Response to referee O.P. Savchuk

We thank the referee for his rigorous and insightful comments on the manuscript.
Our responses are listed below. Referee comments in italics.

Major concerns

1. In the revised version, it became even clearer that the manuscript deals
with a study of the model itself rather than with a usage of the model
for studying the marine system. As the authors admitted: Much of the
JUSTIFACATION certainly boils down to the USE of a relatively NEW
TOOL. we feel that an ILLUSTRATION OF ITS USES is valuable. As
deficit of geographical and biogeochemical plausibility cannot be compen-
sated by methodological novelty of the implemented statistical tool (wavelet
analysis), such study is more appropriate, perhaps, for the journals deal-
ing with modelling technics rather than in Biogeosciences (see my initial
comments).

We understand the concerns put forward by both referees regarding the
lack of comparison with real data. We have added references to studies
that includes validation of nutrients, temperature and salinity for the par-
ticular model run used in our study. Validation of the different plankton
species is difficult due to lack of observations and essentially unknown
C:Chl ratio, and had not previously been done for the model run we use.
We have now added such an evaluation of the biology, assuming a fixed
C:Chl ratio of 50 shown in Fig. 3 and 4. The fixed ratio is likely respon-
sible for part of the model-observation difference in absolute values, but
has probably a negligable impact on the timing of blooms.

2. The revisions concerning nutrient limitation are still confusing and mis-
leading in respect to the real Baltic as we know it from both observations
and simulations with other models. No consideration is given to how an
appropriate re-parameterization of internally inconsistent N-limitation ;
1 would change relations between NLIM and PLIM for different phyto-
plankton groups. More importantly, the chosen method compares N- and
P-limitation as determined by a specific set of constants prescribed in re-
sult of calibration of this specific model, while a sensitivity of simulation
to such a choice is not even mentioned. The manuscript still contains a
little addition in- , perhaps, even directly contradicts to existing knowledge
about the relationships between nutrient and phytoplankton dynamics in
the Baltic Proper. In that respect, particularly surprisingly and uncon-
vincingly sound such expressions as a shift towards less limited condi-
tions (Line223), Phosphate is still limiting during winter (L230), the
phase shifts from NUTLIM preceding diatoms by three months to diatoms
preceding nutlim by the same amount (L245-246) and the following con-
siderations of maximal NUTLIM on Fig.11 (shouldnt minimum NUTLIM
be more interesting?), The spring bloom is phosphate limited throughout



the run except for a few years after 1990 where diatoms display nitrogen
limitation (L304-305). Correspondingly, the entire Section 3.2, including
Figs. 6-11 still looks just as exercise with a new tool, being more concerned
with the tool rather than the Baltic. Perhaps, it can be focused only on
analysis of N:P instead of NUTLIM and substantially shortened, absorb-
ing and compressing much from the Summary and Conclusions Section as
well.

As stated in our answers to the previous review comments, if NLIM is
larger than one, PLIM is used. NUTLIM, which is what is used in the
model, never becomes larger than one. To clarify, we have introduced a
condition statement in Eq. 3 that states that NLIM can not be larger
than one. Furthermore, we have included a discussion in Section 2.1.1.
(lines 107-111) on that the nutrient limitation is sensitive to the choice of
parametrization.

We have also added a discussion around reconstructed limitation patterns
compared to the models limitation pattern using N:P ratios and the models
inherent definition, NUTLIM, in section 3.2.

The limitation patterns calculated by NUTLIM and N:P ratios clearly
show the same trend from P to N limitation over the 20th century but
vary quite a bit for different months (Fig. 9). Which of these limitation
functions best capture the real world is hard to say, given how variable
the Redfield ratio has been found to be in phytoplankton. However, for
our model results this is not a problem, as these are undeniably controlled
by NUTLIM.

. The laconic Section on river loads looks now better. Although, the strong
inter-annual coherence (with only 1 year lag?) between local riverine in-
put and DIN in the mized layer (L255) deserves more consideration and
explanation, remembering although about open boundaries with the gulfs
and the south-western Baltic. On the other hand, the anti-phase coher-
ence between salinity and DIN on periodicities 51 yr, might has the same
reason as the in-phase coherence between salinity and phosphate, that is
the upward transport of deep waters due to hypoxia enriched with DIP and
depleted in DIN. Could be worth mentioning as pertinent to the vicious
circle of Baltic Sea eutrophication that is more appropriate here than in
the Section on limitation.

We have added a discussion on this in section 3.3.

. The Summary and conclusion Section contains too much repetition or
just a prolongation of the awkward discussion from the preceding Results
and discussion Section, including even some contradictions with dates and
chronology. It must be effectively cut down to just the conclusions.

We agree and have significantely shortened section 4. focusing on just the
conclusions.



Minor suggestions

We have revised the manuscript in accordance with the minor suggestions.



Response to Referee #3
We thank the referee for valuable comments on the manuscript.

The concern about lack of comparison with observations were put forward
by both referees. We have added references to studies which includes
validation of the particular run used in our manuscript. We have further
included a validation of simulated phytoplankton at monitoring station
BY15.

