
RESTORATION OF EUTROPHIC LAKES

Phosphorus thresholds for bloom-forming cyanobacterial
taxa in boreal lakes

Kristiina Vuorio . Marko Järvinen . Niina Kotamäki
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Abstract Cyanobacteria may limit recreational use

of waters and have negative impacts on ecosystem

services. The aim of this study was to determine

phosphorus (P) thresholds for cyanobacterial taxa,

which form toxin-producing blooms (mass occur-

rences) in boreal lakes. These thresholds help to set

robust P reduction targets for restoration measures.

We used long-term ([ 40 years) June–August data

from[ 2000 Finnish lakes to evaluate the total P (TP)

thresholds for the most important bloom-forming

cyanobacterial genera and selected Microcystis and

Dolichospermum species. The analyses were carried

out separately for oligohumic, mesohumic and poly-

humic lakes. TP threshold values varied between 10

and 61 lg l-1. The values were lower in oligohumic

(water colour\ 30 mg Pt l-1) than mesohumic (water

colour 30–90 mg Pt l-1) lakes. The highest TP

threshold (50 lg l-1) was observed for Microcystis

in polyhumic lakes, and the lowest (10 lg l-1) for

Planktothrix in oligohumic lakes.

Keywords Phosphorus reduction target �
Microcystis � Dolichospermum � Aphanizomenon �
Woronichinia

Introduction

Nuisance cyanobacterial blooms (i.e. high cyanobac-

terial biomass in the epilimnion) are the most visible

consequence of anthropogenic eutrophication. Current

climate change, which results in higher temperatures,

is expected to increase the occurrence, duration and

intensity of these blooms (Weyhenmeyer et al., 2002;

Paerl & Huisman, 2008; Wagner & Adrian, 2009).

Cyanobacteria have many adverse impacts. Because

cyanobacteria are capable of producing toxins (e.g.

WHO, 2003; Codd et al., 2005), they have negative

impacts on the provision of ecosystem services (e.g.

Carvalho et al., 2013). The presence of potentially

toxic cyanobacteria poses serious health risks to water

supply, irrigation and recreational use (WHO

2003, 2004), and degrades the ecological status of

water bodies (Carvalho et al., 2011, 2012). In addition,

decomposing cyanobacterial scums can cause hypox-

ia, leading to fish kills (e.g. Paerl et al., 2001; Codd

et al., 2005). The most serious consequences of toxic
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cyanobacteria are poisonings of humans, pets and

livestock (Codd et al., 1999).

In addition to their potential toxicity, cyanobacteria

are poor quality food for organisms higher in the food

chain. They form aggregates that are too large to be

ingested by zooplankton, and they contain lower

amounts of many important biomolecules (amino

acids, fatty acids and sterols), essential for the growth

and reproduction of zooplankton and fish (e.g. Taipale

et al., 2013; Peltomaa et al., 2017). This has negative

impacts on the structure and functioning of the food

web (e.g. Dokulil & Teubner, 2000) due to weak

energy flow to higher trophic levels (e.g. Elliott,

2012). Climate change is expected to increase the

adverse impacts of cyanobacteria on aquatic ecosys-

tems, since higher temperatures are predicted to

increase both duration and intensity of cyanobacterial

blooms (e.g. Paerl & Huisman, 2009; Huber et al.,

2012).

Reduction of cyanobacterial biomass is often the

most important goal of lake restoration. The prereq-

uisite for reducing the abundance of cyanobacteria is

to understand the mechanisms most favourable to

them. Formation of cyanobacterial masses requires

sufficient nutrients, especially P, the presence of

species that can form a bloom, and environmental

conditions should also favour the growth of only a few

bloom-forming taxa (e.g. Reynolds, 2006). The dom-

inance of cyanobacteria has been linked to high water

temperature, low ratio of total nitrogen (TN) to total

phosphorus (TP), superior uptake kinetics for inor-

ganic carbon, high-nutrient storage capacity, presence

of gas vacuoles enabling buoyancy regulation, and

grazing resistance (e.g. Shapiro, 1990; Dokulil &

Teubner, 2000). Although nitrogen (N) may also play

an important role in some shallow lakes (e.g. Paerl

et al., 2001), phosphorus (P) is most often a major

determinant of the proportion of cyanobacteria in

freshwater phytoplankton communities (e.g. Downing

et al., 2001; Carvalho et al., 2013; Maileht et al.,

2013).

