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ARTICLE INFO ABSTRACT

Keywords: Blooms of cyanobacteria are recurrent phenomena in coastal estuaries. Their maximum abundance coincides

Phytoplankton with the productive period of zooplankton and pelagic fish. Experimental studies indicate that diazotrophic, i.e.

E";’t?hs"kto“ dinitrogen (N»)-fixing cyanobacterial (taxonomic order Nostocales) blooms affect zooplankton, as well as other
altic Sea

phytoplankton. We used multidecadal monitoring data from one archipelago station (1992-2013) and ten open
sea stations (1979-2013) in the Baltic Sea to explore the potential bottom-up connections between diazotrophic
and non-diazotrophic cyanobacteria and phyto- and zooplankton in natural plankton communities. Random
forest regression, combined with linear regression analysis showed that the biomass of cyanobacteria (both
diazotrophic and non-diazotrophic) was barely connected to any of the phytoplankton and zooplankton variables
examined. Instead, physico-chemical variables (salinity, temperature, total phosphorus), as well as spatial and
temporal variability seemed to have more significant connections to both phytoplankton and zooplankton var-
iables. Zooplankton variables were also connected to the biomass of phytoplankton groups other than cyano-
bacteria (such as chrysophytes, cryptophytes and prymnesiophytes), and phytoplankton variables had
connections with the biomass of different zooplankton groups, especially copepods. Overall, negative relation-
ships between cyanobacteria and other plankton taxa were scarcer than expected based on previous experimental

Random forest
Linear regression
Time series

studies.

1. Introduction

Primary production of organic matter is the basis of secondary pro-
duction in aquatic systems. In the open waters, microscopic phyto-
plankton is responsible for the majority of primary production with
highly variable quantity distribution. However, starting from the classic
work by Ryther (1969) it is realized that secondary production up to the
level of fish and other top predators is not always directly correlated
with primary productivity. Though phytoplankton consists of micro-
scopic cells, which are visible only by their exceptional growth as
‘blooms’, their communities are a mixture of tens or hundreds of species.
These communities include numerous species of prokaryotic cyano-
bacteria, which are members of the phytoplankton community since
they participate in the pelagic primary production similarly to the
autotrophic planktonic microalgae. All phytoplankton species have
different specific characteristics, which potentially affect trophic trans-
fer efficiency, such as size range, which covers several orders of
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magnitude from single picoplanktonic (@ <2 pm) cells to (just) visible
colonies (Finkel et al., 2010). In addition to different sizes, phyto-
plankton species hold a number of functional traits (Barton et al., 2013),
including defense systems against herbivory, which may decrease the
usability of primary production by zooplankton (Van Donk et al., 2011).

The brackish Baltic Sea is one of the largest single ecosystems glob-
ally with recurring massive cyanobacterial blooms (O'Neil et al., 2012).
Though diazotrophic, i.e. dinitrogen (Nj)-fixing cyanobacterial blooms
are a natural phenomenon in the Baltic Sea (Bianchi et al., 2000), the
extent and intensity of modern cyanobacterial blooms has been linked to
the increasing eutrophication status, the subsequent increased organic
matter settling and increased deep-water hypoxia (Backer et al., 2010;
Gustafsson et al., 2012; Funkey et al., 2014). At the same time, climate
change may favor stronger cyanobacteria blooms that start earlier and
last longer in the future climatic conditions (Paerl and Paul, 2012; Hense
et al., 2013; Kahru et al., 2016; Olofsson et al., 2020). Indications of an
increased total biomass of cyanobacteria in the phytoplankton
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community exist in the northern sub-basins of the Baltic Sea (Lehtinen
et al., 2016; Kuosa et al., 2017), whereas decreasing trends have been
found in the southern Baltic (Wasmund et al., 2011; Griffiths et al.,
2020). It is still not clear how the bloom-forming diazotrophic cyano-
bacteria influence overall phytoplankton community composition, food
webs and trophic transfer in the open sea (Fig. 1).

The cyanobacteria community of the Baltic Sea is extremely diverse
consisting of well over one hundred taxa (Hallfors, 2004), yet the late
summer cyanobacterial communities in the offshore areas of the Both-
nian Sea, the Baltic Proper, and the Gulf of Finland are generally
dominated by the diazotrophic order Nostocales (Kanoshina et al., 2003;
Andersson et al., 2015; Olli et al., 2015). Cyanobacteria produce several
toxins with variable effects in aquatic ecosystems (Zanchett and
Oliveira-Filho, 2013). The Baltic Sea diazotrophic cyanobacteria have
been shown to have both allelopathic (growth-inhibiting) and growth-
promoting effects on other groups of phytoplankton in experimental
studies (Suikkanen et al., 2004, 2005). Allelopathy may play a role in the
competition strategy of cyanobacteria for phosphorus, but its full role is
not well understood (Leao et al., 2009). The molecular nitrogen fixed by
diazotrophic cyanobacteria is released to the surrounding system, where
it might promote the growth of bacteria and concomitant phytoplankton
(Capone et al., 1997; Wannicke et al., 2013; Karlson et al., 2015). Both
allelopathic and growth-promoting effects towards other systematic
groups or individual species may lead to changes in phytoplankton
community structure. However, no indications of predominantly posi-
tive or negative effects of the diazotrophic cyanobacterial genera
Nodularia or Aphanizomenon on ambient phytoplankton species were
found in a species-level analysis of a large multi-decadal monitoring
data set from the Baltic Sea (Olli et al., 2015).