The minor comments have been adressed.
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Causes of simulated long-term changes in phytoplankton biomass in
the Baltic Proper: A wavelet analysis
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Correspondence to: Jenny Hieronymus (jenny.hieronymus @ gmail.com)

Abstract. The co-variation of key variables with simulated phytoplankton biomass in the Baltic proper has been exam-
ined using wavelet analysis and results of a long-term simulation for 1850-2008 with a high-resolution, coupled physical-
biogeochemical circulation model for the Baltic Sea. By focusing on inter-annual variations it is possible to track effects acting
on decadal time scales such as temperature increase due to climate change as well as changes in nutrient input. The results
indicate-the-largest-strongest inter-annual coherence of-phytoplankton-biomass-with-indicates that variations in phytoplankton
biomass are determined by changes in concentrations of the limiting nutrient. However, after 1950 the-coherence-isreduced-due
o-high-mixed-layer nutrient-concentrations-diminishingthe-effeet-of smalerlong-term-vartationshigh nutrient concentrations

created a less nutrient limited regime and the coherence was reduced. Furthermore, the inter-annual coherence of mixed layer
nitrate with riverine input of nitrate is much larger than the coherence between mixed layer phosphate and phosphate loads.

This indicates a greater relative importance of mixing-the vertical flux of phosphate from deepertayersthe deep layer into the
mixed layer. In addition, shifts in nutrient patterns give rise to changes in phytoplankton nutrient limitation. The modelled
pattern shifts from purely phosphate limited to a seasonally varying regime. The results further indicate some effect of inter-
annual temperature increase on cyanobacteria and flagellates. Changes in mixed layer depth affect mainly diatoms due to a

high sinking velocity while inter-annual coherence between irradiance and phytoplankton is not found.

1 Introduction

The Baltic Sea is a semi-enclosed brackish water body separated from the North Sea and Kattegat through the Danish Straits.
It stretches from about 54° to 66° N and the limited water exchange with the ocean in the south gives rise to a large meridional
salinity gradient. The circulation is estuarine with a salty deep-water inflow from the ocean and a fresher surface outflow. The
Baltic Sea comprises a number of sub-basins connected by sills further restricting the circulation.

The limited water exchange and the long residence time of water have consequences for the biology and the biogeochemistry.
The Baltic Sea is naturally prone to eutrophication and organic matter degradation keeps-the-leads to low deep water oxygen
concentrations generallylow-in between deep water renewal events. In turn, this leads to complex nutrient cycling with different

processes acting in oxygenized vs low oxygen environments.
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The Baltic Sea has experienced extensive anthropogenic pressure over the last century. After 1950, intensive use of agricul-
tural fertilizer greatly enhanced the nutrient loads. This led to an expansion of hypoxic bottoms (Carstensen et al., 2014), in
turn affecting the cycling of nutrients through the system. Anoxic sediments have lower phosphorus retention capacity result-
ing in increased deep water phosphate concentrations. Thereby, the flux of phosphate to the surface intensifies-intensified even
though the external loads have-decreased after 1980 in response to improved sewage treatment. Furthermore, as the anoxic
area inereasesincreased, the area of interface between oxic and anoxic zones where denitrification occurs also inereases—This
results-increased. This resulted in a loss of nitrogen. Vahtera et al. (2007) described these processes as generating a “vicious
circle” where decreased DIN concentrations together with increased phosphate erhanee-enhanced the relative importance of
nitrogen fixation by cyanobacteria.

The importance of this coupling between oxygen and nutrients have been further-examined in models. Gustafsson et al.
(2012) confirmed, using the model BALTSEM, that internal nutrient recycling has increased due to_the reduced phosphate
retention capacity, implieating-resulting in a self sustained eutrophication where enhanced internal-Hoads-sedimentary outflux
of nutrients together with increased nitrogen fixation outweigh external load reductions.

Satellite monitoring has made it possible to observe changes in several physical and ecological surface variables during the

past three decades. Significant changes in seasonality have been observed, such as an earlier start of the phytoplankton growth

season and timing of chlorophyll maxima (Kahru et al., 2016).

Shifts in nutrient composition and deep water vartables—properties remain difficult to evaluate using observations. Even
though the Baltic Sea has a dense observational record from ships, stations and satellites, the longest nutrient records comprise
station data from the early 70s-1970 (HELCOM, 2012). For multidecadal-periods-of-gapfree-data-longer time periods the use
of a model is required.

In this paper we construct a thorough analysis of the co-variation of phytoplankton biomass with key variables that have
been affected by anthropogenic change over the 20th century. Using the biogeochemical model SCOBI (Eilola et al., 2009;
Almroth-Rosell et al., 2011) coupled to the 3d circulation model RCO (Meier et al., 2003) we scrutinize the effect of nutrient
loads, nutrient concentration, temperature, irradiance and mixed layer depth on the modelled phytoplankton community.

The gap-free dataset provided by the model fets-us-allows us to decompose the variables in time-frequency space using the

wavelet transform. Two variables may than be compared using wavelet coherence {eg—Torrence-and-Compo; 1998;-Grinsted-et-al52004)(e.

We have chosen to use a model run spanning +850-2009-the period 1850 to 2009. Thereby, we capture conditions relatively

unaffected by anthropogenic forcing as well as current conditions of eutrophication and climate change. Furthermore, we limit

our investigation to the Baltic Proper so as to capture relatively homogenous conditions with regards to the biology.
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2 Methods

2.1 Study-area

2.1 Model

We have used a run with-from the model RCO-SCOBI spanning 1850-2009. RCO (Rossby Centre Ocean model) is a three-
dimensional regional ocean circulation model (Meier et al., 2003). It is a z-coordinate model with a free surface and an open
boundary in the northern Kattegat. The version used here has a horizontal resolution of 2nm with 83 depth levels at 3m intervals.

The biogeochemical interactions are solved by the Swedish Coastal and Ocean Biogeochemical model (SCOBI) (Eilola
etal., 2009; Almroth-Rosell et al., 2011). The model selvesfor-three-different-watercolumn-and-benthie-nutrients{contains the
nutrients phosphate, nitrate and ammonia }-as well as the plankton functional types representing diatoms, flagellates and others
(will be referred to as flagellates from here on) and cyanobacteria. Furthermore, the model contains nitrogen and phosphorus
in one active homogenous benthic layer.

