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Abstract
How phytoplankton respond to changes in water resource allocations, and whether water diversion cause phytoplankton
homogenization remain no incontestable conclusion. Herein the changing rules of phytoplankton communities faced to water
diversion were unveiled based on long-term (2011–2019) time-series observation and analysis of algae data of three regulating
lakes on the eastern route of the South-to-North Water Diversion Project in China. We found that phytoplankton composition had
dramatic differences before and after water transfer; however, after long-term planned water diversion the algal structure —
especially for abundant species — gradually became similar to that found in 2014, revealing the community structure was changed
by water mixing, and reverted slowly to the initial state after water diversion. Phytoplankton communities exhibited greater fragility
when they �rstly experienced human-mediated disturbance, while gradually adapted to more interferences and obtained stronger
stability. More importantly, we found that the community composition had no homogenization across three lakes after water
diversion and resistance and recovery are underlying mechanisms to maintain the community heterogeneity and stability.
Moreover, the altered phytoplankton communities in round lakes re-established stable states, while strip-shaped Nansi Lake not,
re�ecting the strip-shaped lake had slower response and less resilience to the disturbance than the round lakes.

1. Main
Freshwater scarcity is increasingly perceived as a global systemic risk1,2. At present, about two-thirds of the global population (4.0
billion people) live under conditions of severe water scarcity for at least 1 month of the year and half a billion people face severe
water scarcity all year round2–4. If action isn’t taken, as many as 7 billion people in 60 countries could face water scarcity by
20505. In addition, regional water resource shortages are also a big problem because of the uneven temporal and spatial
distribution of water resources, besides the water scarcity6. More than two billion people live in highly water-stressed areas
because of the uneven distribution of freshwater resources in time and space7.

To alleviate water shortage issues in arid regions and uneven distribution problems, and to promote social and economic
development, numerous water transfer projects have been launched in both developed and developing countries and regions8,
including the South-to-North Water Transfer Scheme — the world’s longest and largest water diversion project, with a planned 45
billion m3 of annual water transfer in China6 — as well as the California Water Plan, the Texas Water Plan, and the North-to-South
Water Transfer project in the USA9. Water importation is intended to provide water for areas of scarcity by transfer from areas of
surplus as a solution to water supply problems of those arid areas9. These water diversion projects do solve the problem of water
shortage and uneven distribution to a certain extent, but the fundamental concern of whether the water diversion projects ruinously
affect the aquatic ecological environment is still not well understood.

Water quality is a major issue for operation of water diversion projects, because it is related to the health and safety of inhabitants.
While connecting and allocating rivers, lakes, reservoirs and other water resources for human use, hydraulic projects make the
water quality issues faced by human beings more intricate than ever before10. The controversies and studies about the water
quality after the construction of those projects are continuing, and there is still no consensus answer to the question of whether
water diversion projects degrade or improve the water environment10. On the one hand, water diversion is being increasingly
applied to alleviate water pollution and has improved water quality in many water bodies11, and the water quality status had been
steadily maintained at an “excellent” level after the water transfer10. Yet other studies showed that water diversion projects have
focused largely on engineering measures related to water quantity, while ignoring the water quality, and so a large amount of poor
quality water was diverted that caused the deterioration of water bodies6,12. At present this is of particular concern in assessing the
effect of water diversion on water quality and the water environment, although studies that document the impact have been limited
by a lack of long-term observations and low sampling frequency10,13. Meanwhile, there is no systematic research on water quality
variation before and after water diversion, or the consequences of long-term water diversion on fundamental phytoplankton
community.

Phytoplankton, the foundation of aquatic food webs, are highly diverse in their taxonomy and functional traits14–15. They are often
the principal autotrophs, supplying organic carbon and oxygen to the system16–17. However, phytoplankton exhibit particular
sensitivity to changes within aquatic environments18. A water diversion project disturbs the water environment by transposing
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water between isolated water bodies without regard for biogeography or aquatic biodiversity, and will lead to a massive
introduction of distinct biodiversity in lakes, bio-invasion of lakes, and biotic homogenization across lakes12. On the other hand,
the projects could decrease the frequency of algal blooms by mixture and dilution of water bodies19. Furthermore, phytoplankton
contain both abundant and rare species: the rare sub-communities could be inert in one speci�c environment20,21, but responses
which turn those species into abundant taxa quickly occur upon changing the water environment22–23.

