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1. Introduction

As primary producers, phytoplankton hold a key role in the aquatic ecosystem (Wetzel 

2001). This is particularly true of lakes whose pelagic zone is large in relation to the 

littoral areas. In such lakes, phytoplankton may stand for the majority of the primary 

production (Likens 1975). From the perspective of lake management, phytoplankton has

been used as an indicator for the status of lake ecosystems. The underlying reason for 

this is its sensitivity to changes in abiotic environmental conditions. These changes are 

in turn likely to be reflected as alterations in the relative abundances of the species that 

make up the phytoplankton communities or assemblages (Ilmavirta 1982, Horne & 

Goldman 1994). Because of the role of phytoplankton as primary producers, they may 

propagate the changes to the other trophic levels of the ecosystem (Horne & Goldman 

1994). The changes will, however, have their strongest and most rapid manifestations 

among the phytoplankton (Ilmavirta 1982). 

Phytoplankton species can be grouped together as communities or assemblages. 

The term “community” has been defined as a collection of species co-existing in a 

specific habitat (Round 1981). The same can also be said of assemblages, but this term 

is usually applied when patterns of dominance are not considered (Lepistö 1999). 

However, this distinction is not universal, and assemblages have also been categorized 

according to their most dominant species (Reynolds 1980). In Finland, the first studies 

of phytoplankton assemblages were performed in the 1890s by Levander (as cited in 

Ilmavirta 1982). 

Long-term monitoring of lakes has provided insights into the characteristics of 

lacustrine environments as well as fluctuations, cycles and possible trends within these 

environments (Lehtinen 2000, Lepistö 1999, Horne & Goldman 1994, Wetzel 1983, 

Ilmavirta 1982). Such information has been widely used for purposes of lake 

classification, management and conservation (Lepistö 1999, Tolonen et al. 2014). 

Phytoplankton is also considered in the EU Water Framework Directive (Padisák et al. 

2006) which requires the monitoring of phytoplankton for the assessment of the 

ecological statuses of aquatic environments (EPA 2006). Despite the wealth of 

knowledge that has been yielded over time, there is still debate as to the relative 
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importance of the various factors that control the abundances of phytoplankton (Sterner 

2008, Interlandi & Kilham 2001, Heini et al. 2014). Such factors include grazing, 

nutrients (Järvinen 2002), light and thermal conditions (Ilmavirta 1982). Out of the 

nutrients, phosphorus has in general been considered the primary limiting factor for 

phytoplankton in freshwater ecosystems. Exceptions have, however, cast doubt on this 

generalization (Sterner 2008, Lewis & Wurtsbaugh 2008). In other words, defining the 

limiting factor of a specific lake's phytoplankton may not be such a straightforward 

affair. This issue is complicated by the fact that the relative importance of the various 

factors may vary temporally (Lepistö 1999, Heini et al. 2014) and spatially (Arvola et 

al. 1999, Dodson 2005) within a single lake as well as between lakes (Arvola et al. 

2011).

In boreal lakes, such as those found in Finland, phytoplankton occurrence is 

assumed to be dictated primarily by the yearly seasonal cycle resulting in noticeable 

differences in physical factors such as solar radiation and water temperature (Ilmavirta 

1982). But even on shorter temporal scales, conditions may vary a great deal (Heini et 

al. 2014). Spatial variation is also known to occur in addition to temporal variation 

(Jones & Francis 1982). Chemical conditions have also been known to vary temporally 

and spatially (Wetzel 1983). Unfortunately, it is not possible to reliably measure all 

chemical factors. In certain cases, as in the case of oligo-mesotrophic lakes, the 

inorganic phosphorus in the lake may be below the detection limit of conventional 

methods (Heini et al. 2014) making it difficult to access the interactions between 

phytoplankton and inorganic phosphorus in the lake water. As a result, the veracity of 

the phosphorus limitation paradigm is also more difficult to assess. 

While there are vast data sets on the physics, chemistry and phytoplankton of 

various Finnish lakes, systematically collected long-term data sets are less common. 

Even more uncommon are extensively studied lakes with corresponding information for

nutrient loading (Arvola, personal communication). The data sets, which have been 

collected from Lake Pääjärvi and its catchment since the early 1990s, provide a unique 

opportunity to test the impact of external phosphorus loading on phytoplankton in this 

boreal lake. These same sets have also provided me with temperature data that reflect 

the extensive in situ water measurements that have been carried out over the years. The 
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measurements provide the means to reconstruct the thermal conditions including 

stratification, stability and heat volume of the water column. In lake Pääjärvi, where 

humic compounds limit light penetration to a shallow upper layer (Ruuhijärvi 1974, 

Arvola et al. 1996), mixing, stratification and water mass stability play important roles 

in the regulation of phytoplankton access to nutrients and light (Jasser & Arvola 2003, 

Arvola 1984). The heat stored in the water column may also play a part in regulating the

abundance of phytoplankton. In other words, I set out to explore the relationship 

between phytoplankton biomass and phosphorus loading as well as the relationship 

between phytoplankton biomass and thermal factors such as the stored heat and 

stratification of the water column. In this work, I will first provide an examination of 

each variable in its own right, examining its variation from year to year as well as trends

it might exhibit. Then I will proceed to present my analysis of the relations between 

phytoplankton biomass and the environmental variables. Through statistical analysis, I 

will explore how much of the variances in phytoplankton biomass can be explained by 

the selected environmental variables. In my work, I employed the following null 

hypotheses: 

H1: There is no clear connection between external phosphorus loading and 

phytoplankton biomass in Lake Pääjärvi.

H2: There is no clear connection between the thermal conditions of the lake and 

phytoplankton biomass in Lake Pääjärvi. 

This work was done with a focus on the open-water period. Since the exact start 

and end points for this period may vary from year to year, only the months most likely 

to be ice-free each year were chosen. Hence, only lake-related data for the months June 

to October was used. For phosphorus loading, data for the month of May was also used 

in addition to data for June to October. May was included for two reasons: 

1) It is common for phosphorus loading to spike in May as the result of watershed 

snow and ice melt.

2) The effects of loading in May may not be immediately visible, but 

phytoplankton may show a detectable response to it later on in the summer 

(Arvola, personal communication).
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1.1. Phosphorus limitation

Phosphorus (P) is a requirement for phytoplankton cell growth and reproduction 

(Dodson 2005). It is assumed to be the limiting nutrient for phytoplankton growth in 

lake Pääjärvi (Sarvala et al. 1982, Arvola et al. 1996). This assumption is based on the 

fact that phytoplankton is assumed to require nutrients in certain ratios (Redfield 1958) 

and the limiting nutrient is the one present in concentrations lower than that dictated by 

the ratio (Redfield 1958, Dodson 2005). The exact numerical nature of such a ratio is 

disputable (Klausmeier & Litchman 2004) and several different ratios have been 

proposed based upon stoichiometry and the limiting nutrient concept. Among these 

ratios there is the well-established Redfield ratio of nitrogen (N) to phosphorus in the 

proportions 16:1 (molar)  (Dodson 2005). Although this ratio is based on Redfield's 

studies of marine life, it has also been widely applied to lake plankton (Dodson 2005). 

Ratios based on lake studies have also been presented. A stoichiometric study of lakes 

has suggested that phytoplankton growth could be limited by phosphorus at N:P ratios 

above 50:1 molar. (Guildford & Hecky 2000). The measured N:P ratio of lake Pääjärvi 

(see Table 2 in Section 3) is well above both of the aforementioned ratios. The lake has 

had an N:P ratio with an average of 327:1 (molar). The lowest ratio detected was 126:1. 

The N:P ratio would hence suggest that phosphorus is primarily the limiting nutrient for 

phytoplankton in lake Pääjärvi. If this is the case, then it is reasonable to assume that the

addition of phosphorus to the lake, via external loading, would lead to a statistically 

detectable increase in phytoplankton biomass. Based on the reasoning of the N:P ratio, 

one can also assume that nitrogen cannot be the limiting nutrient in Pääjärvi. For this 

reason, nitrogen has been excluded from the present study. Although phytoplankton is 

expected to increase in general, in response to P loading, it is also worth noting that 

different taxonomic groups of phytoplankton are known to display slightly different 

relationships to phosphorus:

Diatoms have been known to tolerate conditions marked by a scarcity of 

phosphorus. Tabellaria species can tolerate infrequent nutrient pulses and low 

phosphorus conditions do not pose a problem provided that silica concentrations are 

sufficient (Suttle et al. 1987).  Rhizosolenia longiseta has been associated with 
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oligotrophy (Rosenström 1996), which suggests that its P requirements may be low in 

order to survive in oligotrophic environments. Interestingly enough, the species has also

been considered an indicator species for eutrophy (Lepistö 1988), and in enclosure 

experiments the species has also responded to P addition (Arvola et al. 1996). Since 

eutrophy and phosphorus correlate (Kalff & Knoechel 1978), one would expect a 

connection between the species and phosphorus loading. These contradictory 

associations, both with oligotrophy and eutrophy, would suggest that suggest that the P 

requirements of R. longiseta are relatively low in order to thrive in an oligotrophic 

environment, but that the species is nonetheless proficient in utilizing added P. 