The model equations can be found in Eilola et al. (2009). Since we are exploring the effect of different variables on the
growth of phytoplankton we will, for clarity, repeat some of them here.

The phytoplankton biomass is described in terms of chlorophyll and with a constant C:Chl ratio. The model thus does not
take into account seasonal changes in C:Chl as was found by Jakobsen and Markager (2016).

The net growth of phytoplankton (PHY) is described by the following expression,

GROWTHpyy = ANOX:LTLIM-NUTLIMpyy - GMAXpyy - PHY.. (1)

where-subseript-Subscript PHY indicates the plankton funktional type (diatoms, flagellates or cyanobacteria). ANOX is a
logarithmic expression that approaches zero as the oxygen concentration becomes small.

LTLIM expresses the phytoplankton light limitation and NUTLIM describes the nutrient limitation. Nutrient limitation
follows Michaelis-Menten kinetics where constant Redfield ratios are assumed in nutrient uptake. NUTLIM is further described
in Sects. 2.1.1 and 2.1.2. GMAX is temperature dependent and describes the maximum phytoplankton growth rate.

The-difference-between-diatoms-and-flageHates—are-presentin-Diatoms and flagellates have different halfsaturation con-
stants, maximum growth rate, temperature dependence and sinking rate. Flagellates are more sensitive to a-changechanges in

temperature than diatoms. Furthermore, the sinking rate of diatoms is five times larger than that for flagellates.



87 The difference between cyanobacteria and the other phytoplankton speeies-is more pronounced. Cyanobacteria can grow ei-

88 ther according to Eq. (1) or using nitrogen fixation. The rate of nitrogen fixation as-is a function of the-phesphate-coneentrationphosphate
89 concentration, N:P ratio and temperature. Both NFEX-nitrogen fixation and GROWTH of cyanobacteria is zero if the salinity

90 is above 10. Furthermore, cyanobacteria is the most temperature sensitive of the phytoplankton groups and no sinking veleeity

91 is assumed.

92 Other processes important for our results involves chemical reactions occurring in the water column or in the sediment.

93 Denitrification occurs in-both-both in the water column and the benthic layer and constitutes a sink for nitrate in case of anoxia.

94 Nitrification transforms ammonium into nitrate as long as oxygen is present. Phosphorus is adsorbed to the sediment and the

95 benthic release capacity of phosphate is a function of the oxygen concentrationwhere-mere-oxygen-impheslessrelease. The
96 phosphorus release capacity is also dependent on salinity i salin stess sphate—i i whereby

97 higher salinity leads to lower retention of phosphate in the benthic layer.

98 2.1.1 Nutrient limitation

99 Estimating nutrient limitation in nature is difficult. Usually this is done, either by comparing nutrient ratios to Redfield ineg:,
100 e.g., the surface water or external supply or by-semenutrient-enrichment-experiment-through nutrient enrichment experiments
101 (Granéli et al., 1990).

102 The idea-implementation of nutrient limitation as-eftentised-is-based-en-most commonly used is that the primary production
103 is directly limited by the nutrient concentration in the ambient water and that the internal nutrient ratios in the phytoplankton are
104 constant, i.e., in accordance with a Redfield-Monod model (Redfield, 1958). However, cell-quota type models (Droop, 1973)
105 are being increasingly implemented and the use of constant internal nutrient ratios are becoming more and more questioned
106 (Flynn-2040)-(Flynn, 2010; Fransner et al., 2018) .

107 N P Lrmitationd . o
108
109
110 Here;-In our model, nutrient limitation is traditionalty-expressed-assuming-eonstand-expressed assuming constant Redfield

111 ratios and phytoplankton growth is limited by either nitrogen or phosphate. The degree of nutrient limitation is described by :-

112 NUTLIMPHY = mln(NLIMpHY 5 PLIMPHy) (2)

113  where NLIMpyy and PLIMpyry are the nitrogen and phosphate limitation respectively. fnaddition;-NLIMpyy eontains-the
114  sum-of-the-nitrate-and-ammonium-limitation;+-e-is defined as

NOsLIMpyy + NHyLIMprry, if NOsLIMpry + NHyLIMpry <1
115 NLIMppy = 3)
L otherwise,

~

116 where
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NO3

NO3;LIM = . - .NH 4

O3 KNO3pry - NO3 exp(—dpuy 4), 4
NH4

NH,LIM - = KNH4pyy + NH4’ ®

where NO3 and NH4 are the concentrations of nitrate and ammonium and KNO3pyy and KNH4pyy are the halfsatura-
tion constants for nitrate and ammonium respectively. The exponent in (4) accounts for inhibition of nitrate uptake feg-
PLIMppy is modelted-as-equal to PO,LIM which is modelled as

PO4
KPO4pgy + PO4 '

PO4LIM (6)

Nutrient limitation, NUTLIM, is thus described by a number between 0 and 1 where 1 is no limitation. Nete-thatNEHV-The

AANAANAARN

constant KPO4pyy is the half saturation constants for phosphate and the constant ¢y in Eq. (3)-may-obtain-vatuestarger
than—+—However-as4) determines the strength of ammonium inhibition of nitrate uptake. Since NUTLIM is calculated as the
minimum of NLIM and PLIM, NLIM larger than one-will-always-meanP-limitatton—PLIM will temporally cause P limitation
of phytoplankton growth rate. Hence, a different formulation e.g. of NLIM might change a models sensitivity to the limiting
nutrient. Its impact on system nutrient dynamics on longer time scales is, however, difficult to judge because e.g. nitrogen
fixation and denitrification potentially also may be influenced. Further experiments on this issue are out of the scope of the
present paper and left for future studies.