Cyanobacteria are one of the groups with potential direct and

Food Webs 28 (2021) 00202

indirect effects on herbivorous zooplankton, therefore affecting the
trophic transfer efficiency (Fig. 1). The organic matter produced by
diazotrophic cyanobacteria is an important part of summer energy flow
as it is a source of new production (molecular N-uptake) in the midst of
production period mainly based on recycled nitrogen. Cyanobacteria
may fuel the transfer of energy to higher trophic levels via the microbial
loop, but this alternative route is not as efficient as the direct food chain,
since it considerably increases food chain length (Berglund et al., 2007).
The direct response of zooplankton to cyanobacteria may be species-
specific and also depend on e.g. temperature and food availability
(Gilbert, 1996a, 1996b). The Baltic planktonic Nodularia spumigena is
known to produce a hepatotoxin, nodularin (Sivonen et al., 1989),
which affects animals with variable efficiency and with both negative
and positive effects on e.g. reproduction (Sellner et al., 1994; Koski
et al., 1999; Engstrom et al., 2001; Lehtiniemi et al., 2002; Schmidt
et al., 2002; Kozlowsky-Suzuki et al., 2003; Karjalainen et al., 2005;
Korpinen et al., 2006; Hogfors et al., 2014). Based on experimental
studies, even the toxic strains of N. spumigena do not necessarily directly
harm e.g. the common copepod Eurytemora affinis (Gorokhova and
Engstrom-Ost, 2009), and a mixture of phytoplankton species as a food
source may counteract detrimental effects of toxin-producing cyano-
bacteria on copepods (Kozlowsky-Suzuki et al., 2003; Karjalainen et al.,
2007). However, experiments have implied that a large proportion of
Nostocales in the phytoplankton community might be harmful for
copepod reproduction (Engstrom-Ost et al., 2015).

In freshwaters, cyanobacteria have been considered as poor food
with potential toxicity as in marine waters, even though studies have
also shown that cyanobacteria do not necessarily directly disturb her-
bivores (e.g. Work and Havens, 2003; Chislock et al., 2013; Tonno et al.,
2016). However, zooplankton biomass is found to be proportional to
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Fig. 1. Potential effects of diazotrophic cyanobacteria in the ecosystem of the open Baltic Sea.
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total phytoplankton biomass only when large cyanobacteria are
removed from the edible fraction of phytoplankton (Heathcote et al.,
2016). In high-salinity marine systems, the biomass of cyanobacteria
colonies is less significant than in fresh and brackish waters, apart from
the genus Trichodesmium, which also largely remains ungrazed (Capone
et al., 1997).

In an experimental study with freshwater taxa, increasing frequency
and intensity of cyanobacteria have been shown to increase small-
bodied zooplankters in the community (Jiang et al., 2014). In the
Baltic Sea, a shift in the plankton community to smaller-sized organisms
was attributed to complex interactions between warming, eutrophica-
tion and increased top-down pressure, and the resulting trophic cascades
(Suikkanen et al., 2013). Zooplankton community structure, including
mean size of zooplankters in the community, has been utilized in
ecological indicator development and respective environmental status
assessments to indicate both eutrophication and fish feeding conditions
in the Baltic Sea (Gorokhova et al., 2016). Within that indicator
approach, abundant zooplankton with high mean individual size rep-
resents both high grazing potential of zooplankton as well as favorable
feeding conditions for fish (Gorokhova et al., 2016). Thus, a link be-
tween the abundance of cyanobacteria and zooplankton mean size
would expand the potential links of this indicator to other anthropogenic
effects in the sea i.e. cyanobacterial blooms.

In this article, we analyzed Baltic Sea multidecadal monitoring data
to find indications of direct and indirect bottom-up connections of
diazotrophic vs. non-diazotrophic cyanobacteria with zooplankton
communities. In addition, we studied if there are connections of diazo-
trophic vs. non-diazotrophic cyanobacteria biomass with the other
phytoplankton groups. Our aim was to test whether results obtained by
experimental studies, concentrating especially on the effects of cyano-
bacteria on zooplankton, can be tracked down from field data as well. In
most cases, however, the exact underlying mechanisms are difficult to
pinpoint using long-term monitoring data. As the study only focused on
investigating potential bottom-up effects of cyanobacteria on
zooplankton, as well as on studying effects on concurrent phytoplankton
community, the higher trophic levels or top-down effects were not
included. Nevertheless, it is known that both top-down and bottom-up
forces on zooplankton are important and that their relative strength
can vary (Casini et al., 2009). Effects of top-down control by fish pre-
dation on zooplankton and plankton-fish interactions have already been
assessed in our study area by e.g. Flinkman et al. (1998), Ronkkonen
et al. (2004), Peltonen et al. (2007) and Kuosa et al. (2017).