Up to now, many studies designed to test relationships between community composition and environment regime have been
performed through laboratory or small-scale �eld experiments, leading to persistent criticism that the experiments do not
accurately capture the real ecosystem consequences of water environment changes24. In addition, scientists globally pay
increasing attention to the ecological consequences in order to identify the in�uence of water diversion projects. But as yet there
have been few studies revealing the impact of a water diversion project on entire phytoplankton communities and the changes
among algal species through long-term monitoring, and also few studies revealing whether the community structure could be
restored or whether it permanently collapsed under the conditions of long-term water transfer. Given the potential sensitivity of
phytoplankton to water mixing, development of research on the impact of water transfer is increasingly urgent.

China’s South-to-North Water Diversion Project, which includes eastern, central, and western routes, is a large-scale strategic project
to relieve water shortage and sustain economic and social development in northern China (nsbd.mwr.gov.cn). The Eastern Route
spans the four largest river basins in China, namely the Yangtze River basin, the Yellow River basin, the Huai River basin, and the
Hai River basin25, and it is capable of transferring 14.8 billion m3 of water annually from the Yangtze River to northern China by a
complex hydraulic system of interconnected lakes, rivers and canals26. Meanwhile, the strict water quality management measures
imposed by the government guarantee that there are no big worries about the deterioration of water quality. The water quality
index indicated an overall “Good” water quality with an improving trend from upstream to downstream lakes located along the
eastern route of the South-to-North Water Diversion Project27. Hence the main concerns about water diversion lie in aquatic
biodiversity degradation or bio-invasion. Aquatic plants (alligator weed, water hyacinth, and water lettuce) and �sh (e.g. Tridentiger
bifasciatus) were veri�ed to be able to expand their ranges northward and have caused biological invasion, thereby promoting a
potential biotic homogenization between the lakes28–29. Up to now there has been surprisingly little research on the bio-invasion of
phytoplankton, especially on the eastern route of the South-to-North Water Diversion Project.

Herein we empirically identi�ed the factors driving the abundant and rare species in phytoplankton communities under long-term
water transfer conditions, and also uncovered the consequences of water diversion projects for the structure and function of
phytoplankton communities. These issues were solved using the data on water quality and phytoplankton communities across
nine years’ monitoring in the main regulating lakes located on the eastern route of the South-to-North Water Diversion Project in
China. The main impounded lakes on that route include Hongze, Luoma, Nansi and Dongping lakes. Three of those lakes (Luoma,
Nansi and Dongping lakes) were selected based on the large annual amount of water diversion; the other lake (Hongze Lake) was
not selected, as the amount of water diverted annually through it is relatively small, or even nil, in most monitoring years (Table
S1). The monitoring data utilized in this analysis are temporally extensive, which provides the opportunity to assess the
phytoplankton composition characteristics, and allows for the determination of factors that may contribute to phytoplankton
(abundant or rare species) changes. Furthermore, the data su�ciently support us to answer the controversial question of whether
the water diversion has an impact on phytoplankton community stability and to verify whether there is a homogenization of biota
between these three lakes based on the phytoplankton data.

2. Results And Discussion
2.1 Changes in phytoplankton density and water quality following water diversion

Water diversion has the potential to change the phytoplankton community composition12 and improve the water quality of
eutrophic lakes10. Because extraordinary disturbances occurred with the operation of the South-to-North Water Diversion Project in
Luoma, Nansi and Dongping lakes since October 2013, phytoplankton communities in the three lakes were affected in various
ways. Sharp decreases in algal density, particularly for cyanobacteria, have been shown in 2014 in the three lakes. Thereafter algal
density remained almost unchanged during the many years of water diversion in the studied lakes (Fig. 1 and Fig. S1). Comparing
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these lakes, after water diversion the algal population decreased more in Nansi and Dongping lakes than in Luoma Lake. The
annually averaged total algal density changed from 10.9 and 8.7 million cells/L in Nansi and Dongping lakes before water
diversion to respectively 4.5 and 4.1 million cells/L after water diversion, while the annually averaged density of total algae only
decreased in 2014, and then slightly increased in Luoma Lake. A possible reason lies in the different concentrations of nutrients in
the various lakes: the average concentration of TN after water diversion was greater in Luoma Lake (1.58 mg/L) than in the other
lakes (0.84 mg/L in Dongping Lake and 0.91 mg/L in Nansi Lake) (Fig. 2 and Fig. S2). The other reason could be that Luoma Lake
(located in Jiangsu Province) had a more suitable temperature and climatic conditions than the other two lakes, causing the
cyanobacteria to have a stronger resistance to interference from water diversion.

