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Abstract: Control of nutrients, mainly nitrogen (N) and phosphorus (P), plays a significant role in
preventing cyanobacterial blooms (harmful algal blooms (HABs)). This study aims at evaluating
changes in the risk of the occurrence of cyanobacterial blooms and advancing the understanding of
how nitrogen and phosphorus affect the growth of cyanobacteria in a eutrophic lake, Lake Vombsjon,
in southern Sweden. Our results show that TP (total phosphorus) has stronger positive correlation
with cyanobacteria biomass than DIP (dissolved inorganic phosphorus); DIN (dissolved inorganic
nitrogen) has a stronger negative correlation with cyanobacteria biomass than TN (total nitrogen);
and DIN:TP has a stronger negative correlation with cyanobacteria biomass than TN:TP. The highest
amount of cyanobacteria biomass, above WHO (World Health Organization) Alert Level 2 (10 mm3 /L)
for drinking water correspond to the DIN/TP ratio below 10. To diminish the growth of cyanobacteria
in Lake Vombsjon, TP and DIN control should be in focus, preferably a TP below 20 ng/L,
and the DIN:TP ratio should be maintained at a level of at least above 10, but preferably above
50, thereby reducing the likelihood for a nitrogen limiting situation which may favor cyanobacteria
dominating blooms.
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1. Introduction

Harmful algal blooms (HABs), specifically those caused by cyanobacteria, have become one of
the most critical concerns for drinking water supply, as well as for maintaining the ecological and
economic sustainability of freshwater ecosystems worldwide [1,2]. Eutrophication is the major process
stimulating the growth of algal and cyanobacterial biomass, the key factors here being the maintaining
of a high availability of important nutrients, such as phosphorus (P) and nitrogen (N), and also
a low N/P ratio [3,4]. Cyanobacterial blooms are predicted to become even more common due to
climate warming [2,5]. Recent studies have also demonstrated that synergies between climate warming
and increasing levels of humic substances in runoff are able to trigger an increase in cyanobacteria
biomass [6], as well as a reduction in the biodiversity of phytoplankton [7,8]. Accordingly, both global
and local scale adaptive management tools are important to manage future challenges related to water
security and adequate functioning of freshwater ecosystems [7].

Regarding drinking water supply, major reasons for the strong impact of cyanobacterial blooms
are that large algal blooms tend to clog the treatment process. They also cause unpleasant smells,
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may produce toxins [7-9], and are difficult to remove [10]. There is even a cyanotoxin risk in the sludge
managed at drinking water treatment plants [11]. Nearly all eutrophic freshwater bodies contain
toxic cyanobacteria though the size of cyanobacterial populations may also be dependent upon such
environmental conditions, temperature, mixing regimes, transparency, and the availability of iron
or carbon [12-15].

Hence, to meet future challenges with respect to ecosystem services, such as the provision
of clean drinking water, it is crucial to reduce the input of nutrients to aquatic ecosystems [16-18].
Phosphorus is commonly considered to be the limiting nutrient in freshwater ecosystems [19], and high
concentrations of P often co-occur with severe cyanobacterial blooms in many regions of the world,
such as in large lakes in North America and in China [20,21]. To reduce the probability that the
biomass of HABs reach concentrations above WHO Alert Level 1 (0.2 mm3/L) for drinking waters [1]
in Swedish lakes, it has been recommended to reduce TP (total phosphorus) below 20 ug/L in this
particular region and climate [22].

Although phosphorus is generally the main limiting nutrient for cyanobacterial growth
in freshwaters, nitrogen may sometimes be co-limiting, since it is a quantitatively important
bio-element [23]. However, contrary to most other planktonic algae, some cyanobacteria are able to fix
atmospheric nitrogen in a nitrogen-limiting situation, which can lead to a lack of nitrates or of ammonia,
and in turn to a dominance of Nj-fixing cyanobacteria such as Anabaena spp. and Aphanizomenon
spp. [24]. For instance, the drop of dissolved inorganic nitrogen (DIN) correlated with an increase of
Ny fixation rates and Aphanizomenon abundance in the eutrophic Lake Mendota, Wisconsin, USA [25].
Another example is that under nitrogen-limiting conditions the abundance of various common toxic
cyanobacteria, such as Microcystis aeruginosa, which are not capable of fixing N, declines, whereas
their biomass increases again as nitrogen becomes more readily available [26]. Because of differences in
the N fixation capabilities involved, many studies have examined interactions between cyanobacterial
blooms and the nutrients available to them. For example, in Lake Taihu, China, the availability of P has
been found to control the pre-bloom conditions of Microcystis spp. during the spring months, whereas
the availability of N controls the blooms of this species during the summer months. The thresholds for
the limitations of TN and TP were estimated to below 800 pug/L and below 50 pg/L, respectively [16].