Our hypotheses were that (1) diazotrophic cyanobacteria (class
Nostocales) affect the concurrent phytoplankton community either by
harming or benefiting taxa and simultaneously decreasing phyto-
plankton diversity, (2) potentially mixotrophic phytoplankton benefit
from diazotrophic cyanobacteria by the promoted productivity of their
food items, i.e. bacteria which are supported by the organic carbon
release from the decaying cyanobacterial filaments, and (3) concurrent
diazotrophic cyanobacterial biomass shows indications of affecting the
zooplankton community either by harming or benefiting taxa,
decreasing zooplankton diversity and their mean size. To reach this goal
we statistically examined data with concurrent phyto- and zooplankton
sampling for indications of effects by biomass of cyanobacteria on
autotrophic, mixotrophic and total phytoplankton biomass and class-
level phytoplankton kurtosis (a measure of peakedness of biomass dis-
tribution), as well as effects of cyanobacteria and concomitant phyto-
plankton on zooplankton mean size, production, kurtosis, and biomass
of dominant zooplankton taxa. Effects of cyanobacteria on co-occurring
phytoplankton were not studied on species level, since it has been
recently done by Olli et al. (2015) using the Baltic Sea monitoring data.

Kurtosis was used as the diversity measure, since instead of species-
level examination, we studied the possible effects of cyanobacteria on
class-level phytoplankton diversity. The number of classes in samples is
usually very constant within a study area, i.e. all classes are usually
present in the samples even though their biomasses and biomass shares
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vary (e.g. Andersson et al., 2017, and references therein) and thus uti-
lizing class number as a diversity measure is not informative. Low kur-
tosis values reflect an even distribution of biomass and a high diversity,
and increasing kurtosis reflects decreasing diversity (Gross et al., 2017).
In addition, effects by physico-chemical variables on both phyto-
plankton and zooplankton variables were tested.

2. Material and methods
2.1. Study area

Our data originate from Finnish national monitoring stations in the
northern and central Baltic Sea (Fig. 2). It includes 10 open sea stations
that were sampled annually from 1979 to 2013, and one monitoring
station in the SW middle archipelago, sampled ca. monthly during the
open-water season from 1992 to 2013. The bottom depth of all stations
is more than 30 m. Data from the northernmost sub-basin of the Baltic
Sea, Bothnian Bay, were excluded from the analysis because the area is
phosphorus-limited (Tamminen and Andersen, 2007), resulting in dif-
ferences in plankton community structure compared with the more
southern areas, e.g. diazotrophic cyanobacteria are not abundant in the
open sea areas of the Bothnian Bay.

2.2. Data sets and variables

We used late summer (July-September) data of phytoplankton,
zooplankton and hydrography, since cyanobacteria are most common in
the study area during that period, and thus also the coupling between
cyanobacteria and other phytoplankton as well as zooplankton is
considered to be highest during this period. The samples were taken
between 4 July and 28 September, but the majority (79%) of the sam-
plings took place in August (8% were taken in in July and 13% in
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Fig. 2. Map of sampling stations.
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September), the median sampling date being 18 August. There was no
long-term trend in sampling dates over the study period. The risk born
by static sampling in relation to potentially changed bloom phenology
(Kahru et al., 2016) was not considered significant, as the purpose of the
study was to examine potential interactions between cyanobacteria and
the rest of the plankton community, no matter the seasonal succession
phase of the phytoplankton community.

The different types of data (phytoplankton, zooplankton, hydrogra-
phy) were combined for each sampling station and time. If sampling
dates differed for the data types, the data were matched so that there was
a maximum of 14 days between the different types of data. In practice,
hydrography data were not always available for the date when a
plankton sample was taken. In such cases, the closest date where hy-
drography data were available was selected, and those data were used as
a substitute. The selection was done so that a maximum difference be-
tween the dates was at most 14 days. In 259 out of 297 cases (87%), all
three types of data were from the same date. For the analyses, data from
all stations were pooled. The combination of all data was done despite
the slightly differing zooplankton communities between the Baltic
Proper (with a lower share of cladocerans and a higher share of marine
copepods) and the Gulf of Finland, including the archipelago station
Seili, as the aim was to search for more general indications of effects of
cyanobacteria on phytoplankton and zooplankton communities in the
field data, even visible over slightly different communities or areas.

Phytoplankton was sampled, fixed, stored, and counted following the
guidelines described in the latest version of the Manual for Marine
Monitoring in the COMBINE program of the Helsinki Commission
(HELCOM) (current version: HELCOM, 2017). In the open sea stations,
phytoplankton was analyzed from pooled 0-10 m surface water samples.
In the archipelago station, pooled samples were taken from the surface
down to twice the Secchi depth (max 10 m) on each sampling occasion.
Phytoplankton samples were fixed with acid Lugol's solution, counted
using inverted light microscopy (Utermohl, 1958), and species-specific
biomasses were calculated according to Olenina et al. (2006). Species
nomenclature follows the HELCOM PEG list version 2012 (available at
http://ices.dk/marine-data/Documents/ENV/PEG_BVOL.zip). Bio-
masses were reported as pg L™ wet weight.