The concentration of nutrients decreased after water diversion in the three lakes. The average concentration of TN in Luoma Lake
was 2.58 mg/L before the water transfer, while the concentrations were 1.28 mg/L in Nansi Lake and 1.92 mg/L in Dongping Lake.
A tremendous decline in the concentrations of TN was observed after the disturbances of South-to-North Water Diversion Project in
Luoma Lake (1.59 mg/L), Nansi Lake (0.92 mg/L) and Dongping Lake (0.84 mg/L) (Fig. 2 and Fig. S2). Before the water diversion,
a higher average concentration of TP was detected in Nansi Lake (0.08mg/L) compared with Luoma Lake (0.03 mg/L) and
Dongping Lake (0.04 mg/L). However, the average concentration of TP tended to be consistent (0.04 mg/L) across the three lakes
for the 6-year period of water importation (Fig. 2 and Fig. S2). The main reasons might be that pollution-control projects and
dozens of associated measures were implemented, including sewage diversion projects, sewage treatment plant construction,
wetland ecological restoration, and closing down of factories with substandard emissions around the lake30.

Phosphorus is needed to maintain cell and membrane structure, energy metabolism, the synthesis and expression of genetic
material, and a variety of other metabolic and regulatory processes. A low level of accessible P in the environment can
compromise algae, causing decreased growth31. Currently, lakes are often said to be primarily phosphorus-limited31; however,
counter-examples cast doubt in some researchers’ minds32. Herein we compared TP in the three lakes, the concentrations of TP
manifested minor changes, with the average concentration (0.04 mg/L) always being low in Dongping Lake, while more variation
occurred in Nansi Lake before and after water transfer. The phytoplankton density in Dongping Lake was consistent with that in
Nansi Lake during the study period, but, on the other hand, the algal density did not change in Luoma Lake, where phosphorus
concentration clearly changed in stage two. The relation between TP and algal density in different lakes indicates that phosphorus
was not the limiting factor in Luoma and Dongping lakes, which are mesotrophic–eutrophic lakes33, which supports the concept
that the “phosphorus-limitation paradigm” applies only to oligotrophic lakes.

Nutrient management focused on a single nutrient is likely to result in reductions in multiple nutrients. Thus it is often not possible
to credit phytoplankton changes only to control of a single nutrient34. Nitrogen (N) and phosphorus (P) are the key nutrients for
phytoplankton: the combined effects of N and P enrichment have accelerated eutrophication and proliferation of phytoplankton on
a global scale, particularly for harmful cyanobacteria35. Herein we found that TN and TP quickly decrease in stage one of water
diversion, and the algal density also simultaneously reduced in Nansi and Dongping lakes. However, in Luoma Lake a decrease of
TN and no great variation of TP occurred, and the phytoplankton exhibited no obvious decrease (Fig. 1-2 and Fig. S1-
S2). Traditional approaches for cyanobacterial control have focused on reducing phosphorus (P) inputs to impaired freshwater
systems, based on the fact that excessive P relative to N inputs (or low N-to-P ratios) were linked to a tendency for systems to be
dominated by cyanobacteria36. But our results indicate that reducing both N and P in a water body provides the best opportunity to
reduce phytoplankton density.

Excessive growth of phytoplankton, particularly in the form of cyanobacterial blooms, has become a growing global problem37–38.
Many species of cyanobacteria are capable of producing toxic and noxious compounds that degrade water quality and pose a risk
to human and aquatic ecosystem health39. Previous researchers had found warmer waters to favour the incidence of
cyanobacterial blooms in many lakes40. However, the average annual water temperature had no practically signi�cant changes in
the three lakes during the nine years’ monitoring (Fig. 2 and Fig. S2). The cyanobacterial density clearly decreased in Nansi and
Dongping lakes, while only weak variation occurred in Luoma Lake. Meanwhile the frequency of cyanobacterial blooms did not
increase in the three lakes. Overall the intensity of cyanobacterial blooms in these water-diversion lakes did not increase under the
in�uence of global warming.



