Response to referee O.P. Savchuk

We again thank the referee for his valuable comments on the manuscript. In
addition to our previous response we will here provide som further comments
on the changes that have been made in accordance with the referee feedback.
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2.4.2
2.5.1
2.5.2

We have removed implications of causality where possible. We do however
retain the word “causes” in the title with reference to our earlier reply.

We have removed the observational part. We have instead chosen to
present the time-series and the wavelet spectrum of the simulated phyto-
plankton biomass together with the month of maximum chlorophyll max-
ima in Sect. 3.1. We have tried to make it clear that we are using only
simulated variables.

We have changed to “phytoplankton biomass” as well as added a comment
on the constant C:Chl ratio in Sect. 2.2.

We have removed discussions around the seasonal time-scale where pos-
sible. We have kept comments on the seasonal scale for the clear regime
shift shown in current Fig. 10.

Again, we have removed the observational parts from the manuscript.

We have tried to improve the structuring and motivation for the manuscript
mainly in the introduction and throughout Sect. 3. Much of the justifica-
tion certainly boils down to the use of a relatively new tool. However, as a
similar analysis has not previously been done for simulated biogeochemical
variables we feel that an illustration of its uses is valuable.

We have changed the title to: Causes of simulated long-term changes in
phytoplankton biomass in the Baltic Proper: A wavelet analysis.

We have removed “internal loads” where possible.

As stated in 1.6, we have tried to rework the introduction and section 3
in accordance with the referee comments.

This has been corrected.

We have removed unimportant equations from section 2. We have also
removed the faulty comment on phosphate and salinity.

We have clarified that it is only around the study area.
The comparison with observations have been removed

We have removed discussion on the seasonal scale for the riverine input.
We have further rewritten the section so that it is clear that we do not
imply causality. We have also removed previous Figs 6 and 7.
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Figure 1: Nitrogen or phosphate limitation as calculated with N/P ratios.

2.5.3 We have added a comment on that Nlim can become larger than one
(but not NUTLIM). However, as NUTLIM is what directly affects the
phytoplankton growth in the model we have kept this formulation. We
have added a discussion on that N/P ratios gives a different result more
inline with observations in Sect. 3.2 (see Fig. 1).

We have also added a note in the figure caption that simultaneous N and
P limitation is not possible.

2.5.4 For some quantities this might be helpful but we prefer the mixed layer
concept, as is much more straight forward when it comes to the physical
quantities. The sharp pycnocline inhibits vertical transfer, and is therefore
a more natural choice for studying variations in N and P concentrations.

2.5.5 We have tried to rework the section (now 3.2) so that the purpose of the
section is more clear. We have kept the figure showing our model results
for anoxic volume and deep water nutrients (now Fig. 5) since we believe
it to be necessary for the discussion.

3. We have adressed the minor comments.



Response to Referee #3

We again thank the referee for the valuable comments. Referee comments in
italics.
We have shortened section 2.2 and removed unnecessary equations.

o Already in the abstract combination of words mixed layer parameter con-
centrations appears as solid term. However I did not find in the text how it
was defined. Is it mean value of horizontal mean parameter in horizontal
mean mized layer? or it is integrated characteristic?

We have clarified that the parameters are horizontally and depth averaged
and not integrated.

e Salinity in the Baltic Sea and in the Baltic Proper have strong lateral
gradient. However, mized layer depth (MLD) was defined as constant
density difference. Could it be that with decrease of salinity MLD will
increase? Could it be that seasonal variability in surface effects MLD and
at the end all results ? The part with mixed layer definition should be
extended and some how emphasized. Maybe it makes sense to include it
as additional subsection.