NIPHY S T DY S o ) TP a O a a— S, G

phytoplankton-groups—The-constant-opry—irNUTLIM for our model run has been calculated offline from the monthly means
according to Eq. (4 ammoniam-inhibition-of nitrate-uptake2).

2.1.2 Effect of physical parameters

Changes in cloud-cover affect the incoming solar radiation and thereby the-phytoplankton growth. The effect of light shews-up
imris given by the LTLIM term of Eq. (1) which accounts for photo-inhibition.

The mixed layer depth has been defined as the depth where a density difference of 0.125 kg m~2 from the surface is+eached
occurs in accordance with what was previously done by e.g., Eilola et al. (2013). The density was calculated from modelled

temperature and salinity using the algorithms from Jackett et al. (2006).

2.2 Study area

The Baltic Sea contains several different sub-basins with different characteristics in salinity and nutrient loads. In this stud
we focus on the Baltic proper as defined in Fig. 1. In order to reduce heterogeneity we exclude areas shallower than 20m and
ut our focus away from the coasts.
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We have chosen to use a basin averaged approach in order to remove local variability and gain a better understanding of
the system. All variables have thus been horizontally averaged over the study area. Furthermore, we have also averaged all
variables over the mixed layer and from the mixed layer down to a depth of 150m.

2.3 Forcing

The study use reconstructed (1850-2008) atmospheric, hydrological and nutrient load forcing and daily sea levels at the lateral
boundary as described by Gustafsson et al. (2012) and Meier et al. (2012). Monthly mean river flows were merged from
reconstructions dore-by Hansson et al. (2011) and by-Meier and Kauker (2003) and hydrological model data by-from Graham
(1999), respectively. For further details about the physical model setup used in the present study the reader is referred to
Meier-et-al+2016)-? and references therein.

The nutrient leads-input from rivers and point sources were (1970-2006) compiled from the Baltic Environmental and HEL-
COM databases (Savchuk et al., 2012). Estimates of pre-industrial loads for 1900 were based #pen-on data from Savchuk et al.
(2008). The nutrient loads were linearly interpolated between selected reference years in the period between 1900 and 1970.
Similarly, atmospheric loads were estimated (Ruoho-Airola et al., 2012). Nutrient loads contain both organic and inorganic
phosphorus and nitrogen, respectively. For riverine organic phosphorus and nitrogen loads bioavailable fractions of 100 and
30% are assumed, respectively.

Figure-The upper panel of Fig. 2 shows the teads-input of Dissolved Inorganic Phosphorus (DIP;tep) and Dissolved Inorganic
Nitrogen (DIN;-bettor) to the Baltic Proper as defined in Fig. 1. The loads-are-shewn-together-with-lower panel shows the
corresponding simulated mixed layer eoneentrationconcentrations. The loads are-have been calculated from the runoff and
annual mean nutrient concentrations (Eilola et al., 2011). Thus the seasonal cycle in river loads is determined by the runoff.
After a spin-up simulation for 1850-1902 utilizing the reconstructed forcing as described above, the calculated physical and
biogeochemical variables at the end of the spin-up simulation were used as initial condition for 1850. We have used riverine
DIN and DIP loads for our analysis. The use of total bioavailable nutrient loads instead does not change the results.

The open boundary conditions in the northern Kattegat were based on climatological (1980-2000) seasonal mean nutrient
concentrations (Eilola et al., 2009). Similar to Gustafsson et al. (2012) a linear decrease of nutrient concentrations back in
time was added assuming that climatological concentrations in 1900 amounted to 85% of present day concentrations (Savchuk
et al., 2008). The bioavailable fraction of organic phosphorus at the boundary was assumed to be 100% in accordance with
the organic phosphorus supply from land runoff. Organic nitrogen was implicitly added because of the Redfield ratio of model

detritus (Eilola et al., 2009).

2.4 Evaluation

The specific model setup used here have been shown to agree well with observations for salinity, temperature and nutrients
Meier et al., in press; Eilola et al., 2014) . The different phytoplankton functional types have not been previously validated
against observations.



177 Fig. 3 shows the different simulated phytoplankton together with observations at the monitoring station BY15 (see Fig.1).
178 Monthly means and standard deviations are shown in Fig. 4. The observational dataset has been recalculated from biovolumes
179 to carbon units in accordance with Menden-Deuer and Lessard (2000) . The simulated values have been recalculated from units
180  of chlorophyll to carbon through a fixed C:Chl ratio of 50 which is in the mid range of the salinity dependent span found by
181 Rakko and Seppild (2014) .

182 The time-series display significant interannual variability in both model and observations. This variability is also visable
183 as large standard deviations in the modelled and observed monthly means in Fig. 4. Fig. 4 also shows an autumn diatom
184 bloom in the observations while the model generates an autumn flagellate bloom. The simulated cyanobacteria bloom occurs
185 approximately two months too late compared to observations. It is also notable that the cyanobacteria displays strong blooms
186  the first four years in both model and observations but that the observations show diminished blooms during the rest of the
187 period where the simulated biomass is still high.

188 Differences in absolute numbers between observations and simulated values can result from the choice of the fixed Chl:C

189 ratio. Furthermore, the estimated carbon content from observations are potentially affected by patchiness during in-situ samplin

190 and uncertainties related to the calculation of biovolumes and transformation to carbon units.