Many studies have demonstrated that nutrient

reduction is the most effective way to reverse the

effects of eutrophication and mitigate harmful

cyanobacterial blooms (e.g. Carvalho et al.,

2011, 2013). Since P is the major nutrient controlling

algal growth (e.g. Downing et al., 2001; Carvalho

et al., 2013; Maileht et al., 2013), various measures

have been applied to reduce internal and external P

load (e.g. Søndergaard et al., 2008; Triest et al., 2016).

The greatest challenge in this respect is to properly

assess and set the P reduction target for the water body.

Some studies have assessed critical nutrient thresh-

olds for bloom-forming cyanobacteria (e.g. Wagner &

Adrian, 2009; Chorus & Schauser, 2011; Xu et al.,

2014). However, to our best knowledge, studies

assessing genus- or species-specific thresholds are

largely lacking. The objective of our study is to

provide TP thresholds for the most important bloom-

forming cyanobacterial genera (Aphanizomenon,

Dolichospermum, Microcystis, Woronichinia and

Planktothrix) and for the most common Dolichospser-

mum and Microcystis species. Consideration of genus-

and species-specific TP thresholds should help lake

management set proper precautionary TP reduction

targets for boreal lakes.

Materials and methods

The data were obtained from the phytoplankton, water

quality and lake physiography databases of the Finnish

Environment Institute (SYKE; Open data portal http://

www.syke.fi/en-US/Open_information) representing

results of surveillance and operational monitoring

since the 1960’s. For the study period, we selected the

late summer data from the beginning of July to the end

of August, which is a typical time for the high levels of

cyanobacterial biomasses and blooms in Finnish lakes.

To avoid any effects of changes in the water chemistry

and phytoplankton methodology on the data (Mitikka

& Ekholm, 2006), the period 1977–2016 was selected

for the study.

Cyanobacteria data

A total of 7219 phytoplankton samples from 2186

lakes were used in the analysis. The majority (90%) of

phytoplankton samples represent the uppermost 2 m

(0–2 m) of the water column. The rest of the

phytoplankton samples represent a water column

down to a depth of 5 or 10 m depth. Phytoplankton

samples, preserved with acid Lugol�s solution, were

analysed using Utermöhl technique (CEN EN 14204,

2006).

Wet weight (mg l-1) was used to assess the

biomass of cyanobacteria. Because different species

have different nutrient requirements (Reynolds, 2006),
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TP thresholds were determined separately for the most

abundant cyanobacterial genera Microcystis, Woroni-

chinia, Aphanizomenon, Dolichospermum and Plank-

tothrix. In addition, TP thresholds were determined for

the species Microcystis aeruginosa, M. viridis, M.

wesenbergii, and for the coil-forming Dolichosper-

mum flosaquae and D. lemmermannii, and for a

complex of Dolichospermum species that form

straight filaments (aggregate biomass of D. macro-

spora, D. planctonicum and D. solitarium).

Water chemistry and physiography

Water chemistry results for TP and water colour,

measured from samples taken at 1-m depth, represent

the same water layer and sampling dates as the

phytoplankton samples. Water chemistry analyses

were performed according to the standard methods

described in Mitikka & Ekholm (2003).

For the statistical analysis, lakes were classified

into three water colour groups: oligohumic (\ 30 mg

Pt l-1), mesohumic (30–90 mg Pt l-1) and polyhumic

([ 90 mg Pt l-1) lakes. Based on the TP concentra-

tions, the lakes were further classified into four groups:

oligotrophic (\ 20 lg l-1), mesotrophic

(20–40 lg l-1), eutrophic (40–60 lg l-1) or hyper-

eutrophic ([ 60 lg l-1) (modified from Vollenwei-

der, 1968; Jones & Lee, 1986).

Statistical analysis

Smoothed scatterplots were used to visualise the

relationship between cyanobacterial biomass and TP,

and the possibility of a change point. In the study, we

were interested in the first change point for the

cyanobacteria biomass increase. As the biomass of

cyanobacteria started to level off at TP concentrations

of roughly[ 100 lg l-1, the TP gradient was cut to

100 lg l-1 for statistical analysis, as was also done by

Carvalho et al. (2013).

The TP thresholds were estimated using a seg-

mented regression model (Gallant & Fuller, 1973;

Muggeo, 2003). This method is also called piecewise,

hockey-stick or broken-line regression model. It

allows fitting separate lines to different segments of

the data. The boundary value of these segments is the

threshold (often also called breakpoint, change point

or switch point). In general, the segmented regression

method fits two (or more) distinct linear regression

lines with the maximum difference between the slopes

(Muggeo, 2003).