The following phytoplankton variables were used in the statistical
analysis: biomasses of the diazotrophic Nostocales, non-diazotrophic
cyanobacteria, division Chlorophyta (including classes Prasinophy-
ceae, Charophyceae and Chlorophyceae), classes Chrysophyceae,
Cryptophyceae, Diatomophyceae, Dinophyceae, Euglenophyceae,
Prymnesiophyceae, autotrophs excluding cyanobacteria, mixotrophs,
total phytoplankton (autotrophs and mixotrophs) excluding cyanobac-
teria, and community class-level kurtosis excluding cyanobacteria, un-
identified taxa and the autotrophic ciliate Mesodinium rubrum (only
counted since 1986). Heterotrophic taxa (according to the HELCOM PEG
list version 2012) were excluded from the phytoplankton data set.
Kurtosis is a measure of diversity and represents the relative peakedness
of the taxon-specific biomass distribution and the heaviness of its tails.
High kurtosis values characterize peaked biomass distributions, indi-
cating a high number of taxa with similar mean biomass values, and
therefore reflect a low diversity. Low kurtosis values reflect an even
distribution of biomass and a high diversity (Gross et al., 2017). Class-
level phytoplankton data were used as species-level analysis of the ef-
fects of cyanobacteria on phytoplankton was already published by Olli
et al. (2015). In addition, class-level phytoplankton data have been used
in phytoplankton-based indicators developed for marine status assess-
ments (Wasmund et al., 2017).

In the open sea stations, zooplankton samples were taken from the
whole water column (sampling depth varying from ca. 0-200 m to 0-50
m) using vertical tows of a WP-2 net (mesh 100 pm), equipped with a
flow meter, and fixed with formaldehyde (HELCOM, 2017). In the ar-
chipelago station, the samples were taken from 0 to 25 m depth (total
depth 50 m) using a 150 pm-mesh net and fixed as described above. The
samples were counted with an inverted microscope to the most accurate
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taxonomic level possible (HELCOM, 1988). Zooplankton abundance was
calculated per volume (mg) of water. Biomass was computed using
species-, sex-, and state-specific individual biomass values (Hernroth,
1985).

Zooplankton variables used in the statistical analysis included
zooplankton mean size, copepod nauplius-to-female ratio, zooplankton
community species-level kurtosis, and biomasses of rotifers (Rotatoria),
cladocerans Bosmina (Eubosmina) coregoni maritima and Cercopagis pen-
goi, copepods Acartia spp., Eurytemora spp., Limnocalanus macrurus and
Pseudocalanus elongatus, and the combined biomass of all copepod
nauplii. Mean size of zooplankton (pg individual ') was calculated by
dividing total zooplankton biomass by total zooplankton abundance
(McCune and Grace, 2002). Copepod nauplius-to-female ratio was used
to indicate the reproduction potential of copepods.

Data of the mean surface water (0-10 m) temperature, salinity, total
phosphorus and chlorophyll a concentration were additionally used in
the analysis. Surface layer data were chosen as the phytoplankton data
are from that layer only. In the open sea stations, temperature and
salinity were measured using an SBE 911plus CTD system. In the ar-
chipelago station, this data originate from discrete water samples
collected using a Limnos water sampler. The total phosphorus concen-
tration was measured spectrophotometrically (Grasshoff et al., 1999;
Koroleff, 1979), with a detection limit of 0.01 pM. Chlorophyll a con-
centration was measured with a spectrofluorometer according to the
standard (HELCOM, 1988).

2.3. Analyses

13 response variables were investigated by random forest regression,
to identify the most important explaining variables predicting their
value (Table 1). The potential explaining variables were pre-selected in
the following manner: Phytoplankton variables were explained using
physico-chemical and zooplankton variables, biomass of Nostocales and
other cyanobacteria, year, latitude, and longitude of the sampling sta-
tion. Zooplankton variables were predicted using physico-chemical and
phytoplankton variables, sampling year, latitude and longitude. The
zooplankton species Cercopagis pengoi and Limnocalanus macrurus were
not evaluated as response variables because the former is a predatory
species and the latter occurs in deeper water layers than cyanobacteria,
and both are thus less likely to be influenced by cyanobacteria.

A separate random forest regression model (Breiman, 2001) was fit
for each response variable. Random forest is a relatively simple, yet
powerful method for finding the best predictors and using them to
predict the value of the response variable. Random forest regression is
based on a large number of regression trees, each of which is allowed to
evaluate a subset of the predictors; this helps avoid the problem of high
correlation between the trees and makes the result more reliable. A
regression tree splits the data into distinct sub-parts through searching
repeatedly for the best predictor variable and the best cut point that
minimizes the variance within the two sides of the split (James et al.,
2013), and finally predicts the mean value of observations in the region
where the new observation falls.