Chrysomonads are more capable of utilizing low P concentrations than many 

other taxonomical phytoplankton groups. They are capable of switching to phagotrophy 

in the event that environmental conditions turn disadvantageous (Sandgren 1988). It 

would therefore be expected that chrysomonad biomass would not necessarily have a 

strong connection to P loading.

Flagellates, through the use of their flagella, are of capable of movement and of 

regulating their position in the water column (Ilmavirta 1983). Because of this trait, they

are capable of seeking out nutrients from other water layers should the epilimnion suffer

nutrient depletion (Clegg et al. 2003). It would therefore be a reasonable assumption 

that flagellates would not be strongly dependant on incoming P, but that they could 

readily utilize it should it be available. These flagellated phytoplankton can be found in 

various taxonomic groups including cryptomonads, haptophytes, dinoflagellates and 

chrysomonads (Reynolds 2006).

Cryptomonads are typical in lakes receiving greater amounts of nutrients and 

organic matter from their catchments (Rosén 1981) but may also tolerate sporadic 

nutrient depletion events (Haffner et al. 1980). Hence, it remains to be seen how clear 

the relationship between cryptomonad biomass and P loading will be. 

As these examples suggest, inter-taxon variation in responses to P are worth 

taking into consideration. In regard to the chemical properties of P, there are also issues 

worth taking into consideration: Since phosphate (PO4) is the form in which phosphorus

is directly available to phytoplankton (Horne & Goldman 1994), it would seem logical 

to consider choosing it as a variable. However, the detection limit for phosphorus is 2 
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mg m-3 (Heini et al. 2014). As shown in Table 2, the measured phosphate levels in the 

lake were more often beneath the limit than above it. For this reason, the phosphate 

loading entering the lake was instead taken into consideration.

1.2. Thermal conditions

It has been stated that even small changes in thermal conditions can lead to shifts in 

phytoplankton populations (Arvola et al. 2010), and that it is not uncommon for 

organisms to be adapted to narrow temperature ranges (Chen & Folt 1996). It is also 

worth noting that some phytoplankton, such as cyanobacteria, may have a higher 

optimal temperature for growth than other phytoplankton, such as diatoms and green 

algae (Paerl and Huisman 2008).

Heat volume (also referred to as heat content) represents the heat stored in the 

water column of the entire lake in relation to its surface area (Salmi et al. 2014). In deep

lakes, such as Pääjärvi, the stored heat can function as an integral of the meteorological 

conditions of longer time periods (Gorham 1964). Since it has been noted that changes 

in phytoplankton biomass can be variously detected hours, days or weeks after changes 

have occurred in environmental conditions (Harris 1986 as cited by Arvola et al. 1999), 

heat volume can therefore be a suitable indicator of heat conditions some time prior to 

sampling. 

Not only does temperature in its own right affect phytoplankton, but mixing and 

stratification are indirectly regulated by temperature (Dodson 2005). The density of 

water is different at different temperatures. For temperatures above 4 °C, water density 

correlates negatively with temperature. As a result, warmer water positions itself above 

colder (Dodson 2005). When mixing occurs, the water at different depths is either 

isothermal or so close to isothermal that surface winds may set the water mass in motion

(Dodson 2005). During periods of stratification, the differences in water temperature 

and density are either large enough to resist wind, the wind conditions are not strong 

enough or a combination of both. This resistance to mixing is referred to as stability and

it measures the amount of energy required, by the wind blowing against the surface, to 
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set the water mass in motion. High values for stability imply high resistance to mixing, 

while low stability values imply low resistance to mixing (Wetzel 1983). Stability tends 

to approach zero during turn-over events (Bowling & Salonen 1990). In dimictic lakes, 

such as Pääjärvi (George et al. 2004), these events normally occur twice per year, in the 

spring and in the autumn (Dodson 2005). During these events, phytoplankton is known 

to become more evenly distributed throughout the water column (Salmi et al. 2014).

The concept of thermocline is also related to that of temperature, stratification 

and mixing. The thermocline is the position in the water column with the greatest 

gradient in temperature change in relation to depth (Dodson 2005). The thermocline is 

found within the metalimnion, a stratified layer of water in which temperature drops 

steeply with increasing depth (Dodson 2005). Since stratification typically suppresses 

the transfer of nutrients from the hypolimnion to the surface (Read et al. 2011), it is 

reasonable to assume that the metalimnion could be considered one such barrier. The 

depth of the thermocline would therefore give a rough indication of the position of the 

barrier and the depth of the mixing layer above it. The reason for this approximate 

nature is the fact that it is not possible to delineate the thickness of the epilimnion based 

on the thermocline depth (Kling 1988). One can encounter more than one thermocline 

(Imberger 1985). Nearest to the surface is the diurnal thermocline. It is susceptible to 

the daily variations in weather conditions and incoming solar radiation (Imberger 1985).

The differences between day and night also play a part in defining its nature. The 

diurnal thermocline typically forms as a result of the sun's heating of the surface layer, 

but this thermocline may be eroded as night falls (Imberger 1985). In addition to solar 

heating, wind-induced convective mixing plays part in the formation of other, deeper 

thermoclines. These thermoclines have arisen as the result of previous convective 

episodes. Even further down is the seasonal thermocline. The variations in the depth of 

this thermocline are on the seasonal scale (Imberger 1985). The seasonal thermocline 

was hence chosen as an environmental variable because it is less susceptible to the day-

to-day variations in temperature and external weather conditions than the shallower, 

diurnal thermocline (Imberger 1985). The diurnal thermocline would not be useful in 

this study due to its temporal scale and there was no corresponding phytoplankton data 

from day to day. 
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By alternating between mixing and stratification, Pääjärvi becomes a temporally 

variable environment for phytoplankton. Some phytoplankton groups benefit from 

mixing and some from stratification: 

Diatoms have been observed to benefit from increased water turbulence (Keto &

Seppänen 1973). Among the diatoms in Pääjärvi are Aulacoseira italica and 

Aulacoseira italica v. tenuissima. Both are considered good competitors in turbulent 

conditions as well as conditions characterized by low light or low temperatures (Talling 

1957, Willén 1991). Diatom growth is known to become inhibited by stratification as it 

prevents the inflow of nutrients from the hypolimnion and nutrient depletion may occur 

in the epilimnion (Horne & Goldman 1994). It is therefore reasonable to assume that 

diatom biomass would appear in a negative relation to stability.

Flagellates, due to their aforementioned movement capabilities, are unhindered 

by stratification (Ilmavirta 1983), but in larger lakes they are unable to regulate their 

position in the mixed layer (Arvola et al. 1999). It is therefore reasonable to assume that

flagellates would benefit somewhat from stability.

Cryptomonads have been known to have a high tolerance for temperature 

fluctuations and variations in the depth of the mixing layer (Reynolds 1988). This would

suggest a certain degree of indifference toward temperature as a variable. 

Cyanobacteria, although historically low in abundance in Pääjärvi (Lepistö 

1999), benefit from higher water temperatures (Paerl and Huisman 2008). A relationship

between phytoplankton and heat volume as well as one between stability and 

phytoplankton would therefore be expected.
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2. Materials and methods

2.1. Study sites and data

The study lake, Lake Pääjärvi (61° 04' N, 25° 08' E) (Arvola et al. 1996), is an oligo-

mesotrophic lake (Blenckner et al. 2007) situated in southern Finland (Arvola et al. 

1996). The lake has a maximum and mean depth of 85 and 15.3 m respectively 

(Bleckner et al 2007) and a surface area of 13.4 km2 (Arvola et al.1996). The catchment 

area around the lake is 210.1 km2 (Huotari et al. 2013), and the main vegetation type is 

boreal forest with a dominance of coniferous trees (Ruuhijärvi 1974, Arvola, personal 

communication). Raised peat bogs, mostly drained for forestry purposes, cover 20% and

agricultural fields 15% of the catchment (Hakala et al. 2002). The area is covered by 

glacial till and a layer of podzol soil typical of boreal regions (Arvola, personal 

communication). For more information about the lake, its catchment area and climate, 
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Fig. 1: Lake Pääjärvi in Southern Finland. This photo was taken at the deepest 
point of the lake.



see Ruuhijärvi (1974), Hakala et al. (2002), Arvola et al. (1996, 2002, 2006) and 

Kankaala et al. 1996. 