Page 5/18

2.2 In�uence of environmental selection on abundant and rare phytoplankton sub-communities

It has been suggested that rare and abundant taxa of microorganisms may have different roles in natural habitats41. Abundant
species usually contribute a signi�cant role in the ecosystem and participate in major biogeochemical processes such as carbon
flow and processing of nutrients, whereas rare taxa can be regarded as propagule banks and play minor but non-negligible
roles41,42. A ubiquitous pattern has been observed across ecosystems whereby many species are rare, and a few species are
abundant20-21, 23-24. This pattern is also found in our research: there was no species classi�ed as always abundant in 2015 in
Luoma Lake, and the number of conditionally abundant species varied from 1 (0.4%) in 2018 to 8 (4.0%) in 2015. Conditionally
rare species made up a greater proportion in Luoma Lake, reaching 77.4% in 2016, and we found that the fewest conditionally
abundant and rare species were identi�ed in 2016, with 47 species (20.1%), whereas the number of such species peaked at 67
(30%) in 2019. However, there were no always rare species nor moderately abundant taxa classi�ed in Luoma Lake (Table S2). As
far as Nansi Lake is concerned, in 2015 there were 6 (2.8%) algal species that were considered to be abundant, which was the
minimum number, while the maximum number of abundant algal species was 22 (12.0%), which occurred in 2014. The smallest
(116 (68.6%)) and largest (168 (72.4%)) numbers of rare species were classi�ed in 2010 and 2017, respectively. The identi�ed
numbers and proportions of conditionally abundant and rare taxa were distinct in different years, and no moderately abundant
taxa nor always rare taxa were found during the study period in Nansi Lake (Table S3). The number and proportion of abundant
species varied from 1 (0.7%) in 2011 to 10 (6.6%) in 2019 in Dongping Lake, and no always abundant algae were present in 2010
or 2011 (Table S4). In addition, the number and proportion of rare species varied from 85 (56.3%) in 2019 to 128 (67.0%) in 2017.
There were fewer conditionally rare taxa in Dongping Lake compared with Luoma and Nansi lakes. Consistent with the results in
Luoma and Nansi lakes, the number and proportion of conditionally rare and abundant taxa varied dramatically in different
sampling years, and no always rare species nor moderately abundant taxa were identi�ed in Dongping Lake (Table S2- S4).

The rare taxa were observed to be dissimilar and to encompass many more unique species in the three lakes. The rare sub-
communities could be inert in one speci�c environment20-21, but may become abundant taxa upon environmental changes22–23.
The rare species underwent dramatic changes in Luoma, Nansi and Dongping lakes following from the water diversion project.
Scenedesmus obtusus var. apiculatus was converted from a rare species in Luoma Lake into abundant taxa following water
diversion. Other rare species (Cyclotella meneghiniana, Pedinomonas minor, and Achnanthes exigua) were transformed into
abundant algae after water diversion in Nansi Lake. Meanwhile, Chlamydomonas microsphaera and Chlorella ellipsoidea were rare
taxa before water diversion in Dongping Lake, but they became abundant species after water transfer. 

The effects of water diversion on abundant species variation in the three lakes were similar. The number of abundant algae in the
three lakes increased in 2013 and 2014 (Table S2- S4), the reasons for this phenomenon might be the dramatic changes of water
quality in the three lakes due to water importation, causing rare species and conditionally abundant and rare taxa to be
transformed into abundant algae. 

Resistance occurs when some members in a microbial community show high tolerance to environmental disturbances43. Chlorella
vulgaris, Chroomonas acuta and Synedra acus remained classi�ed as always abundant algae under the pressure of the water
diversion project and had stronger environmental tolerance than other abundant species (Table S5- S7). Distinct responses of rare
and abundant taxa to disturbances might arise from their different life-history strategies. The number of abundant algae remained
subsequently unchanged during stage two, which suggests that the phytoplankton communities — especially for abundant species
— had a degree of resilience. After a disturbance, the altered microbial community could rapidly recover to its original state or
establish an alternative stable state44–45.

Phytoplankton are considered to be an indicator of environmental change and ecosystem state owing to their quick and strong
responses to environmental disturbances46. At the same time, environmental factors such as temperature, light, or nutrient
concentrations are known to affect abundance and activity of microbial taxa47–48. We adopted Mantel tests to elucidate the
relationship between all, abundant, or rare phytoplankton and environmental factors in the three lakes. Studies have demonstrated
that different controlling factors constrain the structures of the rare and abundant sub-communities23. Herein we observe
statistically signi�cant (p < 0.05) positive responses between all or abundant taxa and WT; however, there was no statistically
signi�cant relationship detected between rare species and WT (Table 1), which could be ascribed to the fact that these species
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may have different growth and activity and thus respond differently to the environmental variable. The result differed from a
previous report that temperature showed the strongest correlation with rare species, which is mainly because diatom blooms
occurred in the previously studied water body49. In addition, phytoplankton had different responses to pH, transparency, DO, CODMn

and TP in the three lakes (Table 1), which are related to the environment of the respective lake itself.