Using a large number of predictors may lead to overfitting, i.e.
reducing the error in the data set that is used for fitting the model, but
actually increasing the error when predicting new data points. Random
forests avoid overfitting through using a subset of data for each tree and
using the rest of the data (out-of-bag) to evaluate the prediction accu-
racy of the tree. This way, the goodness of fit of the model can be esti-
mated using data that has not been used for fitting the model, providing
a fair estimate of the prediction accuracy. The optimal number of
explaining variables, as well as the most important explaining variables,
were found using the out-of-box sample and root mean squared error
(RMSE) metric as the measure of the goodness of fit. In addition, the
coefficients of determination (Rz) of the models were computed.

Random forest regression was run using 100,000 trees for each
response variable. The high number of trees was needed to ensure the
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Table 1
Results of the random forest and linear regression analyses.
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stability of the results. The computations were implemented in R envi-
ronment (R Core Team, 2018) using the caret package (Kuhn, 2008); R
markdown files (Xie, 2014, 2015, 2018) containing the scripts and the
results are available in https://github.com/luusitalo/ZplCyanoRF.
Random forest regression is not limited to finding linear or other
functional form correlations between the variables; due to iteratively
splitting the space in order to find subspaces with high explanation
power, it can find highly non-linear data structures that are missed by
traditional parametric methods but which can be used to predict the
value of the response variable with high accuracy. Therefore, the vari-
ables identified as important explaining variables may not be those that
are identified through e.g. regression analysis. Also, it is not in general
possible to say whether the relationship between the explaining and
response variable is positive or negative, as this may vary in different
subspaces, and depending on other explaining variables. The random
forest method has been used earlier as a machine learning technique (e.
g. Garcia-Comas et al., 2011; Verikas et al., 2012; Thomas et al., 2018),

but also in freshwater plankton studies (Kruk and Segura, 2012; Pomati
et al., 2020), and marine macrofaunal studies (Wei et al., 2012). Con-
cerning ecological studies focusing on the Baltic Sea ecosystem, the
random forest method has been used at least in studying spatial pre-
diction of fish diversity (Smolinski and Radtke, 2016) and the correla-
tion between environmental factors and genetic differentiation of
mussel populations (Kijewski et al., 2019). Therefore, the random forest
method has been found suitable for several types of community studies
such as the present one.

In order to help the intuitive interpretation of the results and shed
additional light on the type of interaction between these variables, a
simple linear regression was run between the response variable and
those explaining variables that were deemed relevant for the response
variable in the random forest analysis. In some cases, different variables
were found important linear regression and random forest regression
(Table 1). This is likely caused by nonlinear interactions between the
response variable and the explanatory variables. It is also possible that
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some of the explanatory variables are good predictors together, but less
so individually.

Long-term trends in autotrophic, mixotrophic and total phyto-
plankton biomass, phytoplankton kurtosis, zooplankton mean size,
nauplius-to-female ratio, and kurtosis were analyzed using generalized
additive models (GAM) (R package mgcv, Wood, 2014). For this, the data
were first centered for sea areas by subtracting the sea area mean from
each value, and finally data from all sea areas were pooled for analyzing
time series over the entire study area. Curves estimated with GAM and
their 95% confidence intervals were plotted on the data for visualizing
the significant long-term variation in the study area (Fig. 3). Long-term
trends for other considered variables have been published elsewhere
(Suikkanen et al., 2013; Lehtinen et al., 2016; Kuosa et al., 2017).

3. Results

In our data, the mean proportion of cyanobacteria biomass of the
total phytoplankton biomass varied from 20% at Seili (Archipelago Sea)
to 43% at LL12 (Northern Baltic Proper). The total cyanobacteria
biomass included diazotrophic Nostocales (on average 90%) and non-
diazotrophic cyanobacteria (10%). These shares varied from an
average of 80% Nostocales and 20% non-diazotrophic cyanobacteria at
Seili to 95% Nostocales and 5% non-diazotrophic cyanobacteria at F64
(Aland Sea). Further, Nostocales biomass was composed of the genera
Aphanizomenon (78%), Nodularia (17%) and Dolichospermum (5%). The
biomass of non-diazotrophic cyanobacteria was formed by species of the
orders Chroococcales (77%) and Oscillatoriales (23%). Based on the
average biomass, the most common genera of Chroococcales were
Snowella (48% of total Chroococcales biomass), Lemmermanniella (8%)
and Aphanocapsa (7%), whereas Pseudanabaena was the main genus
within Oscillatoriales (67% of total Oscillatoriales biomass).

Results of the random forest and linear regression analyses are shown
in Table 1 and in https://github.com/luusitalo/ZplCyanoRF. In Table 1,
significant explaining variables for each response variable, based on
random forest analysis were marked with numbers describing their
order of importance, and significant linear regressions (p < 0.05) were
marked with red (positive regression) or blue (negative regression)
color.