The data sets that were at my disposal contained phosphorus loading data for the

major rivers and streams that drain into lake Pääjärvi with one sampling site for each of 

them (Fig. 2). The rivers and streams were the following: Mustajoki, Haarajoki, 

Luhdanjoki, Koiransuolenoja, Letkunoja and Löyttynoja. The loading data is based on 

daily discharge values and total P and phosphate concentrations that were taken once a 

week throughout the year since the beginning of 2000, and before that once a week 

during April-November, and twice a month during the rest of the year. The samples 

were analysed according to the standard methods at the laboratory of Lammi Biological 

Station (LBS). The hydrological data provided was from the Finnish Environment 

Institute (SYKE). The institute has three discharge monitoring stations in the main 

inflows of Lake Pääjärvi (Mustajoki, Haarajoki and Löyttynoja). Loading was 

calculated for each inflow by multiplying its average runoff for each week by the 

measured (weekly) P concentrations. The runoff for inflows without a hydrological 

monitoring station was calculated by using the runoff of River Mustajoki as a basis with

differences in catchment area taken into consideration.

The phytoplankton and water chemistry data sets for Pääjärvi were provided by 

Lammi Biological Station. The sampling frequency for phytoplankton and lake water 

chemistry has been, on average, once a month and the samples have been taken on a 

regular basis from May to October or November depending on the ice-off and ice-on 

conditions. However, as mentioned before, only the phytoplankton data corresponding 

to the months June to October would be used in this work. Phytoplankton and water 

chemistry samples were taken at the deepest point of the lake which is situated almost in

the middle of the lake, and not very far from the outlet of the lake (Fig. 1 and Fig. 2). 

For the phytoplankton, the only sampling depth which is considered in this study is the 

uppermost 15 m of the water column. Water temperature was measured concurrently 

with each phytoplankton sampling, and the temperature measurements were carried out 

with YSI instruments. For the depths of 0-20 m, temperature was measured at intervals 

of one meter. Temperature was measured at 5 m intervals for the depths of 20-75 m. The

water chemistry analyses were done at Lammi Biological Station according to standard 
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laboratory methods (see Arvola et al. 1996, 2014). The phytoplankton samples were 

preserved by acid Lugol's solution, and later on counted by inverted microscopes at the 

Lammi Biological Station by several authors (Sirpa Lehtinen, Marko Järvinen and 

Jorma Keskitalo; see Lehtinen 2000; Järvinen et al. 2002). The counting techniques 

have been slightly modified by different authors, but the basic procedure has always 

been the same: small taxa have been counted with 400-600× magnification and large 

cells with 200× magnification to ensure that the usually more rare large cells will be 

included in the analysis. The phytoplankton data set utilized in this study covers the 

time period since 1994 until 2010. 

Table 1. Summary of data used in this thesis.

Type Years Sampling frequency Sampled
or

measured
depth

Source

Phytoplankton 1995-2010 Roughly once per month during
the open water season

0-15m LBS

Phosphorus loading 1995-2010 Varies - LBS
Lake water temperature 1995-2010 Roughly once per month during

the open water season
0-75 m LBS

Water inflow (via rivers and 
streams)

1995-2010 Continuous - SYKE

Lake water chemistry data 1992-2011 Roughly once per month during
the open water season

Varied over
the years.

LBS

2.2. Calculation of thermal variables

Parent thermocline depth was calculated using LakeAnalyzer (Read et al. 2011) and 

verified visually using the line chart function in LibreOffice Calc. LakeAnalyzer's 

default threshold value was used, according to which the parent thermocline must equal 

or exceed 80% of the temperature change per depth of the shallower, dominant 

thermocline (Read & Muraoka 2011). If no secondary maximum could be found 

meeting these criteria, the depth of the dominant thermocline was selected instead.

Thermal stability and heat volume were calculated using a calculation procedure

developed by Petri Kiuru and Timo Huttula from the Finnish Environment Institute 

(SYKE). The procedure is based on a publication addressing the thermal conditions of 
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Finnish lakes during the 20th century (Korhonen 2002) and source code for it was 

provided by Professor Juhani Virta. The procedure was implemented as a macro for 

Microsoft Excel. 

2.3. Preparation and standardization of data

Weekly values for Tot P and PO4 loading were summed together month-wise. Organic 

phosphorus (Org P) values were acquired by subtracting PO4 values from the Tot P 

values. 

Phytoplankton observations for the depth 0-15 m were used directly in the 

calculation of averages for each set of months. These observations were only available 

for the years 1994-1999, so values for the years 2000-2010 were produced by weighting

and combining the observations for the sample depths 0-5 m and 5-15 m. 

Values for the summer months were grouped together into “time blocks” 

according to the following pattern: 

1. June values for all years, but with phosphorus loading representing both May 

and June

2. July and August values for all years

3. September and October values for all years

Arithmetic means for phosphorus loading, phytoplankton biomass, stability, 

parent thermocline depth and heat volume were calculated by respectively combining 

the July and August values, the September and October values but leaving the June 

values unmatched by another month. The only exception to this rule is phosphorus 

loading for which May and June loading values were combined. Phosphorus loading 

was divided into the categories of Tot P, PO4 and Org P. The means for these three 

categories were calculated separately.

For each time block, the acquired values were then standardized according to the

following formula:

(x− x̄)
σ ×1000
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x  is the value representing each year for a given variable within each time 

block. x̄  signifies the mean of all the values for the variable in question for a specific 

time block for all the examined years. σ  is the standard deviation for all the values of a

specific variable within each time block for the same set of years. Multiplication by 

1000 was done to prevent the loss of significant figures due to Canoco rounding input 

values to integers. 

This standardization was done in LibreOffice Calc prior to statistical analysis of 

the data using the Canoco statistical software. 

2.4. Statistical analysis

The Mann-Kendall test was used to detect possible trends for total biomass and 

phosphorus loading. The statistics package R was utilized for this test. SPSS was used 

to run a non-parametric Friedman test to compare data between time blocks. 

Redundancy Analysis (RDA), a form of multivariate analysis, was utilized in the 

analysis of the relationships between phytoplankton biomass and environmental 

variables. Canoco for Windows (version 4.5) was utilized for this purpose. RDA was 

performed with Monte Carlo permutations and Forward Selection. The number of 

permutations used was 499, which is well above the number required to ensure the 

reliability of the test (ter Braak & Šmilauer 1998).

In addition to the division into time blocks, the data were also divided into the 

following categories for separate statistical runs:

1. Phytoplankton main groups: Cryptophyceae (cryptomonads), Dinophyceae 

(dinoflagellates), Diatomophyceae (diatoms), Cyanophyceae (cyanobacteria), 

Haptophyceae (Prymnesiophyceae), Chrysophyceae, Chlorophyceae (green 

algae). Total biomass, for all observed phytoplankton, was also included.

2. Diatoms. This category included the following common taxa found in Pääjärvi: 

Fragilaria sp, Asterionella formosa, Aulacoseira sp., Cyclotella sp., 

Rhisozolenia longiseta and Tabellaria sp. Tabellaria flocculosa was also used in 
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the analysis but to a lesser extent due to lack of observational data for this 

species.

3. Peridinium sp,  Rhodomonas lacustris and Mallomonas caudata. These species 

are among those whose identification over the years has been considered reliable

and for this reason they were selected for the study (Arvola, personal 

communication).

14
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Fig. 2: Lake Pääjärvi and watershed area. Main watershed and sub-watershed 
boundaries have been marked in cyan (based on Stenberg 2007). 1. The 
phytoplankton sampling location at the deepest point of the lake. 2-7. Sampling 
locations for phosphorus loading for the following rivers and streams: 2. 
Haarajoki. 3. Mustajoki. 4. Luhdanjoki. 5. Löyttynoja. 6. Koirasuolenoja. 7. 
Letkunoja. 8. Outlet of the lake. Image base provided by Lammi Biological 
Station. Modifications by author.



3. Results

3.1. Phosphorus and nitrogen in lake Pääjärvi

Table 2. Chemical characteristics of lake Pääjärvi based on monthly measurements 
taken at the deepest point of the lake from May 1992 to November 2011. The values are 
representative of the uppermost 15 m water layer. PO4 concentrations lower than 2 mg 
m-3 are considered to be unreliable due to the limitations of the detection method (Heini 
et al. 2014).