2.3 Reestablishment and stability of the phytoplankton community structure

Phytoplankton enable fast responses to abrupt water �uctuation in lakes, and phytoplankton community composition stability and
diversity could rapidly change14. Naselli-Flores and Barone (2000)50 reported that the unique hydraulic regimes, rather than
nutrient availability, were the main factors affecting the algal community structure in lakes characterized by apparent water
mixing. Additionally, some long-term field data for a shallow floodplain lake indicated the relevance of water fluctuations in
driving the shift from a state dominated by free-floating plants to a state dominated by phytoplankton51.

When the stability of the networks was assessed by calculating the ratio between density (D) and clustering coefficient
(transitivity, T) of the network53, the values of D/T were smaller during non-water-diversion months than water-diversion months,
which meant the stability of the algal community structure composition was greater (Fig. 3 and Table S8). Herein it is apparent
that there was more stability in non-water-diversion months than in water-diversion months, and the water diversion project acted
as an external disturbance to the algal communities of the receiving lakes and, as such, the project was able to directly influence
the stability of the phytoplankton community structure. 

In addition, co-occurrence networks were constructed in every year depending on whether or not water was transferred. The value
of D/T was lower in non-water-diversion months than in water-diversion months during the period of 2013–2016 in Luoma Lake,
while the opposite result occurred in 2017–2019 (Fig. S3, Table S9). Moreover, in Dongping Lake D/T was lower in non-water-
diversion months than during water-diversion months from 2014 to 2016, while similar D/T values were calculated for non-water-
diversion months and water-diversion months during 2017–2019 (Fig. S5, Table S11). However, in Nansi Lake the value of D/T
was always lower in non-water-diversion months than during water-diversion months (Fig. S4, Table S10). Hence we classi�ed
different water diversion phases: before water diversion (2011−2013), stage one of water transfer (2014−2016), and stage two of
water importation (2017–2019).

The stability of the algal communities in Luoma and Dongping lakes weakened during phase one of water transfer, while there
were no stability changes in Nansi Lake. As the long-term planned water diversion continued the stability in Luoma and Dongping
lakes recovered, whilst it decreased in Nansi Lake (Fig. 4 and Fig. S6). The difference in stability changes was mainly caused by
different lakes’ morphologies: Luoma and Dongping lakes are nearly circular lakes, but Nansi Lake is shaped like a ribbon and
behaves more like a river (Fig. S7); another reason could be that the number of rivers �owing into these lakes are different —only
one main river (Dawenhe River) �ows into Dongping Lake and two main rivers (Yi River and Zhong Canal) �ow into Luoma Lake,
while 53 rivers �ow into Nansi Lake, so that more disturbed locations existed in Nansi Lake than the other studied lakes. 

Some systems may respond smoothly to environmental changes, whereas others may show threshold responses, responding
abruptly only beyond a critical value of disturbance52. Surprisingly, the altered microbial communities re-established an alternative
stable state in Luoma and Dongping lakes, but the stability reduced in Nansi Lake in stage two of water diversion. The results
indicate that the phytoplankton in circular lakes had quicker responses and recoveries to the water transfer than phytoplankton in
strip-shaped lakes. We guess that the stability of the phytoplankton community in Nansi Lake will also eventually recover in the
future with continuation of the water transfer process, and we will conduct persistent monitoring and observation on the three
lakes to check this.

Phytoplankton diversity in the lakes includes a range of functional groups, which play critical roles in transferring energy across
the food web14–15. Therefore, tracking changes in the structure and diversity of algal groups is the key to characterising ecosystem
function and measuring the impacts of disturbances. Despite the diversity of algal communities in the three lakes, there were
certain consistent changes following water importation: surprisingly, the diversity and evenness of all, abundant and rare algae
exhibited no dramatic changes in the three lakes after the disturbance of water diversion (Fig. 5, Fig. S8- S9). This result was not
consistent with the studies of Yang et al.54 and Dai et al.55, where phytoplankton community diversity and evenness index were
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increased in Gonghu Bay when it was affected by water diversion. Importantly, their �nding related to the effect of water diversion
on community diversity mainly focused on short-term changes (i.e. over several months). Moreover, we can guess that the change
in disturbed community diversity was affected by the sensitivity of the respective community to environmental change.