In addition to the absolute concentrations of the nutrients, the ratio of nitrogen to phosphorus
(the N:P ratio) has been considered to be one of the main parameters in determining cyanobacterial
growth [4,5,27]. Keeping the absolute concentrations of N and P at low levels and combined with
this, maintaining a high TN:TP ratio above 30, reduces the risk of cyanobacterial blooms [28]. A high
concentration of P and a low N:P ratio tend to favour the development of cyanobacterial blooms [29],
since for some species, nitrogen deficits may be compensated by nitrogen fixation from the atmosphere.
However, a low N:P ratio does not always lead to a nitrogen limiting situations and nitrogen fixation
conditions, since it is also affected by the phytoplankton biomass and by the nitrogen concentration [4].
Hence, alow N:P ratio alone does not suffice for appreciably limiting the development of cyanobacterial
blooms. In this study, we thus compared the influence of DIN, DIP (dissolved inorganic phosphorus),
TP, TN, TN:TP, and DIN:TP on cyanobacteria biomass separately and tested if DIN:TP was a better
indicator of cyanobacteria peaks.

From both a research and a management perspective, it is highly important to identify and
control environmental processes that have the potential of driving and sustaining cyanobacterial
blooms [30]. Beside nutrient reduction, there are many factors influencing ecosystem function, such as
shifting baselines where changes in forcing factors other than nutrients, such as climate and food
web structure. Understanding how ecosystems respond to multiple shifting baselines is essential
in order to set reliable targets for restoration efforts [31]. For a successful monitoring of ecosystem
transitions, a priori specific knowledge of the underlying processes/mechanisms driving ecosystem
transitions is required [32]. The more eutrophic a lake is, the more sensitive cyanobacteria will be
to the interactions between nutrients and temperature, but ultimately the nutrient level is the more
important predictor for cyanobacterial biomass development [33]. To reduce cyanobacteria growth,
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we need system-specific analytic and management approaches of different kinds, which define the
combined monitoring of nutrient concentrations, cyanobacteria and cyanotoxin concentrations [22].

To obtain a better understanding on how nutrient concentrations and nutrient ratios affect the
frequency and intensity of cyanobacterial blooms and the ecosystem services provided by lakes,
long-term data for Lake Vombsjon, in southern Sweden, which serves as a raw water resource for more
than 500,000 inhabitants, were collected and evaluated. We examined seasonal, as well as long-term
trends in nutrient levels, in N:P and DIN:TP ratios, in phytoplankton species compositions and in their
interactions. The rationale for the study was to use a model lake, Lake Vombsjon, to obtain a detailed
understanding of the formation of harmful cyanobacterial blooms, which could serve as a basis for
a general understanding of efficient management of eutrophic lakes.

We employed system analysis and statistical analysis to identify the critical nutrient drivers of
harmful algal blooms and seasonal patterns of phytoplankton dominance. By using a long-term
time series from a eutrophic lake in southern Sweden as model system, we specifically tested
the hypothesis that DIN/TP might be a better precursor, and even an early warning signal [32]
for cyanobacterial blooms.

2. Materials and Methods

Lake Vombsjon is part of Kévlingedn River’s catchment area (See Figure S1). It is situated 20 km
east of the city of Lund. The main type of land use within the catchment area are agriculture (72%)
and forestry (23%), whereas urban living areas (3%) and lakes (2%) cover only a minor portion of the
area. The lake has a surface area of approximately 12 km? and the average and a maximum depths of
9.4 and 16.0 m, respectively [34]. The lake has a turnover time of 1.04 years. The main inflow to the
lake is that from the Bjorkaan River (76%). Some 20% of the water flow (of 31 Mm?/year) from Lake
Vombsjon is used for drinking water.