Nutrient(s) measured (µg/l) Arithmetic mean Standard deviation Sample size

Tot N 1373.4 135.0 562

NO2 and NO3 930.3 115.9 562

NH4 10.0 6.0 562

Tot P 9.7 2.3 561

PO4 - - 552

PO4 (≥2 mg m-3) 2.5 0.8 259

PO4 (<2 mg m-3) - - 293

Tot N : Tot P (molar) 327.4 79.0  (2 ×) 561

3.2. Phytoplankton biomass

In Fig. 3, the open-water season of each examined year is represented by the sum of 

total biomass for the months June to October. The Mann-Kendall test suggests a 

significant, declining trend for these year sums (τ = -0.5, two-sided p-value = 

0.0057818). When the different time blocks were evaluated separately, a significant 

declining trend could also be detected for the July-August block (Mann-Kendall trend 

test: τ  = -0.574, two-sided p-value = 0.0015148). Individually, the June and September-

October blocks did not display any significant trends (two-sided p-values = 0.11507 and

0.90165 respectively). Out of the three time blocks (Fig. 4), June displayed the smallest 

total biomass. The September-October block displayed its greatest variation during the 

2000s. The three designated time blocks differed significantly from one another 

(Friedman test, p = 0.001). A month-by-month examination (Fig. 5) shows the average 

total biomass increasing during the course of the summer till September after which it 
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starts to decrease (Fig. 5 a). A similar increase can be seen in the biomass of diatoms 

(Fig. 5 b) and cyanobacteria (Fig. 5 c) while this is not the case for green algae (Fig. 5 

d), who display their greatest abundance in July but also by far the greatest variance at 

that time. Cryptomonad (Fig. 5 e) and chrysomonad (Fig. 5 g) biomass has, on average, 

been at its greatest toward the beginning of the open water season. Prymnesiophyceae 

(Fig. 5 h) biomass appears to be evenly low throughout the five months, as does 

dinoflagellate biomass (Fig. 5 f).
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Fig. 3: Each pillar represents the sum of measured total biomass for the months 
June-October for each year during the period 1994-2010. The error bars represent 
the standard deviation of the biomass values for these months for each year.



Fig. 4: The total biomass measured for each time block. The biomass values for
the later two time blocks are the sums for the respective months included in 
these blocks. No sampling was performed in June 1999 and July 2007. The 
value for Sept & Oct 2009 was based on only one date: 01/10/2009 while the 
value for July & Aug 2007 was based only on the date 21/08/2007.
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The phytoplankton biomass for the period 1994-2010 with the means and 
standard deviations for the months June to October each represented 
separately. Total biomass and the biomass of each of the examined main 
groups are depicted in a separate graph. The unit for phytoplankton biomass is 
g/m3 and the scale has been kept the same in all sub-images.

3.3. Phosphorus loading

The incoming phosphorus loading has varied between some years more than others 

(Fig. 6). But no statistically significant trend could be found for the yearly load of total 

phosphorus (Mann-Kendall test: τ  = -0.0833, two-sided p-value = 0.68533) or for the 

yearly phosphate loading (Mann-Kendall test: τ  = 0.05, two-sided p-value = 0.82189). 

Likewise, phosphorus loading showed no statistically significant trend for the three, 

separately examined time blocks (see Appendix A). A month-wise examination of the 

long-term data revealed the following: Both average total phosphorus loading (Fig. 10) 

and average PO4 loading (Fig. 9) were at their greatest in May and lowest in June. May 

also displayed the greatest variance. A year-to-year examination (Figs. 7 & 8), in which 

monthly values have been summed into blocks of two, shows high values for the 

combined May and June PO4 loadings in the years 2001 and 2005 (Fig. 7). For the 

months of July and August, both Tot P and PO4 loading was relatively abundant between

1996 and 1999 (Figs. 7 & 8). May held the largest monthly mean for Tot P (Fig. 10) and 

August the second largest. Out of the months, July displayed the smallest monthly mean

Tot P loading (Fig. 10). Tot P loading displayed large variation both between years (Fig. 
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6) and between the three examined time blocks (Fig. 8). For the years 1998, 2005 and 

2001, loading was relatively high for the months of interest (Fig. 8). For the years 2003 

and 2006, loading was small (Fig. 8). 

Fig. 6: Phosphorus loading from the rivers and streams. Values represent total 
loading for each year. 
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Fig. 7: PO4 loading by year with the values for the examined months summed 
together in pairs
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Fig. 8: Tot P loading by year with the values for the examined months summed 
together in pairs
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Fig. 9: Monthly means and standard deviations of the PO4 loading for the years 
1995-2010
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Fig. 10: Means and standard deviations of Tot P loading for the months May to 
October for the years 1995-2010
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3.4. Thermal conditions

Month-wise examination shows that, on average, heat volume peaked in July and 

August (Fig. 11). For these months, the variability in heat volume was smaller than for 

the other examined months. On average, stability was at its greatest in July (Fig. 12). 

The calculated parent thermocline depth was on average at its greatest in October (Fig. 

13).
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Fig. 11: Means and standard deviations for heat volume for June-October, with 
each month individually represented. This graph represents the period from 
June 1994 to August 2010. 
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Fig. 12: Means and standard deviations for stability covering the months June 
to October. The time period represented is June 1994 to August 2010. 

Fig. 13: Monthly means and standard deviations for parent thermocline depth 
for the months June to October spanning the time period June 1994 to August 
2010.
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3.5. RD analysis

Visual examination of the results for total biomass and the main groups would suggest 

that chlorophytes almost coincide with heat volume, cyanobacteria appear to coincide 

with stability for June (Fig. 14), cryptophytes and dinophytes seem to display a positive 

relationship to parent thermocline depth for the July and August time block (Fig. 15), 

while for the September and October time block (Fig. 16), dinophytes and chlorophytes 

would seem to have a completely negative relation to heat volume and cyanobacteria a 

negative relation to stability. For the July and August block, diatom biomass appeared to

coincide with Tot P and Org P while total biomass appeared to coincide with PO4  (Fig. 

15). On the other hand, for the September and October block, the diatoms and 

chrysophytes seem to lack connections or have very weak connections to the 

environmental variables (Fig. 16). However, the first RDA axis accounted for only 27% 

of the variance for June, 12% of the variance for the July-August time block and 16% of

the variance for the September-October time block. In addition, the only variable that 

demonstrated statistical significance was heat volume, but only for the month of June (P

= 0.020). For the September-October time block, heat volume came near the threshold 

for significance (P = 0.056). For June, this variable seemed to account for 17% of the 

variance. The variance explained by the examined variables varied between 35% for 

June, 23% for the July-August block and 33% for the September-October block. For the

main group and total biomass results, Tot P stood for 8% (June), 9% (July-Aug) and 

11% (Sept-Oct) of the total variance. For more details, see Appendix B.

In the examination of individual diatom taxa, Cyclotella sp. would seem to 

coincide with Tot P and Org P loading for June. Rhizosolenia longiseta biomass 

appeared in a positive relation to P-loading for the July-August block. On the other 

hand, for June the relation between Tabellaria sp. and PO4-loading would appear to be 

completely negative. 

Cyclotella sp. also coincided with stability in June (Fig. 17) and Tabellaria sp. 

appeared to coincide with stability for July-Aug (Fig. 18). For Sept-Oct, on the other 

hand, Rhizosolenia sp. and Fragilaria sp. displayed negative relations to heat volume 

and stability (Fig. 19). Fragilaria sp. displayed a negative relation to parent thermocline
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for June (Fig. 17) while Cyclotella sp. coincides almost completely with parent 

thermocline for July-Aug (Fig. 18). Out of the variance, the tested variables explained 

31% of the variance for June, 49% of the variance for July-Aug and 40% for Sept-Oct. 

But out of the variables, only heat volume was undeniably significant (P= 0.046) and 

only for the Sept-Oct time block. Although Org P was significant for the diatom taxa in 

Jul-Aug, the variable was also multicollinear in this context (see Appendix B). 

Peridinium sp. was closely aligned with the phosphorus variables for both June 

and July-August (Figs. 20 & 21). The taxon coincided with PO4 for June (Fig. 20). 

However, for Sept-Oct the relation between Peridinium sp. and PO4 appeared to be 

strongly negative (Fig. 22). The relations between the taxon and the other two 

phosphorus variables also appeared negative for this time block. Rhodomonas lacustris 

appeared to have fairly weak connections to most of the environmental variables and 

negative relations to some of them for the first two time blocks (Figs. 20 & 21). 