Changes in salinity will effect the mixed layer depth due to its effect on
density, but this is captured in the definition of mixed layer as long as
the equation of state used to calulate the density difference depends on
salinity. The definition also captures the seasonal changes in mixed layer
depth when monthly mean profiles of salinity and temperature are used in
the calculation. The mixed layer definition is also standard and frequently
used both in models and on observational data.

e The basin integrated approach was used here (line 61). Would be good to
see in the text why this is acceptable (preferably in more than one sentence,
line 6

We have added a comment in section 2.1.

o  While SCOBI model is 1D model (line 67), I would suggest to show results
of wavelet analysis for idealized 1D cases. So it could be seen how certain
changes are reflected in final results of wavelet analysis. For my opinion
such sensitivity test could enhance conclusions. Otherwise, section 2.4
should be extended with some aspects of wavelet coherence.

We have improved section 2.4 to provide a better description of the wavelet
transform and wavelet coherence.

o Analysis focuses mainly on river loads and its changes. Other nutrient
sources like atmospheric deposition, exchange with other Baltic Sea regions
and there possible effect should be mention somehow

We have tried during the revision work to include the atmospheric deposis-
tion. Sadly, we only had yearly averaged values of the deposition to work



with and that is not good enough for the wavelet analysis. The horizontal
transports suffers from a similar problem. Here we have the velocity fields
and concentration fields but not their products, and we thus do not really
know the transports. In future work we plan to close these nutrient bud-
gets using online calculations, but in this current effort we have settled to
look at correlations with some of the most important forcings.

It could be considered to include wavelet analysis in to the title to my
opinion application of this method is among the most interesting aspects
of this manuscript

We have changed the title in accordance with the review comment.
Line 75: eq. 1. NFIX 1is nitrogen fixation term, in all phytoplankton
groups it looks strange. Is it a misprint?

We found the equation to be unnecessary and have therefore removed it.

Line 78: SINKIphy / SINKOphy is it sinking of phytoplankton?
We have removed the equation.
Lines 177 - 181: Paragraph is confusing. It starts with sentence about open

boundary, but last two sentences are probably about river loads. Please
specify in more details: what these assumption were applied to

We have rewritten.



o © 0o N o o A W NN =

_ a4 a4
W N =

14

15
16
17
18
19
20
21
22

Causes of simulated ; longtermlong-term changes in chlorophyll
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Rostock, Germany.
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Abstract. The co-variation of key variables with medeled-phytoplankton-coneentrations-simulated phytoplankton biomass in

the Baltic proper has been examined 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 interannual-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 inter-annual coherence of phytoplankton biomass with the
limiting nutrient. However, after 1950 the coherence is reduced due to high mixed layer nutrient concentrations diminishing
the effect of smaller long-term variations. 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 internal-Hoads+e—mixing of phosphate from deeper layers. 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 ebserved—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 deepwater-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 funetioning-of-the-biology and
the biogeochemistry. The Baltic Sea is naturally prone to eutrophication and organic matter degradation keeps the deep water
oxygen concentrations generally low 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 1950an—, intensive use of
agricultural fertilizer greatly enhanced the nutrient loads. P

TFhe-intensification—in-nutrienttoads-This led to an expansion of hypoxic bottoms (Carstensen et al., 2014)—Fhis-has-had

effeets-on, in turn affecting the cycling of nutrients through the system. Anoxic sediments have lower phosphorus retention
capacity resulting in increased deep water phosphate concentrations. Thereby, the flux of phosphate to the surface intensifies
even though the external loads have decreased after 1980 in response to improved sewage treatment. Furthermore, as the
anoxic area increases, the boundary-between-anoxic-and-oxic-sediments—area of interface between oxic and anoxic zones
where denitrification occurs also increases. This results 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 enhance 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 reduced phosphate retention

capacity, implicating a self sustained eutrophication where enhanced internal loads outweigh external load reductions.

proeessesSatellite 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 earlier start of phytoplankton
rowth season and timing of chlorophyll maxima (Kahru et al., 2016) .

the satellite record is already substantial and growing, interannual shifts and variations over the past century can not be
investigated in this way. Furthermore, the satellite record is restricted to a few surface variables. Shifts in nutrient composition
and deep water variables 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 (HELCOM., 2012) .

