloom occurrences, which is expected to be the
main difficulty and focus of future research.

At present, a more natural and mutual beneficial strategy to combat
algae blooms would be to reduce the density of dominant species and
also promote phytoplankton community diversity as well as inhibit
single species outbreaks. Therefore, for different lake systems, promot-
ing phytoplankton community diversity and accelerating community
competition by regulating controllable and primary environmental
factors will play an important role in maintaining the ecological balance
and environmental health of global lake systems. In a eutrophic lake in
mid-latitudinal regions, the community competition and succession of
phytoplankton is controlled by regulating Fe elements and underwater
light conditions (Yuan et al., 2021). The proliferation of phytoplankton
is more restricted by nutrients in waters less affected by anthropogenic
activities, however, phytoplankton abundance in surface waters in-
creases with an increase in anthropogenic activity intensity, especially
in concentrated agricultural areas, which requires priority prevention
and control (Zhao et al., 2019). And water level fluctuations can be used
to regulate the community structure of phytoplankton and WGPP in a
subtropical floodplain lake system (Wang et al., 2021). In Antarctic
nutrient-poor small lakes, changing the light energy availability of
phytoplankton is also an important measure to control WGPP (Tanabe
et al., 2019). Therefore, for different types of lakes, we had better adjust
environmental factors according to local conditions to prevent and
control algal blooms and maximize WGPP. In conclusion, an in-depth
understanding of the geographical pattern and long-term changes in
global WGPP and its corresponding regulatory mechanism provides a
significant scientific basis for responding to climate change and pre-
dicting phytoplankton community succession direction and the devel-
opment trend of global WGPP in the future.

7.2. Implications for accurate quantification of lake primary productivity

Differences in understanding of lake C sequestration processes have
led to a variety of quantitative methods for lake primary productivity. It
is common to measure the primary productivity of autotrophs in aquatic
ecosystems by using the equilibrium metabolism of oxygen, such as the
diurnal dissolved oxygen kinetic model (Song et al., 2018), Odum's open
water method (Murrell et al., 2018), the dark and light bottle technique
(Gaarder and Gran, 1927), etc. Murrell et al. (2018) used Odum's open
water method to study the seasonal dynamics of primary production in
the estuarine water column based on dissolved oxygen time series.
Bogard et al. (2017) used the 80 stable isotope method to analyze lake
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primary productivity and sediment metabolism process. The }*C isotope
method has also been used to measure carbohydrate production in
surface waters (Nielsen, 1952). And constructing a water temperature-
productivity model by remote sensing techniques is also a common
method to characterize the primary productivity of surface water bodies
(Whitehead et al., 2010). However, the research objects of different
methods are slightly different. Although most studies measure the
phytoplankton GPP of surface water bodies for a lake, there are also
studies that measure phytoplankton and aquatic plants (emergent
macrophytes, floating plants, submerged plants) to characterize the
primary productivity of the entire lake (Kazanjian et al., 2018). Here, we
only consider phytoplankton GPP as the WGPP of global lake systems.
Based on the total global lake area of 2.74 x 10° km? (Raymond et al.,
2013) and the median WGPP in this study, we found that the gross C
sequestration potential of global lake systems has reached 0.41 Pg Cyr !
in the past 20 years. However, if the estimation of the primary pro-
ductivity of aquatic plants is also incorporated into the assessment of the
lake C sequestration process, the C sequestration potential of global lake
systems should be overestimated. Therefore, how to determine the key
process of lake C sequestration and accurately quantify the rate and
potential of lake C sequestration are also key issues to be solved urgently
in the future.
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