Negative relations include: Stability (June) and heat volume (July-Aug). But for Sept-

Oct, the species positioned itself close to parent thermocline depth and relatively closely

to the phosphorus variables while displaying a negative relation to heat volume and 

stability (Fig. 22). For June, Mallomonas caudata aligned itself closely to heat volume 

but appeared to have negative relations to the phosphorus variables (Fig. 20). For July-

Aug, the species coincided with parent thermocline depth and positioned itself relatively

closely to the phosphorus variables, while the species would appear to have little 

connection at all to heat volume and a negative relation to stability (Fig. 21). For Sept-

Oct, the species positioned itself very close to PO4 with the other phosphorus variables 

also positioned relatively close by (Fig. 22). The species appeared to have no 

connection to the temperature variables for this time block. Between the time blocks, 

there were large differences in the percentage of variance explained by the selected 

variables. Out of the time blocks and the variables tested, only one variable in one time 

block proved to be statistically significant. For June, the variables explained only 21% 

of the variance and none of them appeared statistically significant. For July-Aug the 

examined variables explained 55% of the variance with PO4 as statistically significant 

(P = 0.048). While for Sept-Oct, 42% of the variance could be explained by the selected 

variables with none of them significant. Heat volume was, however, almost significant 
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(P = 0.068) for this time block. The results of the entire RD analysis are summarized in 

Tables 4-10. Raw RDA output data can be found in Tables 13-30 in Appendix B.

Table 3: List of abbreviations for figures 14-22

Abbreviation Meaning

Tot-biom Total phytoplankton biomass for all 

observed phytoplankton

Chloro Chlorophyceae (green algae)

Chryso Chrysophyceae

Crypto Cryptophyceae (cryptomonads)

Cyano Cyanophyceae (cyanobacteria)

Diatomo Diatomophyceae (diatoms)

Dino Dinophyceae (dinoflagellates)

Hapto Haptophyceae (Prymnesiophyceae)

Astfor Asterionella formosa

Aulacos Aulacoseira sp. 

Cyclot Cyclotella sp.

Fragil Fragilaria sp. 

Rhilon Rhisozolenia longiseta 

Tabellar Tabellaria sp.

Tabflo Tabellaria flocculosa

Malcau Mallomonas caudata

Peridi Peridinium sp. 

Rholac Rhodomonas lacustris

Tot P Total phosphorus

PO4 Phosphate (PO4)

Org P Organic phosphorus

Heat vol Heat volume

Stabilit Stability

Parent t Parent thermocline depth
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Fig. 14: RD analysis of the mean values of the variables for the month of June except 
for PO4, Tot P and Org P, for which mean values, combining both May and June, have 
been used instead. Phytoplankton is represented by total biomass and by the main 
groups. The abbreviations are explained in Table 3.

Fig. 15: RD analysis of the mean values of July and August for the examined variables 
and phytoplankton biomass which is represented by total biomass and by the main 
groups. The abbreviations are explained in Table 3.
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Fig, 16: RD analysis of the mean values combining September and October for 
phytoplankton biomass and the examined variables. Total biomass and the 
phytoplankton main groups were examined. The abbreviations are explained in Table 
3.

Fig. 17: RD analysis for selected taxa of diatoms for the month of June. The values for 
the tested phosphorus variables were a combination of the mean values for May and 
June. The values for phytoplankton biomass and the other tested environmental 
variables were means for June.  

1. Stability, 2. Org P, 3. Tot P. The other abbreviations are explained in Table 3. 
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Fig. 18: RD analysis of the chosen diatom taxa for the July-August time block. The 
analysis was performed on mean values combining the July and August values for the 
examined taxa and environmental variables respectively. The abbreviations are 
explained in Table 3.

Fig. 19:  RD analysis of the chosen diatom taxa for the September-October time block. 
The analysis was performed on mean values combining the September and October 
values for for the examined taxa and environmental variables respectively. The 
abbreviations are explained in Table 3.
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Fig. 20: RD analysis for the taxa Peridinium sp, Rhodomonas lacustris and 
Mallomonas caudata for the June timeblock. The tested values for each phosphorus 
variable were a combination of the mean values for May and June. Phytoplankton 
biomass and the other variables were represented by their June mean values. The 
abbreviations are explained in Table 3.
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Fig. 21: RD analysis for Peridinium sp, Rhodomonas lacustris and Mallomonas 
caudata for the July-August time block. Means combining the values for these months 
were used for the examined taxa and the examined environmental variables. The 
abbreviations are explained in Table 3.

Fig. 22: RD analysis for Peridinium sp, Rhodomonas lacustris and Mallomonas 
caudata for the September-October time block. Means combining the values for these 
months were used for the examined taxa and the examined environmental variables. 
The abbreviations are explained in Table 3.
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3.6. Summary of RD analysis

Table 4. Main groups

Time block Variance explained by all 
variables

Statistically significant 
variable(s) (P < 0.05)

June 0.35 Heat volume (P = 0.020)

July-August 0.23 -

September-October 0.33 None, but heat volume 
almost significant 
(P=0.056)

Table 5. Diatoms

Time period Variance explained by all 
variables

Statistically significant 
variable(s) (P < 0.05)

June 0.31 -

July-August 0.49 Organic phosphorus (P = 
0.012)

September-October 0.40 Heat volume (P = 0.046)

Table 6. Peridinium sp, Rhodomonas lacustris and Mallomonas caudata

Time period Variance explained by all 
variables

Statistically significant 
variable(s) (P < 0.05)

June 0.21 -

July-August 0.55 PO4 (P = 0.048) 

September-October 0.42 None. Heat volume almost 
significant (P = 0.068)
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Table 7. Correlations main groups

June

Tot P 
loading

PO4 
loading

Org P 
loading

Stability Heat 
volume

Parent 
thermocline
depth

Total biomass (+*) (+*) (+*) (+*) + (+*)

Cryptophyceae (+*) (+*) (+*) (+*) + (+*)

Dinophyceae (+*) (+*) (+*) (+*) + (+*)

Diatomophyceae (+*) (+*) (+*) (+*) + (+*)

Cyanophyceae (-*) (-*/-) (-*) (+Coin) + (-*/-)

Haptophyceae (-) (-) (-) (+) +* (-)

Chrysophyceae (+) (+/+*) (+) (Ind) +* (+/+*)

Chlorophyceae (-*) (-*) (-*) (+) + (-*)

July-August 

Tot P 
loading

PO4 
loading

Org P 
loading

Stability Heat 
volume

Parent 
thermocline
depth

Total biomass (+) (+) (+) (-) (-*) (+)

Cryptophyceae (+*) (+*) (+*) (-) (-) (+)

Dinophyceae (+/+*) (+) (+/+*) (-/-Opp) (-) (+)

Diatomophyceae (+Coin) (+) (+Coin) (-) (-*) (+*)

Cyanophyceae (+*) (Ind/+*) (+*) (+*) (+) (-*)

Haptophyceae (-*) (-*) (-*) (+) (+) (-)

Chrysophyceae (-*/-) (-*) (-*/-) (Ind) (-*) (+*)

Chlorophyceae (-*/-) (-) (-*/-) (+) (+) (-/-Opp)

September-October

Tot P 
loading

PO4 
loading

Org P 
loading

Stability Heat 
volume

Parent 
thermocline
depth

Total biomass (+) (+) (+) (-*) (Ind) (+/+*)

Cryptophyceae (+) (+) (+) (-*) (Ind) (+/+*)

Dinophyceae (+*) (+*) (+*) (-) (-Opp) (+*/+)

Diatomophyceae (+*) (+*) (+*) (+*/Ind) (+*) (+*)
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Cyanophyceae (+) (+) (+) (-/-Opp) (-) (+)

Haptophyceae (+) (+*) (+) (-) (-) (+)

Chrysophyceae (-*) (-*/-) (-*) (Ind/-*) (-*) (-*)

Chlorophyceae (+*) (+*) (+*) (-) (-Opp) (+*)
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Table 8. Diatoms

June

Tot P 
loading

PO4 

loading
Org P 
loading

Stability Heat 
volume

Parent 
thermo-
cline depth

Asterionella  formosa (Ind) (+*) (Ind) (Ind) (+) (+*)

Aulacoseira sp. (Ind/-*) (+*) (Ind/-*) (Ind/-*) (+) (+*)

Cyclotella sp. (+Coin) (+) (+Coin) (+Coin) (+*) (-)