191 2.5 The wavelet transform and wavelet coherence

192  Several references-explain-studies have covered the wavelet transform and its application in depth {e-g-—tat-and-Weng-(+995)~
' vide-a-briefintroduetion(e.g., Lau and Weng

193 Torrenee-and-Compo-(1998)Careyeta 0+6)-Grinsted-et-al-(2004)>-and-we-will here provid
194 here we provide a description of the method.
195 The continuous wavelet transform provides a method to decompose a signal into time-frequency space. In that it is similar

196  to the windowed Fourier transform where the signal is decomposed within a fixed time-frequency window which is then slided
197 along the time-series. However, the fixed width of the window leads to an underestimation of low frequencies. In comparison,
198 the wavelet transform utilizes wavelets with a variable time-frequency window. Wavelets can have many different shapes and
199 the choice is not arbitrary. We have chosen the commonly used Morlet wavelet providing good time and frequency localization
200 (Grinsted et al., 2004).

201 In time-series with clear periodic patterns thatis-affected by environmental variables such as population dynamics and
202 ecology the benefits with—of this approach are significant (Cazelles et al., 2008). In recent years, several referenees—studies
203 have highlighted the usefulness of wavelet analyses in plankton research (Winder and Cloern, 2010; Carey et al., 2016). The
204 focus have-has been the increased availability of long observational data sets making it possible to use the wavelet transform
205 fer-investigation—of o investigate changes in seasonality. Carey et al. (2016) discussed how the wavelet transform can be
206 used to track interannual changes in phytoplankton biomass and applied it to a 16-year time series of phytoplankton in Lake
207 Mendota, USA. In doing this-so they were able to identify periods when the annual periodicity was less pronounced. They
208 diseuss-discussed the benefit of this technique in scrutinizing changes to the seasonal succession due to changes in external
209 drivers. Winder and Cloern (2010) applied the technique to time-series of chlorophyll-a from marine and freshwater localities

210 and discussed the annual and seasonal periodicities.
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Wavelet coherence further expands the usefulness of the wavelet approach by allowing ferealenlating-calculation of the time
resolved coherence between two time-series (Grinsted et al., 2004; Cazelles et al., 2008). In this way, it is possible to identify
transient periods of correlation over different periodicities. The result is given as coherency as a function of time and period as
well as a phase lag between the two time-series.

The problem with the wavelet transform is that it requires a dataset without gaps. The time-series also needs to be sufficiently

longeempa

sh-. This impedes the wavelet analysis on longer time

scales such as the time scale of changing climate because long observational datasets are seareelacking. Hence, for our purpose
only a model based approach is feasible.

Schimanke and Meier (2016) used wavelet coherency on a multi-centennial model run to evaluate the correlation of differ-
ent forcing variables with the Baltic Sea salinity. We-wil-hereseratinize-Here we analyze the coherence between modelled
phytoplankton biomass and a few key modelled and forcing variables.

For all wavelet calculations we use the Matlab wavelet package ef-described in Grinsted et al. (2004), which is freely

available at http://www.glaciology.net/wavelet-coherence.

3 Results and discussion

We will begin in Sect. 3.1 by presenting the model results ef-phytoplantor-on phytoplankton biomass. In Section 3.2 we will
consider-the-composition-of-nutrients-and-the-present the nutrients and their coherence with the phytoplankton biomass. Co-

herence between riverine loads and mixed layer nutrients will be discussed in Sect. 3.3. Section 3.4 examines the coherence of

phytoplankton with temperature and irradiance. Finally, the coherence between mixed layer depth and phytoplankton biomass

is considered in Sect. 3.5. All results shown are monthly means.

3.1 Phytoplankton biomass

Fig. 5 shows the time-series of phytoplankton biomass (a) together with the corresponding wavelet spectrum (b).

The wavelet power (variance) of the decomposed signal (in color) is displayed as a function of time (x-axis) and period
(y-axis). The black curves in Fig. 5(b) show the 95% confidence level relative to red noise.

Averaging over time generates the global power spectrum displayed in Fig. 5 (c). The wavelet spectrum clearly reveals two
main periodicities - the annual and the semi-annual representing the spring and autumn blooms. It is also clearly visable that
the power on both periodicities increases markedly after 1950.

Kahru et al. (2016) found a shift in chlorophyll maxima from the diatom dominated spring bloom to the cyanobacteria

summer bloom. Fig-6-shows-thata-A similar pattern emerges from our model run with-five-years-ef-eyanobacterial-chlorephylt
maxima-oceurring-after1998-as can be seen in Fig. 6. The figure shows the month of maximum biomass of the different



243 phytoplankton species as well as the month of maximum chlorophyll (diatoms+flagellates+cyanobacteria). After 1998 the
244 results display five years where the month of maximum chlorophyll corresponds to the month of maximum cyanobacteria
245 biomass in August or September.

246 3.2 Nutrients and nutrient limitation

247

248 Increased nutrient loads have caused a strengthening of the primary production and thereby also the deep water respiration,
249 resulting in a 10-fold increase in the-hypoxic area since the beginning of the 20th century —Fhey-explained-this-te-be-primarity

250 . L L . . ) T o

251 ia-(Carstensen et al,, 2014) . This has lead to changing

252 nutrient patterns as have been discussed by e-g-Conley-et-al(2002);-Savehuk(2010);-Vahtera-et-al(2007)—(e.g., Conley et al., 2002; Sav

253 Anoxia causes sedimentary phosphate release. A clear relationship between hypoxia and total basin averaged phosphate was

254 first shown by Conley et al. (2002) (and later expanded by Savchuk (2010)) on observational data from the Baltic Proper.