Due to Lake Vombsjon being located in what is both an agricultural and a highly populated
region, the water quality of the lake suffers considerably from the leaching of nutrients and pesticides
from the wastewater and agriculture. More than 85% of the external phosphorus and nitrogen load is
from agricultural activities [35]. The accumulation of large amounts of nutrients in the lake sediments
has also become a challenge for nutrient management of the lake.

Data on nutrients in the outlet from Lake Vombsjon was collected from 1990 to 2016 within
the framework of the regional and national environmental water recipient monitoring program
(Vattenanknuten recipientkontrollprogram [36]), led by the Kavlingedns Water Protection Agency [37].
Data was analyzed by ALcontrol AB, methods for TP ug/L: SS-EN ISO 156812:2005, TN pg/L: SS-EN
ISO 12260:2004, NOx-N pg/L: ISO 15923-12013 C, NH4-N ng/L: ISO 15923-12013 B, PO4-P nug/L:
SS-EN ISO 6878:2005 [38]. Dissolved inorganic nitrogen (DIN) is the sum of NOx-N and NH4-N.

Phytoplankton data from 1989 to 2010 was provided by the county board of Scania and was
analyzed using the method of Utermohl for quantitative assessment of phytoplankton [39]. Data for
2016 was provided by Sydvatten AB, one of the largest water suppliers in southern Sweden. Samples
were taken of the incoming water to the drinking water treatment plant in the area (the Vomb water
treatment plant) [40].

To assess the relationship between nutrients and phytoplankton data, we used the non-parametric
Spearman’s rank correlation coefficient. The Spearman’s correlation between two variables will be
high when the observations have a similar rank (or identical for a correlation of 1) and low when the
observations have a dissimilar (or completely opposite for a correlation of —1) rank. p-Value is the
significant level which shows the likelihood that the two variables are uncorrelated [41]. Boxplots
were used to visualize the seasonal pattern of cyanobacteria and the variation of its percentage in the
phytoplankton community.
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3. Results and Discussion

3.1. Nutrient Condition at Lake Vombsjon

Temporal nutrient trends in the main inflow to Lake Vombsjon, the Bjorkadn River, have shown
an increasing tendency during recent decades (See Figure S2a). In contrast, there has been a decreasing
trend in both TN and TP concentrations at the main outlet from Lake Vombsjon, although the levels
have remained high with average concentrations of around 1000 ng/L and 55 pg/L, respectively
(See Figure S2b). Thus, very large amounts of nutrients have remained in the lake, as can be seen as in
See Figure S2c, which also demonstrates a considerable potential for nutrients to accumulate in the
lake. For the period reported in this study, phosphorus deposition in the lake sediments was below
1 ton per year. This translates to an internal P load of which approximately 38% (corresponding to
226 tons) involves three P fractions, which are not stable but instead can readily be released into the
water [42]. The TN load has reached about 914 tons per year, 96% of which is from diffuse sources,
specifically from agriculture, forests, and pasture lands [43]. The large amounts of nutrients provide
a considerable opportunity for algae to grow. In a Swedish national research project, entitled WATERS,
aimed at obtaining a dataset for the ecological assessment of Swedish water bodies, it was found that
levels of TP > 20 pg/L or of TN > 500 pg/L were indicative of a heightened risk of health-related
problems connected with cyanobacteria [44]. In line with this, it may be concluded that Lake Vombsjon
is not in a healthy state since TP levels are about two times higher, and TN levels about four times
higher than the recommended thresholds.