Whether the community structure would change irreversibly in response to disturbance is a current concern that needs to be
solved. Tromas et al. viewed cyanobacterial blooms as a biological disturbance, quanti�ed by their impact on the surrounding
microbial community, and found that the community changes cyclically over the course of a year, with a repeatable pattern from
year to year56. In our study, the algal composition became more and more similar to that in 2014 (the state directly after water
diversion) during the long-term period of observation in the three lakes (Fig. 6, Fig. S10- S11). This could re�ect resilience that
allows the altered microbial community to recover to its original state or establish an alternative state after a disturbance44–45.
With different consequences caused by disturbance, community structures affected by algal blooms are restored to their original
status after a short period, while the communities affected by water diversion only stabilize to a new state; the differences in the
recovery time and state could depend upon differences in the disturbance intensity and type.

The community compositions, particularly for abundant algae, were dissimilar in the three lakes, the main contributions to these
distinct compositions in 2011 were the high abundances of Pseudanabaena limnetica (42.5%), Chroomonas acuta (30.7%)
and Chlorella vulgaris (24.0%) in respectively Luoma, Nansi and Dongping lakes; in 2012 Pseudanabaena limnetica (54.0% in
Luoma lake and 19.3% in Nansi lake) and Chroomonas acuta (27.9% in Dongping lake) were dominant algal species in different
lakes; and in 2013 Pseudanabaena limnetica (34.8%), Chlorella vulgaris (24.0%) and Chroomonas acuta (30.7%) had the highest
abundances in Luoma, Nansi and Dongping lakes, respectively. Meanwhile, no species homogenization across the lakes occurred
after water diversion. The community compositions were distinct and there were different proportions of dominant algal species
after water importation in the three lakes (Tables S2–S7). Unsurprisingly, this phenomenon was also found between two different
lakes that were connected by water transfer (Fig. S10- S11). Contradictory conclusions have been reported that water diversion
projects would lead to a massive introduction of distinct biodiversity in lakes, bio-invasion of lakes, and biotic homogenization
across lakes12. Guo et al. investigated the in�uence of a water diversion project on �sh communities and identi�ed that increased
hydrological connectivity had potentially created an “invasion highway” and promoted a potential biotic homogenization among
the impounded lakes29. In a more comprehensive investigation, a wide variety of aquatic organisms (molluscs, zooplankton,
crustaceans, insects, fish, amphibians, reptiles, mammals, and plants) was studied and the fact that a water diversion project
caused homogenization between lakes was similarly proved57. Previous research has mainly focused on the effect of water
transfer on aquatic plants and animals. Compared with plants and animals, diverted phytoplankton had more sensitive responses
to environmental change (e.g. the change in nutrient levels within the three lakes), and our �nding eliminated the concern that
water diversion can cause phytoplankton homogeneity across different lakes.

3. Conclusions
Our 9 years of data provide empirical evidence that total algal density — particularly for cyanobacteria — in the three lakes
exhibited a decrease in 2014 and remained unchanged for the next several years under the in�uence of the water diversion project;
the concentrations of TN and TP also decreased after water transfer in all three lakes. Abundant and rare species were affected
differently by water importation, with some rare species being transformed into abundant taxa, while the main abundant algae
were almost unaffected by water diversion. In addition, we analysed phytoplankton data from the three lakes and found that
greater differences in phytoplankton community composition were shown before and after water importation, and as the planned
water transfer continued over the long term the algal community structure became similar to that in 2014 (the initial state after
water diversion); surprisingly, there was no homogeneity in the algal compositions across different lakes after water diversion.
Moreover, more stable phytoplankton communities occurred in non-water-diversion months than during water-diversion months,
revealing that water mixing does have negative effects on the stability of community structure. The community stability decreased
in Luoma and Dongping lakes in stage one, while it returned to its original level in stage two; conversely, the stability in Nansi Lake
exhibited no obvious changes in stage one but decreased in stage two, speculating that the inconsistent responses of
phytoplankton community stability to water diversion might be attributable to the different shapes of the lakes.