The analysis was done using a segmented package

(v. 0.5–4.0; Muggeo, 2008) of R 3.5.0 (R Core Team,

2018). As a default of the method, the starting value of

the change point estimation is set to the median TP of

each data subset. However, in some cases, the

segmented iteration was sensitive to the starting

values and the algorithm could not find the global

maximum, which produced arbitrary thresholds. In

some cases the method could not produce thresholds

due to low number data or consistently low biomass

for some taxa (e.g. Dolichospermum lemmermannii)

or the threshold was not set to a clear biomass increase

point (e.g. Microcystis). In such cases the threshold

was assessed by visual inspection. These thresholds

are marked with an asterisk in the result table.

Results

Cyanobacterial biomass and composition

Our classified data consisted of 5678 phytoplankton

samples from 2029 lakes, representing mean TP

values between 1 and 470 lg l-1 and water colour

between 1 and 490 mg Pt l-1 (Table 1). The data was

dominated by (70%) results from stratified lakes with a

mean depth[ 3 m. About 54% of the results repre-

sented samples from oligotrophic lakes

(TP\ 20 lg l-1), and only 12% of the results repre-

sented hypereutrophic lakes (TP[ 60 lg l-1). Most

of the lakes (more than 80%) were humic lakes (water

colour[ 30 mg Pt l-1), and 33% of the lakes were

polyhumic ([ 90 mg Pt l-1). Alkalinity was low

(\ 0.2 mmol l-1) in 53% of the lakes and only in less

than 0.5% of the lakes had alkalinity

of[ 1 mmol l-1.

Cyanobacteria were present in almost all samples

(99.98%). Cyanobacteria were absent or had very low

biomass at TP concentrations below 10 lg l-1

(Fig. 1). The average and median biomass of

cyanobacteria increased with increasing TP (Figs. 1,

2 and Table 2). This was evident especially at TP

concentrations[ 20 lg l-1, but the variation was

high (Fig. 1). On a log–log scale, the total cyanobac-

terial biomass increased linearly along the TP con-

centration gradient from 20 to 100 lg l-1 (Fig. 1).

The increase in average and median cyanobacterial
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total biomass was also evident within different TP

categories (\ 20, 20–40, 40–60,[ 60 lg l-1, Fig. 2).

Within the TP categories, the average biomass of

cyanobacteria was higher in the oligohumic lakes and

lower in the polyhumic lakes, except in the TP

category\ 20 lg l-1, where cyanobacterial biomass

was highest in the mesohumic lakes (Fig. 2).

At genus level, Aphanizomenon had the highest

average biomass in hypereutrophic (TP[ 60 lg l-1)

oligohumic lakes, although its median biomass was

highest in hypereutrophic mesohumic lakes (Table 2).

Dolichospermum average biomass was high at

TP[ 40 lg l-1 in mesohumic and polyhumic lakes

(average 1500–2000 lg l-1, median ca

70–500 lg l-1). At species level, the complex of

straight-filamented Dolichospermum species was

more abundant than the coiled colonies forming

Dolichospermum complex (aggregate biomass of D.

flosaquae ? D. lemmermannii) in all TP and water

colour categories, except in the oligohumic lakes in

the TP category 40–60 lg l-1. Microcystis was most

abundant in hypereutrophic oligohumic lakes (average

ca 1800 lg l-1 and median 660 lg l-1). The average

biomasses of Microcystis aeruginosa and M. wesen-

bergii were higher (ca 500–750 lg l-1) in hypereu-

trophic oligohumic and mesohumic lakes. Similarly,

the highest average Planktothrix biomass (ca

500–700 lg l-1) was found in hypereutrophic oligo-

humic and mesohumic lakes. The average biomasses

of M. viridis and Woronichinia were low

(\ 200 lg l-1) in all lake TP and colour categories

(Table 2).