255 The effect of hypoxia on DIN is less straight forward. Expanding hypoxia increases the boundary area between anoxic and
256 oxic water where denitrification occurs resulting in a further-loss of nitrate. Furthermore, hypoxia indueed-causes a reduction
257 in nitrification resutts-tn-atess-of-leading to a further reduction in nitrate. Vahtera et al. (2007) found a negative relationship
258 between basin averaged DIN and hypoxic area in observations from the Baltic seaSea.

259 We-iHustrate-the-The changing nutrient patterns for our model run are shown in Fig. 7. In conjunction with the increased
260 anoxic volume we find a clear increase in ammonium and a decrease in nitrate. This is due to a decrease in nitrification and an
261 increase in denitrification. The phosphate concentration increases from the mid 20th century through the rest of the model run
262 as a combined effect of the accumulated terrestrial inputs and hypoxic sedimentary release.

263 The effect of nutrients on the primary production is in the model controlled by the term NUTLIM, or degree of nutrient
264 limitation, in Eq. (1). NUTLIM can be viewed as a measure of the nutrient composition that linearly affects the phytoplankton
265 growth in the model. We will-examine this term in and-as well as below the mixed layer %Veﬁﬂmghm&ﬁﬁwpﬂmafy
266 ienthimitat iorras changes in the
267 concentration of nutrients in the deep water will affect also nutrient concentrations in the mixed layer. NUTEIM-for-diatoms
268
269

270 The evolutions of NUTLIM in the surface-tayer-and-the-mixed layer and deep water for diatoms and flagellates is-are shown
271 in Fig. 8. There is a clear increase over the 20th century and a shift towards less limited conditions (NUTLIM approaching 1).
272 Nitrogen has been shown to most often be-timiting-limit the growth in the Baltic Proper, while phosphate is limiting in
273 the northern basins (Granéli et al., 1990; Tamminen and Andersen, 2007). Schernewski-and Neumann{(2004)-shewed-through
274 areconstruction-of-the Baltie-Sea-trophie-state-in-the-earky1900-that-In pre-industrial conditions, N/P ratios indicate a lesser
275 degree of nitrogen limitation and a higher degree of phosphate limitation for the central Baltic Sea (Schernewski and Neumann, 2004; Savct
276  The mixed layer limitation pattern in our model run as calculated with N/P ratios in-the Baltie Proper-have deereased but that
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—is shown in the lower panel of Fig. 9. Until 1980 the results show a pattern
of limitation shifting between nitrogen and phosphate whereafter persistant N limitation develops. This weaker N limitation
during the first part of the run is consistant with above mentioned studies of pre-industrial conditions.

Using the models definition of nutrient limitation, our model results, shown in Fig. 9, display phosphate limitation for both

diatoms and flagellates for the earlier part of the run. After 1980, seas

is-a different
seasonal pattern appears with phosphate still limiting during winter while nitrogen becomes limiting after the spring bloom.
Caleunlating-Even though the limitation pattern as calculated with NUTLIM differs from what was found using N/P ratiosas

persistant-N-limitation-develops{(not-shown), the overall pattern of increasing degree of N limitation is evident in NUTLIM as

well.

The changing nutrient patteras-affects-the-limitation patterns affect phytoplankton growth. We analyse the wavelet coheren-
cies of phytoplankton biomass with mixed layer phosphate and DIN in Figs. 10 and 11.

strongest nutrient limited group, diatoms show persistant inter-annual coherence with phosphate during the first, consistently

- 9). Buring-theJater part-of the-run-the-nutrient-and-phytoplankton

phosphate limited part of the run (see-Fig. 10, see also Fig

Since nitrogen limitation in-the-medel-only-as calculated with NUTLIM mostly occurs after 1980 and after the spring
bloom (Fig. 9), and thus only affects the much smaller diatom and flagellate autumn bloomsne-, little coherence between
phytoplankton and nitrogen is-visable-in-can be observed on inter-annual time-scales (Fig. 11).

To scrutinze the shift in deep water nutrient composition and the coherence with phytoplankton, we calculate the wavelet
coherence between below mixed layer NUTLIM and the diatom and flagellate biomass. The result is shown in Fig. 12. Fhe
phase-arrows-here-display-some-interestingfeatures—After 1980 the phase arrows within the annual coherence period change to
the-eppesite-direction. For diatoms, the phase shifts from NUTLIM preceding diatoms by three months to diatoms preceding
authm-NUTLIM by the same amount. Flagellates display a similar shift.

To-tnvestigate-this;-we-have plotted-the-The month of maximum NUTLIM shown in Fig. 13—Fhe-figuresshow-, indicates

the month when the nutrient composition is most beneficial for phytoplankton growth. The figure shows a clear shift occuring
after 1980. Below the mixed layer, NUTLIM changes its maxima from December and January to July, August and September

for both diatoms and flagellates while a slight shift from February to March is-apparent-occurs in mixed layer NUTLIM for
diatoms. Mixed layer NUTLIM for flagellates displays no clear shift. The shift in NUTLIM is a result of the increase in

hosphate and ammonium occuring in conjunction with the increase in anoxic volume shown in Fig. 7. The change in timin
is probably due to reduced sedimentary phosphate retention and reduced nitrification after the spring bloom.

3.3 Nutrient loads
We here analyze how changes in nutrient loads affect changes in the mixed layer nutrient concentrations.
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The wavelet coherence between mixed layer nutrients and riverine input is shown in Fig. 14. We-have-usedriverine DIN-and

The phosphate loads show little coherence on periodicities longer than one year but DIN displays strong inter-annual co-
herence. The phase-arrows indicate a phase-lag of about minus 45° on all inter-annual periodicities. For an 8 year period this
means that a change in riverine input precedes changes in mixed layer DIN by about 1 yr.