Fragilaria sp. (+*/+) (+*) (+/+*) (+/+*) (-*) (-)

Rhizosolenia longiseta (+) (+) (+) (+) (+*/Ind) (-)

Tabellaria sp. (-) (Opp) (-) (-) (-*/-) (+*)

July-August

Tot P 
loading

PO4 
loading

Org P 
loading

Stability Heat 
volume

Parent 
thermo-
cline depth

Asterionella formosa (+) (+) + (-*) (-*) (Ind)

Aulacoseira sp. (-*/-) (-*) -*/- (Ind/+*) (+) (+*)

Cyclotella sp. (+*) (+*) +* (-) (+) (+Coin)

Fragilaria sp. (+*) (Ind/+*) +* (Ind/+*) (-) (-*/-)

Rhizosolenia longiseta (+) (+) + (-) (Ind) (+*)

Tabellaria sp. (-) (-) - (+Coin) (-*) (-)

September-October

Tot P 
loading

PO4 
loading

Org P 
loading

Stability Heat 
volume

Parent 
thermo-
cline depth

Asterionella formosa (Ind/-*) (-*) (Ind/-*) (-) - (+*)

Aulacoseira sp. (-*/-) (-*) (-*/-) (+) + (-Opp)

Cyclotella sp. (+/+*) (+*) (+/+*) (-) - (+Coin/+)

Fragilaria sp. (+/+*) (+*) (+/+*) (-) - (+Coin)

Rhizosolenia longiseta (+*) (+*) (+*) (-Opp) -Opp (+)

Tabellaria sp. (+/+*) (+) (+/+*) (Ind/+*) Ind/+* (+*/Ind)
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Table 9. Peridinium sp, Rhodomonas lacustris and Mallomonas caudata

June

Tot P 
loading

PO4 
loading

Org P 
loading

Stability Heat 
volume

Parent 
thermo-
cline depth

Mallomonas caudata (-Opp) (-) (-Opp) (+*) (+) (-*)

Peridinium sp. (+) (+Coin) (+) (-*/-) (-*) (+)

Rhodomonas lacustris (+*) (+*/+) (+*) (-Opp) (+*) (+)

July-August

Mallomonas caudata (+) + (+) (-) (-*) (+Coin)

Peridinium sp. (+) + (+) (-/-Opp) (-*) (+)

Rhodomonas lacustris (+*) +* (+*) (Ind/-*) (-) (+*/+)

September-October

Mallomonas caudata (+) (+) (+) (-*/Ind) (-*/Ind) (Ind/+*)

Peridinium sp. (-) (-) (-) (+*) (+*) (Ind)

Rhodomonas lacustris (+) (+*) (+) (-) (-) (+)

Table 10. Legend for the tables above (7-9). Brackets indicate that the environmental 
variables in question are not significant.

+Coin Positive relationship in which the environmental variable coincides with the 
phytoplankton in question

+ Strong positive relationship

+*  Mildly positive relationship

Ind No relationship

-* Mildly negative relationship

- Strong negative relationship

-Opp Completely negative relationship with the environmental variable and 
phytoplankton in question placing themselves opposite each other in the RD 
analysis
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4. Discussion

Out of the examined variables, heat volume appeared to be statistically most significant.

This variable was significant in two of the nine statistical runs. PO4 loading was 

significant in one of the runs.

4.1. Temperature and stability

The results suggest that we should discard the null hypothesis that thermal conditions do

not affect phytoplankton since at least one of the thermal variables was statistically 

significant. Heat volume, the variable in question, was significant in two contexts: in 

June when the biomasses of the major taxonomical groups and total phytoplankton 

biomass were examined, and in September-October when individual diatom taxa were 

examined. Heat volume was almost significant in the statistical run for the main groups 

and total biomass in September-October as well as that of Peridinium sp., Rhodomonas 

lacustris and Mallomonas caudata for the same time block. In these contexts, heat 

volume may be exerting an influence on phytoplankton, but this influence may be 

masked by other factors not taken into consideration in this study (see Section 4.4). 

The thermal variables were based on measurements taken at exactly the same 

location as the phytoplankton samples. Hence, spatial distance is not an issue for these 

environmental variables. Heat volume and stability are also integrated over time, 

reflecting not only the thermal conditions at the moments when the temperature 

measurements were taken but also those prior to the measurements (Gorham 1964, Idso 

1973). Heat volume and stability are therefore less susceptible to variations in weather 

conditions than P loading. In that respect, it is not surprising that heat volume should 

emerge as a significant variable. The complete lack of significance for stability, 

however, is somewhat surprising. In the analysis in which phytoplankton was divided 

into main groups (Table 7), diatoms actually displayed a mildly positive relationship 

(June, Fig. 14), a mildly positive to indifferent relationship (Sept-Oct, Fig. 16) and only 

for July-Aug a negative relationship to stability (Fig. 15). Stability was at its greatest for
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the months of July and Aug (Fig. 12). It is possible that the negative relationship to 

stability for this time block could be the result of diatoms sinking in the water column 

(Schelske et al. 1995), thereby limiting their access to solar radiation (Lewis 1978). For 

the subset of diatoms chosen for separate analysis, the nature of the relationships to 

stability varied not only between taxa but also between time blocks. According to the 

RD analysis, the relationship between diatom taxa and stability could be variously 

strongly positive, mildly positive or mildly negative, strongly negative or indifferent. 

Only Tabellaria sp. in June, Asterionella formosa, Cyclotella sp. and Rhizosolenia 

longiseta in July-Aug, Asterionella formosa, Cyclotella sp., Fragilaria sp. and 

Rhizosolenia longiseta in Sept-Oct clearly displayed the expected negative relationship 

to stability (Figs. 17-19, Table 8). This contradicts the hypothesis (see Section 1.2) that 

diatoms, in general, would have a negative relationship to stability. 

Flagellates, because of their mobility, have been assumed to be unhindered by 

the stratification (Ilmavirta 1983) that goes hand in hand with stability. For the three 

flagellate taxa that were examined separately, this was true for some of the cases as 

some taxa were indifferent of stability in some time blocks but displayed other 

relationships to the variable for other time blocks (Figs. 20-22, Table 9). None of the 

three taxa were consistently indifferent or had a consistent relation to the variable for all

time blocks. None of them displayed a strong positive relationship to stability. Due to 

the lack of significance for stability and its inconsistent relationship to the examined 

flagellates, these results are too inconclusive to support the notion that flagellates are 

indifferent of stability, and even less so do they support a clear positive relationship 

between flagellates and stability.

Cryptomonads were expected to display an indifferent relationship toward the 

thermal conditions (see Section 1.2). The group only displayed indifference toward 

toward heat volume in September-October (Fig. 16). In the other cases, it displayed 

variously positive and negative relationships toward these variables (Figs. 14 and 15, 

see also Table 7). None of the tested relationships to thermal conditions were significant

except for a positive relationship to heat volume for June. In a previous Pääjärvi study 

(Lehtinen 2000), cryptomonads displayed a positive relationship to air temperature. 

Because of this, it seems reasonable to question the notion of the phytoplankton group's 
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supposed indifference to thermal conditions. 

Since cyanobacteria have been considered to benefit from warmer temperatures 

(Paerl & Huisman 2008), the main group's relationship to heat volume is of interest. In 

June, the relationship between cyanobacteria and heat volume was both positive and 

statistically significant, for July-Aug it was positive but not significant and for Sept-Oct 

negative but not significant. Clearly, temperature exerts an influence on cyanobacteria, 

as the June result suggests, but it is possible that other factors exert stronger regulatory 

effects later in the growing season. The lack of significance for the later time blocks 

may be due, at least in part, to a combination of the generally low abundance of 

cyanobacteria in the lake (Lepistö 1999) and the phytoplankton counting procedure 

which only requires the partial microscopy of each sample (Arvola et al. 1996, 

Keskitalo & Salonen 1994). This may result in extra variability in the cyanobacterial 

biomass depending on how the cyanobacteria cells settle in each sample, which in turn 

affects which cells are counted or not.

4.2. Phosphorus loading

In terms of statistical significance, P loading appeared less significant compared to heat 

volume. Only one clear instance of significance was found for P loading: In July-August

PO4 loading had a significant impact on Peridinium sp, Rhodomonas lacustris and 

Mallomonas caudata. Therefore, we can discard the null hypothesis that P loading has 

no effect on phytoplankton. While organic P appeared significant in July-August for the 

selected subset of diatoms, this result is of questionable value since this variable was 

multicollinear in this context (Read & Muraoka 2011).