3.2. Seasonal Pattern of Cyanobacteria

Heavy algal blooms have been observed in Lake Vombsjon almost every summer since the 1970s.
There is a clear seasonal pattern in the cyanobacterial development, which often starts with an initial
bloom in spring, followed by an increase during July and August, which generally peaks in September
and then eventually declines (Figure 1a). In July, the median values of cyanobacteria biomass generally
exceed the WHO alert level 1,0.2 mm3/L for drinking waters (blue line in Figure 1a) [1]. More than
80% of the samples obtained during the past 26 years have been above alert level 1 and 13% have been
above the WHO Alert level 2, (10 mm?3/L) for drinking waters. The Finnish National Supervisory
Authority for Welfare and Health has chosen 0.1 mm3/L as national alert level 1 for operators of
drinking water treatment plants to increase raw water monitoring and 1 mm?/L for actions to be
initiated, such as risk assessment and information to authorities [45]. Since in general 50-75% of algal
blooms are toxic [46], this suggests that raw water taken from the lake for drinking water purposes
might frequently be toxic during bloom seasons. We also found that the later in the season a bloom
occurs, the more likely it is dominated by cyanobacteria (Figure 1b). During the period of September
to November the percentage of cyanobacteria present in the phytoplankton community was often
above 80% (Figure 1b), suggesting that monitoring of algal blooms in late autumn is crucial.

3.3. Nutrients Influence on Cyanobacteria

As Lake Vombsjon is rich in nutrients, it provides suitable condition for cyanobacteria to grow.
However, it remains to be determined whether TP, TN, DIN, and DIP have different influences
on cyanobacteria growth and if low DIN:TP is more accurate than low TN:TP as an indicator for
cyanobacteria peaks in Lake Vombsjon.

The long-term time series of samples from Lake Vombsjon demonstrates a clear seasonal pattern
in the TN:TP ratio, where TN:TP in the outlet decreased more than in the inlet from June and onwards.
Before the end of June, the TN:TP ratio in the outlet was in general above 50 and during the rest of
the year the ratios were below 20 (Figure 2). The former might indicate the lake water at the first
half of the year under P limiting conditions, whereas the latter might indicate N limiting conditions.
A similar pattern was observed in the Great Lakes of the USA [47]. It might further indicate that the
dominance of cyanobacteria during summer and autumn (Figure 1b) was caused by a transition from
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phosphorus to nitrogen limiting conditions. One of the likely reasons behind the seasonal pattern
in TN:TP ratios, which declines during the summer and autumn (Figure 2), might be the increase of
phosphorus concentrations at the outflow of the lake (See Figure S3), possibly caused by phosphorus
leakage from the sediment (resulting in internal phosphorus loading). At the same time, N depletion

in the autumn also contributed to the decrease in TN:TP ratios (See Figure 54).

Figure 1. (a) Seasonal patterns of cyanobacteria biomass (mm3/L) in Lake Vombsjon during 1990 to
2002 (the blue line: 0.2 mm?3/L is WHO (World Health Organization alert level 1 for drinking water
waters; yellow line 1 mm? /L is Finnish drinking water for actions taken such as risk assessment and
inform authorities; Red line is 10 mm?3/L is WHO alert level 2 for drinking waters); (b) Seasonal
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Figure 2. Seasonal patterns of TN:TP (total nitrogen:total phosphorus) ratios at both inlet and the outlet
of Lake Vombsjon.

The correlation between cyanobacteria biomass and TP, TN, DIP, and DIN in Lake Vombsjon
shows that TP has a stronger positive correlation with cyanobacteria biomass than DIP, and that
DIN has a stronger negative correlation with cyanobacteria biomass than TN. Therefore, DIN:TP
predicts cyanobacteria biomass development better than TN:TP (Table 1 and Figures 3-5). Low DIN
corresponded to high cyanobacteria biomass, suggesting that certain cyanobacteria thrive under
nitrogen limiting conditions. This might also reflect the autumn (September) situation characterized by
more nitrogen limiting conditions. Morris and Lewis (1988) supported that TP is better than dissolved
phosphorus for P availability measurements as it includes internal stores of P, while dissolved nitrogen
is better than TN for availability measurements, as TN includes various non-available components,
whereas luxury uptake of N is limited [48]. This may explain why cyanobacteria dominate when there
are large amounts of dissolved phosphorus released from the sediment that coincide with very limited
dissolved nitrogen availability in the lake. As discussed by Dolman and Wiedner, DIN/TP might
be a better indicator of nutrient limitation than TN:TP and the influence of nitrogen on freshwater
phytoplankton biomass might need more attention [49]. Previous empirical studies observed values
of DIN/TP ratios in the range of 0.5-4 (mass) to discriminate between the outcomes of nutrient
addition experiments and to do so better than the TN:TP [48,50]. Furthermore, it was shown that
nitrogen availability might matter in the genetic regulation of toxin production as discussed by Steffen
and others, wherein their statistical examination of Canadian lakes showed a correlation between
microcystin concentration and low N:P ratios [48]. Hence this suggests that besides studying the
phosphorus dynamics, it is crucial to also monitor DIN and understand how the nitrogen cycle is
influencing cyanobacteria. In Lake Vombsjon, the highest amount of cyanobacteria biomass, >10 mm?,
correspond to DIN /TP values of less than 10, whereas the lowest biomass are recorded when DIN /TP
is above 50 (Figure 6). Hence, it may be concluded that trends in DIN/TP ratios may function as “early
warning signals” for developing cyanobacterial blooms, suggesting that managers should be more
aware of, and monitor, DIN /TP values, especially in late summer and autumn.