To further investigate the lack of inter-annual coherence between riverine phosphate loads and mixed layer phosphate, the
wavelet coherence between mixed layer salinity and nutrients are examined and displayed in Fig. 15. Mixed layer salinity is
affected by freshwater input from land, water exchange with adjacent basins, precipitation, evaporation and mixing with deeper
layers. The coherence spectrum reveals higher coherence between mixed layer salinity and phosphate (top) on interannual
periodicities than between salinity and DIN (bottom). The coherence existing-that does exist between salinity and DIN on
periodicities longer than one year is antiphase i.e. low salinity here coheres with high DIN concentrations. This indicates that

high runoff is connected to high nitrogen loads and high DIN concentrations in the mixed layer. It is also possible that low

salinity in the mixed layer indicate periods with deep mixing and better oxygen conditions in and below the halocline (?) . This

could reduce the denitrification during these periods and thus result in higher mixed layer DIN concentrations.
In contrast, the stronger inter-annual in-phase coherence between salinity and phosphate suggests that the reason for the

coherence might be a greater importance of phosphorus release from the sediments that eventually reaches the mixed layer
through mixing with deeper layers (cf. Eilola et al., 2014) .

Riverine nutrient loads show little inter-annual coherence with phytoplankton biomass (not shown) other than on a 16 yr
period which probably reflects the overall pattern of simultaneous increase in riverine loads and phytoplankton biomass over

the second half of the 20th century.

3.4 Temperature and irradiance

The mixed layer temperature has increased over the 20th century —Figure—22—shows—the2-yr—meving-average—ofmixed

layer—temperature—Fo—seratinize(not shown). To analyze the effect of temperature on the eoneentration—of phytoplankton
hytoplankton biomass, the wavelet coherence between temperature and phytoplankton have been plotted in Fig. 16. The re-

sults suggest that the temperature increase after 1990 might have had an effect on cyanobacteria and flagellates. It is also
noticable that the temperature increase observed between 1900 and 1940 probably had an effect on cyanobacteria. This is also
in agreement with the model formulation where cyanobacteria are the most sensitive to temperature followed by flagellates.
Light impacts primary production through the term LTLIM in Eq. (1). However, irradiance display very little variation on
any other periodicity than the annual as can be observed in a wavelet power spectrum (not shown). Therefore there exists

almost no coherence between phytoplankton and irradiance apart from the annual-and-semiannualseasonal signal.

3.5 Mixed layer depth

We calculate the coherence between mixed layer depth and diatoms, flagellates and cyanobacteria in Fig. 17.
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Apart from the annual cycle there is a strong coherence between mixed layer depth and diatoms, and to some extent flagel-
lates, on shorter periodicities as well. That is, the coneentration-of-diatoms-diatom biomass residing in the mixed layer seems
to covary quite well on periodicities equal to or shorter than one year. The model value for diatom sinking rate is five times
higher than that for flagellates while cyanobacteria is assumed to have no sinking rate. In a shallow mixed layer the diatom
concentration-biomass decreases faster than in a deep mixed layer because of the large sinking rate. Furthermore, in a deeper
mixed layer stronger turbulence counteract the sinking. In the wavelet coherence spectrum we thus see in-phase short term

coherence.

4 Conclusions

With a focus on simulated inter-annual variations, the wavelet coherence of the mixed layer phytoplankton biomass with key

variables affecting the primary production has been examined for the Baltic Proper.

The simulated chlorophyll concentration maximum shifted from spring to

late summer at the end of the 20th century in agreement with Kahru et al. (2016) .
The i . . . .

NUFERM—The-phytoplankton group most strongly limited by nutrients in the model is diatoms. The connection between
primary production and the-nutrientHmitation-term-ts—visable-as-a—nutrients is reflected in the strong inter-annual coherence
between diatoms and phosphate as well as NUTLIM before 1940. After 1940 NUTLIM and the eoneentrations-biomass of the
individual phytoplankton species have gained such high values that smaller inter-annual variations have relatively little effect
on the production. Similarily, thelessnutrient-sensitive-group-flagelatesshows-flagellates which are less limited by nutrients
than diatoms show much smaller inter-annual coherence with phosphate even before 1940. NUTLIM for this group is already
high-enough-se-high enough that small long-term variations do not reflect strongly in the results.

Very little inter-annual coherence is visable-observed also between phytoplankton and nitrogen—The-DIN, Using the models
delitiion ot nutrient fmtaiion, e

definition of nutrient limitation, the spring bloom is phosphate limited throughout the run except for a few years after 1990

where diatoms

12



377
378
379

380 maximum-in-May-te-the-eyanobaeteria-bloem-inJulyare limited by nitrogen. Calculating instead limitation as given by mixed

381 layer N/P ratios generates a pattern in line with previous estimates (Schernewski and Neumann, 2004; Savchuk et al., 2008; Gustafsson et a
382

383

384 ittt i ROXt i i - W ite-We found strong coherence between river-

385 ine input of DIN and mixed layer DIN but not a similar relationship between riverine phosphate input and the corresponding

386 mixed layer concentration. As mixed layer salinity displayed in-phase inter-annual coherence with phosphate and only weak

387 anti-phase coherence with DIN we hypothesise that this is due to a greater importance of the flux of phosphate from lower

388 layers.

389 The mixed layer temperature in the Baltic Proper has increased during the 20th century. We found some response of this

390 mainly from the most temperature sensitive phytoplankton group cyanobacteria during periods of large interannual temperature

391 increases. Flagellates, being more temperature sensitive than diatoms, seems to display a coherence with the temperature

392 increase occuring after 1980.