 In regard to the three flagellate taxa, it may be that the effect of P loading is 

clearly visible only in this run because the focus was on a few species rather than on the 

major taxonomical groups. Variations in nutrient requirements within the main groups 

(Sandgren 1988, Sommer 1989) might contribute to the difficulties in finding a 

relationship between P loading and phytoplankton biomass. It is possible that more 

distinct relationships could be found if functional phytoplankton groups were used 
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instead of the taxonomical groups (see Reynolds et al. 2002). Where the individual 

diatom taxa are concerned, it is possible that silicon exerts a greater regulatory effect 

(Reynolds 2006) on them than P loading. This could explain the inconclusive results for 

the individual diatom species. 

The chrysomonad biomass was on the other hand not expected to have a 

continuously strong and positive connection to P loading (see Section 1.1). Their 

relationship to P loading was variously positive and variously negative (Table 7) which 

would suggest that their biomass does not closely follow the variations P loading.

In the interpretation of the results, it is also necessary to keep in mind that the P 

loading variables were based on measurements taken at some distance from the 

phytoplankton sampling location. In theory, P loading should drift towards the outlet of 

the lake which is not far from the phytoplankton sampling location (Arvola, personal 

communication). The time P loading needs to come into contact with phytoplankton in 

the middle of the lake depends on the hydrological and weather conditions. In practice, 

however, a major proportion of the external P loading may never reach the middle of the

lake due to uptake by bacteria (Arvola et al. 1996) and macrophytes (Sarvala et al. 

1982) in other parts of the lake, and also due to the sedimentation (Kairesalo & 

Matilainen 1994, Arvola et al. 1996). These factors may be the reason, or at least a 

contributing reason, why results that otherwise would appear to support the test 

hypotheses nonetheless failed to yield statistically significant results. For instance, these

may be the reasons why Rhizosolenia longiseta, despite displaying the anticipated 

positive relationship to P loading (Figs. 17-19, Table 8), was not significant in its 

connection with this environmental variable. This line of reasoning could also be 

supported by the fact that the connection between heat volume and phytoplankton was 

stronger than that between P loading and phytoplankton. Therefore, it may not be a 

surprise that heat volume was the variable with the greatest explanatory value.

On a speculative note: Since flagellates have been noted for their mobility 

(Reynolds 2006), there is the possibility that the significance of PO4 loading, for the 

three flagellate taxa in Jul-Aug, could be linked to these movement capabilities. This 

phenomenon has also been suggested in Arvola 1984. In situations of stratification, 

which are not uncommon during that time of year (see Fig. 12), flagellates could easily 
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position themselves in the epilimnion (Ilmavirta 1983) and thus have good access to 

both solar radiation and the incoming PO4 loading near the surface. Hence, it is possible 

that flagellates could respond quicker or more actively to PO4 loading than many other 

types of phytoplankton. Swift PO4 uptake by flagellates would mean less uptake by 

bacteria, a factor that in the other cases may be reducing the statistical significance of 

PO4 loading. The aforementioned reasons could explain why PO4 loading was 

significant for the three flagellate taxa for this time block but not for the other taxa 

tested. However, more research would be needed to properly test this hypothesis.

4.3. Parent thermocline depth

It is worth noting the lack of significance for the variable of parent thermocline depth. 

This may be due to various factors. One such factor may be the thickness of the 

metalimnion surrounding the thermocline. Since the thickness of the surrounding 

metalimnion may vary (Kling 1988), the thickness of the mixed layer above it may also 

vary in depth. As a result, thermocline depth may not be such a good indicator for 

mixing or stratification as I had hoped. The lack of significance may also be due to a 

poorly chosen threshold value. Using LakeAnalyzer's default threshold value, the depth 

of the parent thermocline will not be calculated if the strength of the parent 

thermocline's gradient is less than 80% of the shallower, diurnal thermocline. In the 

cases where the deeper thermocline's gradient falls beneath this threshold, the value for 

diurnal thermocline depth was selected instead (Read & Muraoka 2011) and used in the 

RD analysis. Since the water of Pääjärvi is humic, the absorption of solar radiation is 

greater at the surface of such lakes than at the surface of clearer lakes (Jones & Arvola 

1984). Because of this, steeper diurnal thermoclines may form in Pääjärvi and the 

difference between the diurnal thermocline gradient and parent thermocline gradient 

may become greater than in lakes with clearer waters. As parent thermocline depth was 

calculated for this study, the value for diurnal thermocline depth was instead chosen 60 

times out of 77. For only 17 cases did LakeAnalyzer detect a separate parent 

thermocline. Manual visual analysis did, however, suggest the existence of a deeper 
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parent thermocline in many of the cases where no parent thermocline was detected. A 

lower threshold value could have been set by the author to compensate for the steeper 

diurnal thermocline gradients caused by humic substances. In other words, this default 

setting might not have been suitable for a humic lake such as Pääjärvi, and as a result, 

the values obtained may not have reflected the true nature of parent thermocline depth 

in Pääjärvi. A failure to accurately characterize an environmental variable is likely to 

contribute to, or result in, a failure to find a significant relationship between this 

variable and phytoplankton biomass.  

4.4. This work in context

The results of my study are in good agreement with those of a previous study (Lehtinen 

2000) of phytoplankton in Pääjärvi. In my results for total phytoplankton biomass and 

the main phytoplankton groups, Tot P stood for 8% (June), 9% (July-Aug) and 11% 

(Sept-Oct) of the total variance. These values are curiously similar to the 10% that Tot P

explained in the aforementioned previous study, even though the interaction between 

lake Tot P and phytoplankton had been examined instead of the relationship between 

external Tot P loading and phytoplankton that I explored. Similarly, the environmental 

variables explained 35% (June), 23% (July-Aug) and 33% (Sept-Oct) of the total 

variance while the corresponding value of the other study was 35%. These values show 

great similarity between the studies despite the fact that different but partially 

overlapping and comparable sets of variables have been utilized. The previous study 

also utilized measurements and samples representative of a larger portion of the open-

water season than this study.

However, in my work, Tot P loading was not statistically significant, while in the

previous study, the Tot P concentration of the lake was, in fact, statistically significant. 

The earlier-mentioned spatial distance between the loading measurement sites and the 

phytoplankton sampling site may be the reason or a contributing reason why no 

statistically significant relationship could be ascertained (see Section 4.2). However, the

lack of statistical significance does not necessarily imply that Tot P loading has no effect
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on the phytoplankton of the lake. My results merely suggest that the effects of Tot P 

loading are not directly visible in the sampled phytoplankton.

All in all, my results should be interpreted with care because there are a number 

of factors that were not included in the study, although they may influence 

phytoplankton. These factors include e.g. grazing, competition with bacteria, internal 

phosphorus loading, iron-bound phosphorus, other major nutrients such as silicon, light 

climate, phosphorus released from degrading organic matter, and micronutrients. For 

example, heavy rains can bring more dissolved organic compounds into the lake and the

compounds can reduce light penetration, which in turn may affect the occurrence of 

phytoplankton (Eloranta 1978) 

As for competition with bacteria, it has been proposed that bacteria can utilize 

DOM-bound allochthonous P better than phytoplankton (Stewart & Wetzel 1982). This 

leads to the questions: How much of the incoming P loading was consumed by bacteria 

rather than by phytoplankton? How much would this affect the statistical analysis of the 

relationship between P and phytoplankton? As a result of P uptake by bacteria, the 

relationship between P loading and phytoplankton would, no doubt, appear weaker, 

when examined statistically, than it is in reality. 

The importance of thermal conditions had also been noted elsewhere: A 

statistically significant connection between phytoplankton and temperature was found in

another lake, also located in the Lammi region (Arvola & Rask 1984), despite the fact 

that the lake was completely different in terms of morphology, water mixing patterns, 

watershed area and, at the time of the study, had lower average colour values than the 

average for Pääjärvi. Despite these differences, temperature exerts a noticeable 

influence on the phytoplankton of both lakes. The effect of temperature is therefore 

likely to be seen in other lakes, or at least in other lakes in the same geographic area. 

4.5. Conclusions

Although it seems to be self-evident that thermal conditions have a key role in boreal 

lakes, it was a surprise that heat volume had the strongest explanatory power among the 
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variables examined. I believe this suggests the importance of the antecedent thermal 

conditions in longer terms and also the key role of the meteorological conditions in 

determining the thermal conditions in the study lake. No clear connection could be 

found between phytoplankton biomass in general and phosphorus loading. It is not 

known to which degree other factors connected to the lake environment — both abiotic 

and biotic factors that were not taken into account in this work — have added to the 

difficulty in finding a relationship between phytoplankton biomass and phosphorus 

loading. However, a relationship was detectable in a very specific context: between the 

three separately examined flagellate taxa and PO4 loading for July-August. It is possible

that this significant relationship could be linked to the vertical migration capabilities of 

these taxa. 
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7. Appendices

7.1. Appendix A: Mann-Kendall test output (phosphorus loading)

Numerical results of the Mann-Kendall trend analysis for the measured phosphorus 
loading entering Lake Pääjärvi. 