Phosphorus thresholds for cyanobacteria

The TP thresholds for the cyanobacterial biomass

increase, determined by the segmented regression, are

presented in Table 3 and Fig. 3. The TP threshold

value for cyanobacterial biomass, including all

cyanobacterial taxa present in the samples, was

30 lg l-1 (Table 3, Fig. 3). At the genus level, the

TP thresholds were lowest for Aphanizomenon

Table 1 Number of lakes

in each total phosphorus

(TP) and water colour

category

Water colour mg Pt l-1 TP lg l-1 Total

\ 20 20–40 40–60 [ 60

\ 30 284 48 16 18 366

30–90 500 288 108 96 992

[ 90 136 258 139 139 671

Total 920 594 263 252 2029

Fig. 1 Log-log scatterplot

and smoothed regression

line of total cyanobacterial

biomass and total

phosphorus (TP). Vertical

grey area represents 20 and

100 lg l-1 TP range for

linear increase in

cyanobacterial biomass. The

horizontal dotted lines

indicate the low health risk

threshold (2 mg l-1) and

medium health risk

threshold (10 mg l-1)

(WHO, 2003)
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19 lg l-1, Woronichinia 24 lg l-1 and Planktothrix

ca 19 lg l-1. The TP threshold for Microcystis was

slightly above 20 lg l-1 based on visual inspection of

the plot (Fig. 3) and 50 lg l-1 according to the

segmented gradient analysis. The genus Dolishosper-

mum had a TP threshold of 24 lg l-1, and it was

higher for D. flosaquae (46 lg l-1). The 95% confi-

dence intervals for the P thresholds for all cyanobac-

terial taxa were relatively narrow, with a distance

between the lower and the upper limit less than

15 lg l-1 (Table 3) The confidence intervals were

wider for all taxa in polyhumic lakes (17–54 lg l-1),

as well as for the straight-filamented Dolichospermum

complex (25 lg l-1; all lakes) and for Woronichinia

in mesohumic lakes (27 lg l-1).

Discussion

Different phytoplankton species have species-specific

growth requirements (e.g. Reynolds, 2006). This also

complicates the generalization of the response of

cyanobacteria to environmental forcing at lower

taxonomic level. The high cyanobacterial biomasses

are ultimately dependent on bottom-up (nutrient)

control and complex food web interactions (e.g.

Dokulil & Teubner, 2000). Because cyanobacteria

are poor quality food and often too large for

zooplankton to ingest, successful management of

cyanobacteria solely by grazers is in most cases

unlikely, meaning that TP reduction is required to

reduce cyanobacterial biomass (e.g. Bormans et al.,

2016). There is strong evidence that reduction of TP

concentration may be the most feasible and practical

approach to long-term management of cyanobacterial

biomass (e.g. Paerl & Paul, 2012; Fastner et al., 2016).

We focused on the biomass of cyanobacteria, which

ultimately affects the recreational quality and safety of

waters (WHO, 2003, 2004). Our results indicate that

the biomass of cyanobacteria starts to increase

strongly at the TP level of ca 20 lg l-1, which is

approximately the WHO low-risk threshold for cyan-

otoxins (Carvalho et al., 2013). This threshold con-

centration is in agreement with a German study, where

the occurrence of high cyanobacterial biomass was

significantly less likely at TP levels\ 25 lg l-1

(Chorus & Schauser, 2011). In our study, cyanobac-

teria were almost absent in TP levels\ 10 lg l-1,

which could be considered as a lower (pre-cautionary)

threshold for massive increase of cyanobacterial

Fig. 2 Boxplot of total cyanobacterial biomass in lakes with

different total phosphorus (TP) concentration and water colour:

oligohumic (water colour\ 30 mg Pt l-1), mesohumic (water

colour 30–90 mg Pt l-1) and polyhumic (water colour[ 90 mg

Pt l-1). On each box, the horizontal line indicates the median,

and the bottom and top edges of the box indicate the 25th and

75th percentiles, respectively. The whiskers extend to the most

extreme data points not considered outliers, and the outliers are

plotted individually with points
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biomass (e.g. Chorus & Schanser, 2011; Carvalho

et al., 2013). Based on our results, the increase of

cyanobacterial biomass was more pronounced at TP

concentrations[ 30–50 lg l-1 (depending on the

lake category), which corresponds to the WHO

(2003) low-risk threshold. The WHO low-risk thresh-

old approximately corresponds to TP concentration of

16–54 lg l-1 (Carvalho et al., 2013). Fairly similar

TP thresholds for cyanobacterial biomass increase has

been reported by Jeppesen et al. (1990) in shallow

lakes and Dokulil & Teubner (2000) in non-stratified

lakes, as well as Chorus & Schauser (2011) in German

temperate lakes. Also, Fastner et al. (2016) have

demonstrated that reduction of TP concentration

below 20–50 lg l-1 can effectively control the for-

mation of cyanobacterial biomass.