Based on random forest analysis, Nostocales biomass, as well as the
biomass of other non-diazotrophic cyanobacteria, explained the
concomitant autotrophic biomass (excluding cyanobacteria) (Table 1).
However, biomass of Nostocales was only 16th in the order of impor-
tance in explaining the concomitant autotrophic biomass, while the
other cyanobacteria were 6th in the same order of importance (Table 1).
In addition, random forest analysis indicated that biomass of other
cyanobacteria was significant in explaining total phytoplankton biomass
(excluding cyanobacteria), while biomass of Nostocales was not
(Table 1). Biomass of mixotrophic phytoplankton or phytoplankton

PPL kurtosis, p = 0.030

ZPL size (ug), p = 0.029
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kurtosis were not explained by the biomass of Nostocales or by the
biomass of other cyanobacteria based on random forest analysis
(Table 1). Linear regression analyses did not indicate any significant
relations between biomass of Nostocales or other cyanobacteria and
concomitant autotrophic biomass, mixotrophic biomass, total biomass,
or kurtosis of phytoplankton (Table 1).

In the random forest analysis, the autotrophic biomass was signifi-
cantly related to all but two explaining variables (zooplankton kurtosis
and biomass of Cercopagis pengoi), but linear regressions were significant
only for temperature, copepod nauplii and Pseudocalanus (negative), as
well as total phosphorus and Acartia spp. (positive). Similarly, the total
phytoplankton biomass was significantly related to 13 of the 19 inves-
tigated variables in random forest analysis, and showed significant
linear regression with temperature, copepod nauplius-to-female ratio,
copepod nauplii, Limnocalanus and Pseudocalanus (negative), as well as
total phosphorus and Acartia spp. (positive). Mixotrophic biomass was
significantly connected to salinity and Eurytemora spp. in random forest
analysis, but only the latter connection was significant as linear
regression (positive). Phytoplankton kurtosis was related to sampling
year in random forest, but it had no significant linear regressions. There
was also a significant decreasing trend of phytoplankton kurtosis be-
tween 1979 and 2013 (p = 0.030, Fig. 3). None of the other phyto-
plankton variables examined (autotrophic, mixotrophic and total
phytoplankton biomass) showed significant long-term trends in the
study period (p < 0.05).

Based on both random forest and linear regression analyses, neither
biomass of Nostocales nor the biomass of other cyanobacteria explained
mean size of zooplankton, copepod nauplius:female ratio, or
zooplankton kurtosis (Table 1). Only the biomass of the cladoceran
Bosmina coregoni maritima was connected to biomass of non-
diazotrophic cyanobacteria based on random forest analysis, but not
based on linear regression analysis (Table 1). Significant relationships
were found between zooplankton size and sampling year and salinity in
random forest analysis. Of these, there was also a significant negative
linear regression between zooplankton size and sampling year. The long-
term trend analysis additionally confirmed the significant decreasing
trend in zooplankton mean size in the study area between 1979 and
2013 (p = 0.029, Fig. 3). Copepod nauplius:female ratio was signifi-
cantly connected to latitude and biomass of Cryptophyceae according to
random forest analysis, but these connections were not significant ac-
cording to the linear regression analysis. There was also not a significant
long-term trend in the nauplius:female ratio (p = 0.325). Zooplankton
kurtosis was linked to sampling year, salinity, longitude, biomass of
Cryptophyceae, Chrysophyceae and total autotrophs, total phosphorus,
temperature and latitude in random forest regression, but significant
linear regressions were only shown by year, temperature, longitude,
total phosphorus (positive) and salinity (negative). There was also a
significant increasing trend of zooplankton kurtosis between 1979 and

ZPL kurtosis, p = 0.001
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Fig. 3. Significant (p < 0.05) long-term trends in zooplankton size, zooplankton kurtosis and phytoplankton kurtosis in the study area. A GAM curve (solid line) is
plotted with a 95% confidence interval (dashed line). Raw data are plotted as open circles and annual averages as filled circles.
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2013 (p = 0.001, Fig. 3).

For the individual zooplankton taxa, there was a significant
connection between the biomass of Rotatoria and chlorophyll a con-
centration in random forest analysis, but not a significant linear
regression. The biomass of Bosmina coregoni maritima was connected to
the biomass of non-diazotrophic cyanobacteria, temperature and
longitude in random forest. There was also a significant positive linear
regression between the biomass of B. coregoni maritima and both tem-
perature and longitude. Biomass of copepod nauplii was related to
latitude, longitude, biomass of Prymnesiophyceae and Cryptophyceae,
as well as salinity in random forest. Of these, the relationships with
latitude (negative), longitude (positive) and Cryptophyceae (negative)
were significant based on linear regression analysis. Acartia spp. had
significant random forest connections with longitude, total phosphorus
concentration, salinity, latitude, and the biomass of Cryptophyceae,
linear regressions being significant and positive with all but latitude.
Biomass of Eurytemora spp. was significantly connected to longitude,
Prymnesiophyceae, latitude, mixotroph biomass, Cryptophyceae and
salinity, all connections being significant as linear regressions as well,
and positive except for the regression with salinity. Pseudocalanus
elongatus was related to latitude, salinity, longitude, year, Chrys-
ophyceae, Dinophyceae, mixotroph biomass, total phosphorus and
Prymnesiophyceae in random forest, and all but Dinophyceae and total
phosphorus also had a significant regression with P. elongatus biomass.
Of the significant regressions, all were negative except for salinity.