For multidecadal periods of gap free data the use of a model is required.
In this paper we construct a thorough analysis of the co-variation of phytoplankton eeneentration-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 we scrutinize the effect of nutrient loads, nutrient
concentration, temperature, irradiance and mixed layer depth on the modelled phytoplankton community.

The e

sAlthough
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himitation-and-its—correlation—with-phytoplankten—gap-free dataset provided by the model lets us decompose the variables in
time-frequency space using the wavelet transform. Two variables may than be compared using wavelet coherence (eg. Torrence and Compo,

X}

We have chosen to use a model run spanning 1850-2009. Thereby, we capture conditions relatively unaffected by anthro-
pogenic 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 funetioning-of-the-biology—Our-main

octsHes-in-inter-annual-variations-although-some-seasonal-shifts-wilk-be-investigated-biology.
drivers. They used the wavelet transform to identify periodicities and wavelet coherency to analyse the driving mechanisms.

2  Methods
2.1 Study area

The Baltic Sea contains several different sub-basins with different characteristics in salinity and nutrient loads. We have here
chosen to focus on the Baltic Proper. To obtain homogenous conditions we focus on the open ocean away from coasts. Areas
where the depth is less than 20m are therefore removed. The study area is displayed in Fig. 1.

We have chosen to use a basin integrated-averaged approach. All variables have thus been horizontally integrated-averaged
over the study area. This way we aim-te-gain-anremove local variability and hope to gain a better understanding of the everalt
funetioning-of-the-system.

2.2 Model

We have used a run with 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 et al.,
2009; Almroth-Rosell et al., 2011)is-a-one-dimensional-biogeochemical-model-that. The model solves for three different water
column and benthic nutrients (phosphate, nitrate and ammonia) as well as 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 t i
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GROWTHpyy + NFIX + SINKIpyy

SPHY

—SINKOpgy — MORTpy — GCRAZEpgy,

aphytoplankton 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 is described by the following expression,

GROWTHppy = ANOX:LTLIM:NUTLIMpny - GMAXpyy - PHY, (1)

where subscript PHY indicates the plankton funktional type (diatoms, flagellates or cyanobacteria). ANOX is a logarlthrmc

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 and-EFERM-is
further described in Sects. 2.2.1 and 2.2.2. GMAX is temperature dependent and describes the maximum phytoplankton growth
rate.

The difference between diatoms and flagellates are present in halfsaturation constants, maximum growth rate, temperature
dependence and sinking rate. Flagellates are more sensitive to a change in temperature than diatoms. Furthermore, the sinking
rate of diatoms is five times larger than that for flagellates.

The difference between cyanobacteria and the other phytoplankton species is more pronounced. Cyanobacteria can grow

either according to Eq. (1) or using nitrogen fixationaceording-to-

NFIX = ANOX-NF-A3

where NF-is-the-, The rate of nitrogen fixation as a function of the phosphate concentration and temperature;-ane-A3-is-the
coneentration-of eyanobaeteria. Both NFIX and GROWTH of cyanobacteria is zero if the salinity is above 10. Furthermore,
cyanobacteria is the most temperature sensitive of the phytoplankton groups and no sinking velocity is assumed.

Other processes important for our results involves chemical reactions occurring in the water column or in the sediment.
Denitrification occurs in both the water column and the benthic layer and constitutes a sink for nitrate in case of anoxia.
Nitrification transforms ammonium into nitrate as long as oxygen is present. Phosphorus is adsorbed to the sediment and the

benthic release capacity of phosphate is a function of the oxygen concentration where more oxygen implies less release. The
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phosphorus release capacity is also dependent on salinity where higher salinity means more-less phosphate is retained in the

benthic layer.
2.2.1 Nutrient limitation

Estimating nutrient limitation in nature is difficult. Usually this is done, either by comparing nutrient ratios to Redfield in eg.
the surface water or external supply or by some nutrient enrichment experiment (Granéli et al., 1990).