The genus-level TP threshold values varied

between 15 and 46 lg l-1 (15–52 lg l-1 including

confidence intervals) across all humic categories.

Chorus & Schauser (2011) have reported similar TP

threshold for Microcystis (50 lg l-1) from German

temperate stratifying lakes, but higher TP threshold

values (for Dolichospermum (Anabaena), Aphani-

zomenon and Planktothrix agardhii (90 lg l-1). Our

analysis estimated clearly lower overall threshold

values for these taxa (Aphanizomenon 19 lg l-1,

Dolichospermum 29 lg l-1 and Planktothrix

15 lg l-1) in Finnish boreal lakes. The German lakes

were more eutrophic and had the maximum TP

concentration (600–800 lg l-1) was 1.5–2 times that

of the Finnish lakes. Despite higher nutrient concen-

trations and alkalinity in temperate lakes (Maileht

et al., 2013), the TP threshold for Microcystis was

consistent between the climatic zones.

Statistical analysis in our study was limited to TP

values less than 100 lg l-1. According to Dokulil &

Teubner (2000) Planktothrix agardhii and D. flosa-

quae dominate in lakes with TP[ 100 lg l-1, and P.

aghardhii generally disappears in shallow, non-strat-

ifying lakes, with maximum depth less than 8 m at TP

concentrations below 60 lg l-1. In our analysis,

phytoplankton data represented the uppermost 2 m

of the water column. This water layer has been shown

to adequately represent the phytoplankton biomass of

the photic/mixing water column in Finnish lakes (data

not shown). Planktothrix species (e.g. P. rubescens)

are known to form high biomass in the thermocline,

where the nutrient concentrations are typically higher

than in the epilimnion. In our dataset from Finnish

lakes, the Planktothrix species was predominantly P.

agardhii, which is known to favour turbulent condi-

tions (Dokulil & Teubner, 2000), and should therefore

have been captured in our integrated 0–2 m samples.

Planktothrix biomass was so low in our data that the

segmented regression analysis was unable to deter-

mine the TP threshold for the taxon. Based on the

visual inspection of the plots (see Fig. 3), the TP

threshold for Planktothrix was less than 15 lg l-1.

Table 3 An average threshold value (lower–upper 95% confidence intervals) of total phosphorus (TP) for different cyanobacterial

taxa

Taxon TP threshold

All Oligohumic Mesohumic Polyhumic

Total cyanobacteria 30 (28–32) 27 (25–30) 30 (27–34) 61 (53–70)

Aphanizomenon 19 (15–24) 27 (21–35) 20 (15–26) 22*

Dolichospermum 29 (27–32) 22 (18–28) 30 (26–34) 38 (26–55)

Dolichospermum straight filaments 29 (19–44) 27 (17–44)

Dolichospermum flosaquae 46 (40–52)

Microcystis [20* [20* [20* 50 (36–70)

Woronichinia 24 (20–29) 38 (2–56)

Planktohtrix 15* 10 (5–17) 16*

The thresholds are estimated for the whole lake data-set and separately for lakes belonging to different water colour categories:

oligohumic\ 30 mg Pt l-1, mesohumic 30–90 mg Pt l-1and polyhumic[ 90 mg Pt l-1. TP thresholds for the species D.
lemmermannii, M. aeruginosa, M. viridis and M. wesenbergii could not be estimated due to consistently low biomass values

The asterisk (*) indicates values set by visual inspection of response curves. Total number of samples is 6939
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The value is, however, in agreement with Steinberg &

Hartmann (1988) who have reported that Planktohtrix

can dominate in metalimnion at TP concentration of

10–15 lg l-1, which is the TP threshold for Plank-

tothrix estimated in our study.

Climate change is expected to increase external and

internal P loading and browning of waters, and to

weaken the ecological status of waters (Jeppesen et al.,

2009). Because boreal lakes are characterized by a

high water colour gradient (due to dissolved organic

carbon (DOC); Kortelainen, 1993; Eloranta &

Fig. 3 Scatterplots of cyanobacterial biomass and logTP. The

TP thresholds (solid line) and 95% confidence interval (dashed

lines) for the total cyanobacterial biomass, different

cyanobacterial genera and species. The horizontal dotted line

indicates WHO low health risk threshold of 2 mg l-1 (WHO,

2003). Note the differences in Y-axis scale
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Keskitalo, 1999), we were able to study the effect of

water colour on the occurrence of cyanobacteria.

Darker water colour means higher concentrations of

humic substances that tend to bind phosphorus (e.g.