4. Materials And Methods
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4.1 Study areas, sampling and water quality data acquisition
The eastern route of the South-to-North Water Diversion intersects with or directly passes through four large freshwater lakes in
Jiangsu and Shandong provinces (i.e. Hongze Lake, Luoma Lake, Nansi Lake, and Dongping Lake). Because of the small amount
of water that passed through Hongze Lake as part of the water diversion project during the study period (Table S1), the effect of
water diversion on phytoplankton in Hongze Lake was not studied. The �eld sampling was conducted in Luoma Lake (34°0′–
34°14′ N, 118°5′–118°19′ E), which is located in Jiangsu province, Nansi Lake (34°27′–35°20′ N, 116°34′–117°21′ E) and Dongping
Lake (35°30′–36°20′ N, 116°00′–116°30′ E), which are located in Shandong province, China (Fig. 7). The three lakes, which belong
to the eastern route of the South-to-North Water Diversion Project, are important drinking water sources for the inhabitants of
Jiangsu and Shandong provinces. For Luoma, Nansi and Dongping lakes there were respectively six sampling sites (Yanghetan,
Zaohe, Huquzhong1, Huquzhong2, Huqudong and Huquxi), �ve sites (Qianbaikou, Nanyang, Erjiba, Dajuan, and Daodong) and
three sites (Hunan, Huxin and Hubei) (Fig. 7). Luoma, Nansi and Dongping lakes �rst o�cially transferred water in October 2013,
and water diversion is executed according to the national water diversion plan, with the precise water transfer period each year
being distinct for each lake (Fig. S1). The main characteristics of the three studied lakes are presented in Table S12.

Sampling was conducted every month from March 2011 to December 2019 across all of the sampling locations in Luoma, Nansi
and Dongping lakes. Each station was sampled using a Ruttner water sampler (Hydrobios, Germany, 1 L). Within each sampling
site, 3 L of water samples were collected for chemical analyses and 1 L for phytoplankton identi cation and counting. Water for
chemical analyses was analysed within 48 h after sampling. Phytoplankton communities were xed with 1.5% Lugol’s iodine
solution in situ and stored in the dark. Water temperature (WT), dissolved oxygen concentration (DO), transparency (Trans) and pH
were measured using on-site instruments. A thermometer (TES1316, Shanghai Precision Instruments Co., China), portable DO
meter (HQ30d, Hach, USA), Secchi disc (20 cm), and portable pH meter (FE28, Mettler Toledo, China) were used, respectively.
Concentrations of total nitrogen (TN), total phosphorus (TP), and ammonia nitrogen (NH3-N) were analysed according to the

Standard Methods for the Examination of Water and Wastewater58. The chemical oxygen demand (CODMn) was determined by an

acidic potassium permanganate method58. The values for each of the sampling stations were obtained through three parallel sub-
samples.

4.2 Phytoplankton data
Analysis of algae involved sample concentration through two settling steps: �rstly, from an original volume of 1 L to 50 mL
(settling time was 24 hours), and then to a �nal volume of 10 mL (settling time was also 24 hours). Thereafter phytoplankton
characterization was undertaken using a microscope (CX41, Olympus, Japan) with 400× magni�cation for at least 200 units
(single cells, colonies and �laments). Taxonomic identi�cation of the phytoplankton species was done according to some
international websites, such as “NBN atlas” and “WoRMS”, and one book, “Freshwater Algae in China (System, Classi�cation and
Ecology)”.

4.3 De�nitions of abundant and rare taxa
The de�nitions of abundant and rare taxa depend on the cut-off level of relative abundance, as previously reported41. All algal
species were classi�ed into one of six categories: always abundant taxa; conditionally abundant taxa; always rare taxa;
conditionally rare taxa; moderately abundant taxa; and conditionally rare and abundant taxa. The abundant taxa consist of always
abundant and conditionally abundant taxa, and the rare taxa include always rare and conditionally rare taxa. A detailed description
of abundant and rare phytoplankton data is shown in Tables S2–S7.

4.4 Relationship between phytoplankton community composition and
environment variables
The Mantel test using the “vegan” package in R was implemented to select signi cant environmental factors correlated with the
variations of all, abundant, and rare phytoplankton communities. Prior to the analysis, the normality of the physicochemical
variables was checked using the Shapiro–Wilk test, and log(x+1) transformed, with the exception of pH, to improve normality and
homoscedasticity46.

4.5 The similarity of phytoplankton community composition
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Natural patterns of phytoplankton community similarity were examined using clustering analyses and multivariate ordinations to
�nd breakpoints in community composition states. The Bray–Curtis dissimilarity matrix was constructed from square-root-
transformed data for each algal species at every time point. This was accomplished using the “vegan” and “pvcluster” packages59

in the R environment for statistical computing60.