The idea of nutrient limitation as often used is based on that the primary production is directly limited by the nutrient
concentration in the ambient water and that the internal nutrient ratios in the phytoplankton are constant, i.e. in accordance with
a Redfield-Monod model (Redfield, 1958). However, cell-quota type models (Droop, 1973) are being increasingly implemented
and the use of constant internal nutrient ratios are becoming more and more questioned (Flynn, 2010).

Furthermore, N vs P limitation is a long standing debate. Tyrrell (1999) uses a box-modelling approach to show that in
steady state, nitrogen becomes slightly deficient while it is the external input and removal of phosphate that ultimately controls
the production.

Here, nutrient limitation is traditionally expressed assuming constand Redfield ratios and phytoplankton growth is limited

by either nitrogen or phosphate. The degree of nutrient limitation is described by:
NUTLIMPHY = miD(NLIMpHY 5 PLIMPHy) (2)

where NLIMpyy and PLIMpyy are the nitrogen and phosphate limitation respectively. In addition, NLIMpyy contains the

sum of the nitrate and ammonium limitation, i.e.

NLIMpy = NO3LIMpgy + NH,LIMphy, 3)
where
NO3
NO;LIM = -exp(— NH 4
3 KNO3piy £ NO3 exp(—o¢paY 4), “4)
NH4
NH LIM - = KNH4pyy + NH4’ ®

where NO3 and NH4 are the concentrations of nitrate and ammonium and KNO3pyy and KNH4pyy are the halfsaturation
constants for nitrate and ammonium respectively. The exponent in (4) represents-preferential-ammeonitim-accounts for inhibition
of nitrate uptake (eg. Dortch (1990); Parker (1993)).

PLIMpyy is modelled as,

PO4
POLLIM = . 6
: KPO4ppy + PO4 (©6)
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Nutrient limitation is thus described by a number between 0 and 1 where 1 is no limitation. Note that NLIM in Eq. (3) ma

obtain values larger than 1. However, as NUTLIM is calculated as the minimum of NLIM and PLIM, NLIM larger than one

will always mean P limitation,
The constants KNO3pyy, KNH4pgy and KPO4pyy are the half saturation constants and differs between the different

phytoplankton groups. The constant ¢ pgry in Eq. (4) determines the strength of ammonium inhibition of nitrate uptake. The

KNO3puy = 0.5/0.25/0.25
KNHipyy = 0.5/0.25/0.25
KPO4pyy = 0.1/0.05/0.05

¢py = 1.5/1.5/15

aNFC PO4
NUTLIMyp = o) ;
— aNFC -+ (Iﬁgiﬁpﬂé‘ ANF ) aNF - BNF + POy

2.2.2 Effect of physical parameters

Changes in cloud-cover affect the incoming solar radiation and thereby the phytoplankton growth. The effect of light shows up

in the LTLIM term of Eq. (1).
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I
LTLIM = fraclparlopt - EXP (1 - PAR’) ,
opt
IPAR(Z) = CYPARIO -EXP (7Kd . Z)
Iopt = nlaX(Iopt,min7 Qopt IO)
Kd = Kdy+Kdpuay +Kdy +Kdp
KdPHY = OKd (Al + A2 + Ag)

The mixed layer depth has been defined as the depth where a density difference of 0.125 kg m~2 from the surface is reached

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 matlab-routines-by-algorithms from Jackett et al. (2006).

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 done by Hansson et al. (2011) and by Meier and Kauker (2003) and hydrological model data by 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 loads from rivers and point sources were (1970-2006) compiled from the Baltic Environmental and HELCOM
databases (Savchuk et al., 2012). Estimates of pre-industrial loads for 1900 were based upon 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 2 shows the loads of Dissolved Inorganic Phosphorus (DIP, top) and Dissolved Inorganic Nitrogen (DIN, bottom)
to the Baltic Proper as used-in-the-modeldefined in Fig. 1. The loads are shown together with the corresponding simulated
mixed layer concentration. The loads are 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.