Jones, 1992). Therefore, TP thresholds should be

higher in mesohumic and polyhumic lakes than in

oligohumic lakes. Our results supported this as we

found higher TP threshold values for the increase of

cyanobacterial biomass in polyhumic lakes. Although

we determined TP thresholds for the increase of

cyanobacterial biomass for many taxa, the thresholds

for genera other than Aphanizomenon, Dolichosper-

mum and Microcystis are rather uncertain, as the

biomasses of many taxa were consistently low in the

lake categories.

Cyanobacteria have superior phosphorus storage

capacity (e.g. Istvánovics et al., 2002). It has been

suggested, for example, that Microcystis species,

which often occurring in shallow lakes, benefit from

their ability for vertical migration, allowing them to

fuel their P storage in water layers closer to the

sediment (e.g. Cottingham et al., 2015). For that

reason, migrating cyanobacteria may be less depen-

dent on ambient TP concentration, which also makes it

difficult to determine the correct TP thresholds.

The ecological threshold describes the point at

which small changes in the stressor typically produce

large responses in the ecosystem (Groffman et al.,

2006). This approach is useful in setting evidence-

based TP thresholds for the lake management purposes

and in supporting the selection of appropriate mea-

sures (Kelly et al., 2015). However, and as our results

demonstrate, efforts to set nutrient thresholds using

automatic statistical algorithms, such as the segmented

regression models used in this study, are not always

straightforward. For example, from the lake manager’s

point of view, it is problematic that the abrupt-change

method may detect too high threshold values (Gitzen

et al., 2012). Therefore, as a precautionary measure, it

would be better to set the TP target to the point where

the gradual increase of cyanobacterial biomass begins

and the cyanobacterial biomass does not exceed

2 mg l-1, which is the WHO low health risk threshold,

corresponding TP of 16–54 lg l-1. The target TP can

be set utilising both the results of statistical analysis as

well as supporting expert judgement. With this

respect, our method identified the upper TP boundaries

for stronger cyanobacterial biomass increase.

Conclusion

Considering nutrient thresholds as targets for the

management of lakes would help achieve the man-

agement goals and may lead to improved efficiency

and selection of appropriate restoration tools. The

thresholds also provide a means to improve commu-

nication and understanding among river basin man-

agers, researchers and stakeholders, and to increase

the possibility to monitor the success of the manage-

ment measures applied. Our study shows that in boreal

lakes, the most dramatic decrease in cyanobacterial

biomass would occur at TP concentrations below

50 lg l-1. This is often not enough for management

purposes, as the target concentration to avoid harmful

cyanobacterial biomasses seems to be much stricter, ca

Phosphorus thresholds for bloom-forming cyanobac-

terial taxa in boreal lakes 20–30 lg TP l-1 in clear-

water (oligohumic) and mesohumic lakes (Table 3).

However, in polyhumic lakes, reduction of TP

concentration to less than 50 lg l-1 may be sufficient

to avoid high levels of cyanobacterial biomasses,

because of lower alkalinity (lower HCO3 concentra-

tion), shallower photic zone (due to higher water

colour) and the high abundance of humic substances

(able to bind P). Our results emphasize that when

setting TP reduction targets to avoid high abundance

of cyanobacterial biomass, both water colour of the

lake water as well as the composition of cyanobacteria

species present in the lake, must be taken into account.
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ussen, M. Beklioglu, A. Özen & J. E. Olesen, 2009. Cli-

mate change effects on runoff, cathment phosphorus

loading and lake ecological state, and potential adaptations.

Journal of Environmental Quality 38: 1930–1941.

Jones, R., 1992. The influence of humic substances on lacustrine

planktonic food chains. Hydrobiologia 229: 73–91.

Jones, R. A. & G. F. Lee, 1986. Recent advances in assessing

impact of phosphorus loads on eutrophication-related

water quality. Water Research 16: 503–515.

Kelly, R. P., A. L. Erikson, L. A. Mease, W. Battista, J.

N. Kittinger & R. Fujita, 2015. Embracing thresholds for

better environmental management. Philosophical Trans-

actions of the Royal Society B 370: 20130276.

Kortelainen, P., 1993. Content of total organic carbon in Finnish

lakes and its relationship to chatchment characteristics.

123

Hydrobiologia (2020) 847:4389–4400 4399

http://creativecommons.org/licenses/by/4.0/.


Canadian Journal of Fisheries and Aquatic Sciences 50:

1477–1483.
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