4. Discussion

Based on the current, >30-year monitoring data, potential direct and
indirect bottom-up relationships between cyanobacteria and
zooplankton, as well as between cyanobacteria and other phytoplankton
taxa summarized in Fig. 1 did rarely manifest in the statistical analysis. A
recurring challenge with environmental data analysis is that even a
relatively rich data are often sparse when compared to the spatial,
temporal, and structural complexity of the system. Different data ana-
lyses, lab experiments, and theoretical considerations all provide a
different lens and a different viewpoint to the system, and through
combining the knowledge created from all of these angles, a better
picture emerges. The aim of this work was to provide one such lens and
viewpoint to add to the other studies, from the perspective of monitoring
data. However, the information gained from this analysis must be
evaluated together with the information gained from earlier studies
taking different viewpoints.

Random forest analysis revealed a connection between Nostocales
biomass and the biomass of the autotrophic phytoplankton community
(all cyanobacteria excluded). This connection may be explained by
Nostocales and other autotrophic phytoplankton being favored by the
same environmental conditions including e.g. temperature, light, mix-
ing, and nutrient availability. In addition, since growth of autotrophic
phytoplankton communities is usually N-limited during summer in the
study area, the results may also indicate that the atmospheric Ny fixed by
diazotrophic cyanobacteria was transferred through the food web to
coexisting primary producers and thus supported the increase of also
other autotrophic phytoplankton biomass. Evidence for such transfer of
the N, fixed by diazotrophic cyanobacteria has been found empirically
using e.g. 15N tracers (e.g. Ohlendieck et al., 2000; Stal et al., 2003;
Ploug et al., 2011). Np-fixation by diazotrophic cyanobacteria probably
plays a significant role in shaping the plankton communities of the Baltic
Sea: it has been estimated that 14.3 to 279 mmol N m 2 is fixed in the
Baltic Proper annually (Karlson et al., 2015 and references therein), and
that up to 90% of the fixed Ny is transferred through the microbial loop
from picoplankton towards the mesozooplankton community (e.g.
Mulholland and Capone, 2001; Ploug et al., 2010, 2011; Wannicke et al.,
2013). Even non-diazotrophic cyanobacteria were significantly con-
nected to the biomass of autotrophs and the total phytoplankton com-
munity (all cyanobacteria excluded). The reason for this may be that
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non-diazotrophic cyanobacteria are also limited by available dissolved
nutrients and benefit from N-fixation by diazotrophic cyanobacteria
similarly to the other autotrophic phytoplankton.

In our study, we did not investigate the entire food web or top-down
effects on either phytoplankton or zooplankton. However, it is known
that phytoplankton communities are directly affected by zooplankton
grazing as well as by indirect top-down trophic cascading effects caused
by changes in feeding pressure of predatory zooplankton on herbivorous
zooplankton and microzooplankton (Kivi et al., 1996; Sommer, 2008;
Lehtinen et al., 2010). Since our results did not show similar connections
between Nostocales biomass and zooplankton as between Nostocales
biomass and other phytoplankton, it can be inferred that there were no
indications of Nostocales biomass being connected to potential changes
in the top-down pressure by zooplankton or by trophic cascading effects
via microzooplankton on phytoplankton.

Based on our results, the increased biomass of Nostocales cyano-
bacteria did not change the concurrent phytoplankton community either
by harming or benefiting any of the class-level phytoplankton taxa.
Thus, our class-level result supports the earlier findings of a species-level
study showing that diazotrophic cyanobacteria do not have predomi-
nantly positive or negative effects on ambient phytoplankton species
(Olli et al., 2015). Concerning multi-decadal changes, phytoplankton
class-level kurtosis significantly decreased in the study period, indi-
cating an increased diversity of phytoplankton. The result is in line with
earlier results by Olli et al. (2014), who found an increase in Baltic Sea
phytoplankton genus richness during 1966-2008. Olli et al. (2014)
concluded that it potentially reflects a delayed long-term response to the
anthropogenic fertilization.

Our hypothesis that potentially mixotrophic phytoplankton would
benefit from the increased biomass of Nostocales cyanobacteria was not
supported either. It was hypothesized that increasing cyanobacterial
biomass increases the productivity of bacteria due to organic carbon
release, which would benefit bacterivorous mixotrophic taxa (Rolff,
2000; Bunse et al., 2019). Mixotrophic phytoplankton biomass was
significantly connected to salinity and Eurytemora spp. in random forest
analysis, and there was a significant (positive) regression between the
biomass of mixotrophs and Eurytemora spp. One explanation to this may
be a top-down trophic cascading effect. E. affinis has been found to clear
and ingest ciliate prey at a higher rate than phytoplankton in experi-
mental studies (Merrell and Stoecker, 1998), and when Eurytemora spp.
feed effectively on ciliates, they decrease the grazing pressure of ciliates
on nanoflagellates, in which mixotrophy is a very common trait in the
study area. Another potential reason for the positive connection be-
tween Eurytemora spp. and mixotrophic phytoplankton could be that
mixotrophs can utilize bacteria as food (Kuuppo-Leinikki, 1990), and
bacteria are known to benefit nutritionally from the sloppy feeding of
mesozooplankton (Vargas et al., 2007).