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

203 2.4 The wavelet transform and wavelet coherence

204 Several references explain the wavelet transform and its application in depth (e.g. Lau and Weng (1995) , Torrence and Compo (1998

205 Carey et al. (2016) , Grinsted et al. (2004) ) and we will here provide a brief introduction.

206 The continuous wavelet transform provides a method to decompose a signal into time-frequency space. In eentrast-to-the
207
208
210 WM% time-series. For-all-wavelet-caleulations—we-use-the-Matlab-wavelet
211 i i i

212 However, the fixed width of the window leads to an underestimation of low frequencies. In comparison, the wavelet transform

213 utilizes wavelets with a variable time-frequency window. Wavelets can have many different shapes and the choice is not
214 arbitrary. We have chosen the commonly used Morlet wavelet providing good time and frequency localization (Grinsted et al., 2004) .

215

216 In time-series with clear periodic patterns that is affected by environmental variables such as population dynamics and

217 ecology the benefits with this approach are significant (Cazelles etal., 2008) Sevefal—%udﬁ—haveﬂmplemeﬂfed—wave}et—&nalyﬁ%
218
219 iesIn recent years, several references have highlighted the usefulness of wavelet
220 analyses in plankton research (Winder and Cloern, 2010; Carey et al., 2016) . The focus have been the increased availability.

221 of long observational data sets making it possible to use the wavelet transform for investigation of changes in seasonality.
222 Carey et al. (2016) discussed how the wavelet transform can be used to track interannual changes in phytoplankton biomass

223 and applied it to a 16-year time series of phytoplankton in Lake Mendota, USA. In doing this they were able to identify

224 periods when the annual periodicity was less pronounced. They discuss the benefit of this technique in scrutinizing changes to

225 the seasonal succession due to changes in external drivers. Winder and Cloern (2010) applied the technique to time-series of
226 chlorophyll-a from marine and freshwater localities and discussed the annual and seasonal periodicities.

227 Wavelet coherence further expands the usefulness of the wavelet approach by allowing for calculating the time resolved
228 2004; Cazelles et al., 2008) . In this wa

coherence between two time-series (Grinsted et al. it is possible to identify transient
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eriods of correlation over different periodicities. The result is given as coherency as a function of time and period as well as a

hase 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

long compared to the investigated periods. This makes it difficult to use the method to scrutinize the effeet-coherence of
processes acting on longer time-scales, such as climate change, since long enough observational datasets are scarce. Hence, for

our purpose only a model based approach is feasible.

Here-we-tse-waveleteohereneeto-Schimanke and Meier (2016) used wavelet coherency on a multi-centennial model run to
evaluate the correlation of different forcing variables with the Baltic Sea salinity. We will here scrutinize the coherence between

mixed-layer-depthmodelled phytoplankton biomass and a few key modelled and forcing variables.
For all wavelet calculations we use the Matlab wavelet package of described in Grinsted et al. (2004) , which is freel

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

2.5 Observations

3 Results and discussion

The modelresults shown are monthly means integrated-averaged over the basin. The different variables have also been vertically

integrated-averaged over the mixed layer and/or from the mixed layer down to a depth of 150m. The-first-20-yrs-of-the-model

< extuded . . fFeets.
We start-eut-will begin in Sect. 3.1 by

ned: i 2-presenting the model results of phytoplanton biomass.
In Section 3.2 we will consider the composition of nutrients and its-effeet-on-the-phytoplankton-coneentrations—The-effeet

of-temperatare—and—irradiance—is—serutinized-the coherence with the phytoplankton biomass. Coherence between riverine
loads and mixed layer nutrients will be discussed in Sect. 3-4-and-in-Seet-—3-5-3.3. Section 3.4 examines the coherence of
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the-phytoplankton with temperature and irradiance. Finally, the coherence between mixed layer depth with-phyteplankten-is
examined—and phytoplankton biomass is considered in Sect. 3.5.