Table 1. Correlations between concentration of cyanobacteria and TN, DIN (dissolved inorganic
nitrogen), TP, DP (dissolved phosphorus), TN:TP, and DIN:TP in Lake Vombsjon, and resulting p-values
(Spearman’s rs).

Item N DIN TP DP TN:TP DIN:TP

Correlation Coefficient —0.56 —0.65 0.62 0.31 —0.63 —0.66
p-Values <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Figure 3. Comparison of the relation of dissolved inorganic phosphorus (DIP) with cyanobacteria
biomass (dot red) and TP with cyanobacteria biomass (triangle blue).
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Figure 6. Plot of DIN:TP and cyanobacteria biomass; it is likely to conclude that low DIN:TP (<10)
corresponds cyanobacteria peaks.

4. Conclusions

The long-term monitoring of Lake Vombsjon provides further understanding of the mechanisms
behind cyanobacteria growth and blooms. Our study also highlights the importance of monitoring
cyanobacterial blooms during the period from July to November, with a particular focus on September.
Our findings suggest that reducing the amount of total phosphorus is a key for reducing the risk of
cyanobacterial blooms, but that the nitrogen availability, such as DIN, plays a very important role
for the phytoplankton dynamics and that cyanobacteria often dominate under N limiting conditions.
DIN should be monitored more carefully than TN as it is a better indicator of nitrogen availability
than TN. It is especially important to control TP under N depletion, as our data analysis also
brought to light the importance of DIN/TP relative to that of TN:TP for extreme cyanobacteria
bloom events, where a ratio of at least 10, but preferably above 50, is needed to curtail cyanobacteria
dominating blooms.

To realize effective management practices to reduce nutrient for cyanobacteria prevention,
many efforts are applied, such as improving the sewage system in the surrounding area [51]
and reducing nutrient leakage from agriculture [52]. There are many options to obtaining control
over the P levels, such as increasing the efficiency of the phosphorus uptake by crops in the farmland,
recycling and reusing phosphorus in water bodies, and promoting efficient wastewater treatment,
especially at individual wastewater treatment plants around Lake Vombsjon, which requires the
involvement and investment of many cooperating stakeholders. In order to optimize the management
of Lake Vombsjon and other lakes providing drinking water, we recommend monitoring and reduction
of phosphorus and dissolved nitrogen in concert.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4441/10/7/919/s1,
Figure S1: Location of Lake Vombsjon in Scania, Figure S2a: Multi-year dynamics (solid line) and trend (dashed
line) in TN (blue) and TP (red) at the inlet of the Bjérkaan River (The main inlet of Lake Vombsjon), Figure S2b:
Seasonal dynamics (solid line) and trend (dashed line) in TP and TN concentrations (ug/L) at the outlet of Lake
Vombsjon, Figure S2c¢: Yearly differences in yearly TN and TP transport (kg/year) between the main inlet and the
outlet of Lake Vombsjon during the period of 1999-2015, Figure S3: The average monthly dissolved phosphorus
concentration (PO4-P pg/L) at the outlet of Lake Vombsjon during the period of 19992015, Figure S4: Average
monthly values for the amount of TN and TP found in the main inlet and the main outlet of Lake Vombsjon
during the period of 1999 to 2015.
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