Based on the random forest analysis, autotrophic phytoplankton
biomass was significantly related to all but two explaining variables.
Similarly, total phytoplankton biomass was significantly related to 13 of
the 19 investigated variables in random forest analysis. However, in
linear regressions both autotrophic and total phytoplankton biomasses
were significantly related only to temperature, copepod nauplii, Pseu-
docalanus, total phosphorus and Acartia spp., and total phytoplankton
biomass to copepod nauplius-to-female ratio and Limnocalanus. Based on
our data, phytoplankton class-level or total biomasses were positively or
not at all related to the dominating zooplankton of the area, e.g. cla-
docerans, Acartia spp. and Eurytemora spp. Thus, the results indicate that
the direct top-down pressure of zooplankton on phytoplankton was not
very high, but on the other hand, there may have been positive bottom-
up effects by phytoplankton on Acartia spp. (cryptophytes) and Eur-
ytemora spp. (cryptophytes and prymnesiophytes). In addition, a top-
down trophic cascading effect could be one explanation for the posi-
tive relation, i.e. copepods may have grazed ciliates and thus relieved
these nanoflagellate-sized phytoplankton from ciliate crazing pressure.
These results demonstrate that the random forest analysis, not being
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restricted to linear (or transformed linear) relationships, can help
identify potentially important, non-linear interactions that are not
revealed through regression techniques such as principal component
analysis, which assume linearity.

Zooplankton variables were connected to the biomass of phyto-
plankton groups other than cyanobacteria (such as chrysophytes, cryp-
tophytes and prymnesiophytes). The significant connections between
the biomass of rotifers and chlorophyll a and between the biomass of the
cladoceran Bosmina coregoni maritima and biomass of non-diazotrophic
cyanobacteria and temperature seem to well support the knowledge
that these species with short generation times and capable of rapid
reproduction under optimal conditions (warm water and lot of food
indicated by e.g. chlorophyll a) thrive in eutrophic ecosystems (Orcutt
and Pace, 1984; Heerkloss et al., 1991).

During the study period, zooplankton kurtosis increased, but it was
not significantly connected to cyanobacteria biomass. The mean size of
zooplankton significantly decreased in the study period, and based on
the random forest analysis, the decrease was connected to salinity. This
is due to the decrease of large marine copepods with the decreasing
salinities (Makinen et al., 2017). The increase of smaller-sized zoo-
plankters has been earlier connected with e.g. warming and eutrophi-
cation, and increasing cyanobacteria (Suikkanen et al., 2013; Jiang
et al., 2014). The increase of small-sized zooplankton species is linked to
stimulation of the microbial loop by increased nutrient intake through
cyanobacterial exudates, resulting in an increase of bacterio- and
nanoplankton prey (Motwani and Gorokhova, 2013). However, our
monitoring data did not show a direct connection, and the effect of
salinity should be analyzed further, potentially finding more evidence
on riverine inputs of organic matter and its effect on bacterial produc-
tivity. By using a monitoring data set that also includes fish data the
relative strength of top-down effects caused by fish predation vs.
bottom-up effects caused by cyanobacteria on zooplankton could be
further investigated.

Engstrom-Ost et al. (2015) found that the reproductive output and
population dynamics of Acartia may be negatively affected by
N. spumigena. Our data were strongly dominated by Aphanizomenon sp.,
which complicates observation of potential effects of other diazotrophic
species on copepod reproduction. Copepod nauplius:female ratio was
not connected to diazotrophic cyanobacteria in the random forest
analysis but to latitude and biomass of Cryptophyceae. However, these
connections were likely non-linear and difficult to interpret. E.g.
compound-specific isotopes might be utilized to shed light on the
potentially significant, non-linear food web interactions (Ek et al.,
2018).

In experimental studies, negative effects of cyanobacteria on phyto-
and zooplankton have been found (summarized e.g. for the Baltic Sea by
Karjalainen et al., 2007), but such effects were not found in the moni-
toring data by Olli et al. (2015) or us. Experimental studies may not
reliably represent the natural situation where e.g. zooplankton can
avoid cyanobacteria blooms to some extent, at least by selecting their
food items or actively moving in the water mass. Experimental studies
reveal relevant potential relationships, as direct causes and effects
cannot be easily extracted from monitoring data. Monitoring data
include all potential relationships at the same time, and thus only the
strongest may be revealed with statistical analysis. However, it can be
concluded from our data that, considering the planktonic system of the
northern Baltic Sea, cyanobacterial blooms do not have a significant
effect on either co-occurring phyto- or zooplankton communities. More
information on bacterial productivity and other parts of the microbial
loop must be collected to reveal food web and trophic transfer effects in
situ. These data sets can be smaller in spatial extent but should be
intensively sampled to follow the rapidly variating processes.
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