Table 11. PO4  loading

Time block Kendall's tau (τ) 2-sided p-value

May-June -0.15 0.44404

July-August -0.3 0.11507

September-October -0.2 0.30043

Table 12. Tot P loading

Time block Kendall's tau (τ) 2-sided p-value

May-June -0.183 0.34442

July-August -0.25 0.19167

September-October -0.167 0.39231
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7.2. Appendix B: RDA output

The RD analysis was performed using Canoco. P-values and F-values as well as 

values for Lambda1 have been acquired through Forward selection. Lambda1 represents

the amount of variance that the individual variables explain when every given variable 

is used as the only environmental variable. P-values smaller or equal to 0.05 are 

considered significant. The F-value indicates the residual sum of squares between the 

simulated distribution of the test and the standardized input data across all examined 

species. Inflation factor indicates the collinearity between each variable and the other 

tested variables. Large inflation values (>20) suggest that a variable is almost 

completely correlated with other variables and hence would have no unique contribution

to the regression equation. Completely multicollinear values have been assigned the 

value 0 (ter Braak & Šmilauer 1998).

Table 13: Main groups: June

Axes 1 2 3 4

Eigenvalues 0.270 0.038 0.026 0.011

Species-environment correlations 0.770 0.522 0.519 0.329

Cumulative percentage variance
of species data

27.0 30.8 33.4 34.5

Cumulative percentage variance of 
species-environment relation

77.7 88.6 96.0 99.2

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.348

56



Table 14: Main groups: June (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.17 0.02 2.78 1.4524

Org P 0.09 0.21 1.49 0

Parent thermocline depth 0.01 0.458 0.89 1.3661

PO4 0.05 0.754 0.31 3.2511

Stability 0.02 0.854 0.39 1.3932

Tot P 0.08 1 0 3.5148

Table 15: Main groups: July-August

Axes 1 2 3 4

Eigenvalues 0.118 0.062 0.037 0.010

Species-environment correlations 0.638 0.672 0.603 0.410

Cumulative percentage variance
of species data

11.8  18.0 21.7 22.7

Cumulative percentage variance of 
species-environment relation

50.2 76.8 92.5 96.9

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.234

Table 16: Main groups: July-August (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.06 0.502 0.91 2.1105

Org P 0.09 1 0 0

Parent thermocline depth 0.03 0.952 0.26 1.6521

PO4 0.08 0.696 0.61 5.2507

Stability 0.06 0.872 0.33 3.0979

Tot P 0.09 0.212 1.39 5.3342
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Table 17: Main groups: September-October

Axes 1 2 3 4

Eigenvalues 0.164 0.106 0.051 0.009

Species-environment correlations 0.750 0.770 0.464 0.302

Cumulative percentage variance
of species data

16.4 27.0 32.1 33.0

Cumulative percentage variance of 
species-environment relation

49.4 81.4 96.7 99.3

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.332

Table 18: Main groups: September-October (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.15 0.056 2.6 3.9256

Org P 0.12 0.154 1.71 0

Parent thermocline depth 0.09 0.434 0.98 1.2124

PO4 0.1 0.854 0.37 22.2026

Stability 0.07 0.916 0.28 2.2857

Tot P 0.11 1 0.01 27.7707

Table 19: Diatoms: June

Axes 1 2 3 4

Eigenvalues 0.132 0.112 0.052 0.012

Species-environment correlations 0.690 0.691 0.708 0.235

Cumulative percentage variance
of species data

13.2 24.4 29.7 30.9

Cumulative percentage variance of 
species-environment relation

42.1 77.9 94.6 98.5

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.313
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Table 20: Diatoms: June (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.05 0.538 0.7 1.5059

Org P 0.02 0.636 0.69 0

Parent thermocline depth 0.05 0.708 0.67 1.6737

PO4 0.02 0.266 1.34 56.6956

Stability 0.01 0.782 0.46 1.5408

Tot P 0.02 1 0 54.456

Table 21: Diatoms: July-August

Axes 1 2 3 4

Eigenvalues 0.288 0.129 0.042 0.028

Species-environment correlations 0.898 0.791 0.632 0.454

Cumulative percentage variance
of species data

28.8 41.7 45.9 48.7

Cumulative percentage variance of 
species-environment relation

59.1 85.5 94.1 99.8

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.488

Table 22: Diatoms: July-August (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.05 0.38 1.12 2.292

Org P 0.27 0.012 5.31 0

Parent thermocline depth 0.11 0.078 2.47 1.92

PO4 0.21 0.952 0.2 4.7994

Stability 0.05 0.986 0.09 3.4592

Tot P 0.27 0.376 0.92 4.9115
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Table 23: Diatoms: September-October

Axes 1 2 3 4

Eigenvalues 0.158 0.114 0.083 0.030

Species-environment correlations 0.751 0.718 0.803 0.490

Cumulative percentage variance
of species data

15.8 27.2 35.5 38.4

Cumulative percentage variance of 
species-environment relation

39.6 68.2 88.9 96.4

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.399

Table 24: Diatoms: September-October (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.15 0.046 2.69 5.4027

Org P 0.1 1 0.02 0

Parent thermocline depth 0.05 0.784 0.51 2.0867

PO4 0.11 0.084 2 22.2414

Stability 0.15 0.222 1.38 4.3189

Tot P 0.11 0.53 0.79 26.7966

Table 25: Peridinium sp, Rhodomonas lacustris and Mallomonas caudata: June

Axes 1 2 3 4

Eigenvalues 0.168 0.026 0.018 0.358

Species-environment correlations 0.595 0.367 0.234 0.000

Cumulative percentage variance
of species data

16.8 19.5 21.3 57.1

Cumulative percentage variance of 
species-environment relation

79.2 91.5 100.0 0.0

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.213
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Table 26: Peridinium sp, Rhodomonas lacustris and Mallomonas caudata: June 
(Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.01 0.878 0.14 1.4747

Org P 0.03 0.908 0.22 0.0000

Parent thermocline depth 0.06 0.534 0.76 1.5089

PO4 0.02 0.842 0.18 3.2280

Stability 0.05 0.292 1.39 1.4308

Tot P 0.02 0.998 0.00 3.5911

Table 27: Peridinium sp, Rhodomonas lacustris and Mallomonas caudata: July-August

Axes 1 2 3 4

Eigenvalues 0.382 0.124 0.042 0.265

Species-environment correlations 0.795 0.709 0.533 0.000

Cumulative percentage variance
of species data

38.2 50.6 54.8 81.4

Cumulative percentage variance of 
species-environment relation

69.7 92.3 100.0 0.0

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.548

The first three eigenvalues reported above are canonical, the fourth is not since there are
only 3 species.

Table 28: Peridinium sp, Rhodomonas lacustris and Mallomonas caudata: July-August 
(Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.12 0.132 2.21 1.7912

Org P 0.14 1 0 0.0000

Parent thermocline depth 0.09 0.182 1.8 1.6616

PO4 0.21 0.048 3.23 5.4774

Stability 0.07 0.222 1.46 2.7819

Tot P 0.16 0.712 0.45 5.3160
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Table 29: Peridinium sp, Rhodomonas lacustris and Mallomonas caudata: September 
& October

Axes 1 2 3 4

Eigenvalues 0.317 0.079 0.022 0.355

Species-environment correlations 0.898 0.456 0.313 0.000

Cumulative percentage variance
of species data

31.7 39.6 41.9 77.4

Cumulative percentage variance of 
species-environment relation

75.9 94.7 100.0 0.0

Sum of all eigenvalues and total variance: 1.000
Sum of all canonical eigenvalues: 0.419

Table 30: Peridinium sp, Rhodomonas lacustris and Mallomonas caudata: September 
& October (Continued)

Variable Lambda1 P F Inflation factor

Heat volume 0.29 0.068 4.8 4.3000

Org P 0.17 0.658 0.46 0.0000

Parent thermocline depth 0.03 0.818 0.26 1.1778

PO4 0.14 0.262 1.33 24.3860

Stability 0.13 0.916 0.16 2.2845

Tot P 0.17 0.98 0.02 30.6529
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