393 Variations in mixed layer depth affects mainly diatoms as these have a high sinking velocity. In-phase coherence between

394 diatoms and mixed layer depth on periodicities shorter than one year indicates that large seasonal changes in the mixed layer

395 depth significantly affects the mixed layer eoncentrations-diatom biomass, while smaller interannual variations are of little

396 consequence.

397  hradiancedisplayed-verylite coherence-with-phytoplanktonInterannual variations in irradiance are unimportant for phytoplanktion
398 Dbiomass.

399
400
401
402
403
404
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406 5 Data availability

407 The model data on which the results in the present study are based on are stored and available from the Swedish Meteorological

408 and Hydrological Institute. Please send your request to ocean.data@smhi.se.
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Figure 1. Study area. The grey scale represents depth in m. The red dot represents the monitoring station BY 15
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Figure 2. The top panel shows riverine DIN (blue) and phesphate-DIP (red) loads to the Baltic proper as defined in Fig. 1. The bottom panel
shows mixed layer DIN (blue) and mixed layer phosphate (red) averaged over the study area.

18



Figure 3.

Diatoms

‘°

oy |
SYERRR R

1999 2000 2001

riag

2002 2003 2004 2005 2006 2007 2008 2009

o
=3
=)

and others
T T

]

| TN

0
1999 2000 2001

300

2002 2003 2004 2005 2006 2007 2008 2009

Cyanos

200

1gCl/I

o
IS}

’\

I

|

|

|

I

S}

J& I

\
A

1999 2000 2001

S

2002 2003 2004 2005 2006 2007 2008 2009

imulated (blue) and observed (red) biomass of diatoms (top), flagellates and others (middle) and cyanobacteria (bottom) at BY 15.

Figure 4.

Model

12 3 4 56 7 8 9

12 3 4 56 7 8 9

12 3 4 56 7 8 9
Month

Monthly means of simulated (left) and observed (right) diatoms (to

at BY15. Standard deviations are shown as errorbars.

Observations
100
Diatoms Diatoms
8
s 80
S
= a0
20
0
10 11 12 2 3 4 5 6 7 8 9 10 11 12
Flagellates 400 Flagellates
and
Others _ %0 Others
S
3

011 12 T2 3 4506 7 8 9 101 12
200

Cyanos Cyanos
150
G0
50
0

10 11 12 T2 3 456 7 8 9 1001 12

Month

19

, flagellates and others (middle) and cyanobacteria (bottom



(@)

S

w

|5

=

o
°
E
El
=
o

.mwwmmwmwwmmuuwwMMWWM‘l Q H 'l‘

1880 1900 1920 1940 1960 1980 2000

1880-2009
1880-1899
——— 1990-2009

Period [yr]

- " . .
1940 1960 1980 2000 O 5 10
Year Power [(mgChl m—3)2]

n L !
1880 1900 1920

Figure 5. Time-series of phytoplankton biomass (a) together with the corresponding wavelet power spectrum (b) and global wavelet spectrum
(c). More yellow means more power. The black curves in (b) represent the 95% confidence level relative to red noise. The white areas in
(b) represent the cone of influence in which the results are impacted by edge-effects and are therefore not shown. The different lines in (¢)

represent the global spectrum 1880-2009 (blue), 1880-1899 (green), 1990-2009 (red).

Diatoms Flagell

Oct
Sep Month of maximum
chl concentration
Aug
Jul

Jun

May

© 00 CWWO WO ®COVOO O O oo

Apr

Cyanos Diatoms+Flagell Cyanos

Oct
Sep
Aug ro o000 ® 0000 ® o @ OO O o
Jul
Jun

oo

o o

00000 00 0 00 @0 00 @00 00

May

Apr

Mar
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000

Figure 6. The month of maximum eeneentration-biomass of diatoms, flagellates and cyanobacteria as well as their sum.

20



n
sy

™
T

o
T

o
3
T

Anoxic Volume [1012m3]

0 I I I I I
1930 1940 1950 1960 1970 1980 1990 2000

-3
~

l

M”m ’

o
—

IS

Py '\
s \\HJ\ I\ ”“““
VWJ\.“W“J“ A

DIN [mmol N m]
n

A
i Y
‘

0 I I I
1930 1940 1950 1960 1970 1980 1990 2000

Phosphate [mmol P m? ]

o

7 o
©_6 13 E
e_|l “ 05 Z
=5 I 125 3
54
£ (i i TW iz £
E3 U‘h M“”‘“ ‘\ U‘H' i M 15 g
g2 I "‘ L 41 2
£ ”HUHW‘U Jo5 €
< o Mkt \m\m-v‘(&,«J‘u‘ww,mUN'M\«JW" £

| |
1930 1940 1950 1960 1970 1980 1990 2000
Year
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Figure 11. Wavelet coherence between mixed layer DIN concentration and diatoms (top), flagellates (middle) and cyanobacteria (bottom).
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Figure 12. Wavelet coherence between deep water NUTLIM and diatoms (top), flagellates (middle)
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Figure 15. Wavelet coherence between mixed layer salinity and phosphate concentration (top) and mixed layer salinity and nitrate concen-

tration (bottom). The right panels show the averaged coherence spectrum.
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Figure 16. Wavelet coherence between mixed layer temperature and diatoms (top), flagellates (middle) and cyanobacteria (bottom).
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Figure 17. Wavelet coherence between mixed layer depth and diatoms (top), flagellates (middle) and cyanobacteria (bottom).
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