4.6 Construction and characterization of co-occurrence networks
Co-occurrence networks were used to summarize the impact of dominance by a limited number of algal species on the structure of
phytoplankton communities61–62. Phytoplankton communities were analysed using this approach in order to clarify the network
characteristics during water-diversion months, during non-water-diversion months, and at different stages of water diversion in
different lakes. Co-occurrence networks from each group were constructed using algal species with relative abundances of more
than 0.2%, which corresponds to a compromise between the need to keep algae with a high number of observations to accurately
estimate their co-occurrence and the need to keep enough algal species in the analysis to construct networks that are
representative of the communities observed in the eld63. Subsequently all possible pairwise Spearman’s rank correlations (r)
between those species were calculated within the “psych” R package. Only robust (r > ∣0.5∣) and statistically signi cant (p-value <
0.05) correlations were incorporated in the network analysis. Network visualization and modular analyses were performed with
Gephi (version 0.9.2).

Networks are composed of nodes, which correspond to individual algal species, connected by links (or edges), that represent
signi�cant associations between nodes. Network density re�ects a network’s complexity and corresponds to the ratio between
realized and potential links. The clustering coe�cient was used to describe to what extent a node was connected with its
neighbours.
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Tables

Table 1. Spearman correlations of the phytoplankton communities with environmental factors based on Mantel

tests.
 Luoma Lake Nansi Lake Dongping Lake
Environmental
factor

All Abundant Rare All Abundant Rare All Abundant Rare

Temperature 0.321** 0.044* 0.035 0.149** 0.112** -0.009 0.112** 0.087** -0.033
pH 0.083* 0.158** 0.418** 0.071* 0.073* 0.106** -0.026 -0.010 -0.057
Transparency 0.130** 0.033 -0.034 -0.096 -0.092 -0.116 0.177** 0.158** 0.265**
Dissolved
oxygen

0.281** 0.087** 0.077* 0.028 0.013 0.007 -0.066 -0.062 -0.121

CODMn -0.026 -0.025 0.034 0.066 0.054 0.075 0.283** 0.265** 0.441**

Ammonia
nitrogen 

0.059 0.108* 0.372** 0.122** 0.124** 0.222** 0.291** 0.230** 0.432**

Total nitrogen 0.106** 0.161** 0.250** 0.224** 0.248** 0.324** 0.353** 0.335** 0.453**
Total
phosphorus

0.041 -0.029 -0.024 0.377** 0.383** 0.610** -0.024 -0.047 -0.029

N/P ratio 0.139** 0.111* 0.257** 0.157** 0.169** 0.215** 0.216** 0.208** 0.288**

“All” denotes the entire phytoplankton community; “Abundant” denotes abundant species in the phytoplankton

community; “Rare” denotes rare species in the phytoplankton community.

The significances are tested based on 999 permutations, and bold values indicate statistically significant

correlation: “*” denotes p<0.05, and “**” denotes p<0.01.

Figures

http://cran.r-project.org/package=pvclust
http://www.r-project.org/
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Figure 1

Interannual variation of phytoplankton abundance and water quality characteristics (TN, TP and WT) in Luoma, Nansi and
Dongping lakes. The �gures demonstrate total algae density decreased after water diversion in three lakes especially in Nansi Lake
and Dongping Lake.
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Figure 2

Structures of phytoplankton co-occurrence networks and algal communities were more stable during non-water-diversion months
than water-diversion months in three lakes. Nodes correspond to phyla and links correspond to statistically significant
associations. Nodes are coloured according to their taxonomy. A node’s size represents the strength of the links in the communities
comprising their network.
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Figure 3

The stability of algal communities reverted at stage two of water diversion in Luoma and Dongping lakes, while deteriorated in
Nansi Lake. Nodes correspond to phyla and links correspond to significant associations. Nodes are coloured according to their
taxonomy. A node’s size represents the strength of the links in the communities comprising their network.
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Figure 4

The four dimension of stability (resistance, recovery, resilience and invariability) responded to seven-times intermittent water
diversion disturbances among three lakes.

Figure 5

Alpha diversity of all phytoplankton and water transfer had no obvious effect on community diversity and evenness within
different lakes. The solid line denotes the �tting line of the average values.
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Figure 6

Water diversion cannot cause homogenization of algal communities across three lakes and algal communities were similar to that
in 2014 with long-term intermittent water diversion. Each point in the NMDS plot represents a sample, with distances between
samples calculated as a measure of community composition. Different shapes represent different lakes. Un�lled symbols
represent samples before water diversion, and �lled symbols represent samples after water diversion.
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Figure 7

Geographic locations of sampling stations. The size of each dashed circle represents the relative lake surface area. Hongze Lake
located on the eastern route of the South-to-North Water Diversion Project, while was not selected to verify the effect of water
diversion on phytoplankton communities, as the amount of water diverted annually through it is relatively small, or even nil, in
most monitoring years.
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