3.1 Phytoplankton —medel-and-ebservationsbiomass

medelef The wavelet power (variance) of the 6
{d%decom osed signal (in color) is displayed as a function of time (x-axis) and period (y-axis). The black curves in F1g —

95% confidence level relative to red noise.

Averaging over time generates the global power spectrum displayed in Fig. 3 (c). The wavelet spectrum clearly reveals two
main periodicities - the annual and the semi-annual representing the spring and tate-sammer-blooms—Thesmallerdifference-in

speetrum(panekte)inFig—27)-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. 4 shows that a similar pattern emerges from our model run with five years of cyanobacterial chlorophyll

10
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3.2 Nutrients and nutrient limitation

The extent of anoxic bottoms in the Baltic Sea has increased markedly over the past century. Carstensen et al. (2014) found

a 10-fold increase in the hypoxic area since the beginning of the 20th century. They explained this to be primarily due to
increased nutrient loads causing increased primary production and resulting in an enhanced deep water respiration.

and DiN-(bottom) Changing nutrient patterns in the Baltic Sea due to spreading hypoxia have been discussed by e.g. Conley et al. (2002); Sa
Anoxia causes sedimentary phosphate release. A clear relationship between hypoxia and total basin averaged phosphate was
first shown by Conley et al. (2002) (and later expanded by Savchuk (2010) ) on observational data from the Baltic Proper.
The effect of hypoxia on DIN is less straight forward, Expanding hypoxia increases the boundary area between anoxic
and oxic water where denitrification occurs resulting in a further loss of nitrate. Furthermore, hypoxia induced reduction in
nitrification results in a loss of nitrate. Vahtera et al. (2007) found a negative relationship between basin averaged DIN and

hypoxic area in observations from the Baltic sea.

illustrate the changing nutrient patterns for our model run in Fig. 5. In conjunction with the increased anoxic volume we find a

clear increase in ammonium and a decrease in nitrate. This is due to a decrease in nitrification and an increase in denitrification.

The phosphate concentration increases from the mid 20th century through the rest of the model run dees-net-even-giveroom

coneentrations-over-the-second-half-of the 20th-centuryas a combined effect of the accumulated terrestrial inputs and hypoxic

sedimentary release.

33 Nutri 1 ient limitati
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effect of nutrients on the primary production is in the model controlled by the term NUTLIM, or degree of nutrient limitation,
in Eq. (1). We-thus NUTLIM can be viewed as a measure of the nutrient composition that linearly affects the phytoplankton
growth in the model. We will examine this term in and below the mixed layer. Even though there is no primary production in
the deep water and thus the nutrient limitation term has no effect here, a shift in the composition of nutrients in the deep water
will affect also the mixed layer. NUTLIM for the-different-plankton-groups-diatoms and flagellates has been calculated offline
from the monthly means according to EgsEq. (2)and-7.

The evolution of NUTLIM in the surface layer and the deep water for diatoms and flagellates is shown in Fig, 6. There is a
clear increase over the 20th century and a shift towards less limited conditions (NUTLIM approaching 1).

Nitrogen has been shown to most often be limiting in the Baltic Proper, while phosphate is limiting in the northern

basins (Granéli et al., 1990; Tamminen and Andersen, 2007). HeweverSchernewski and Neumann (2004) showed through a
reconstruction of the Baltic Sea trophic state in the early 1900 that N/P ratios in the Baltic Proper have decreased but that much

of the domain still indicated N limitation.
Using the models definition of nutrient limitation, our model results, displayed-shown in Fig. 7, shew-display phosphate
limitation for both diatoms and flagellates for the earlier part of the run. After 1980, seasonality appears in the mixed layer.

Phosphate is still limiting during winter while nitrogen becomes limiting after the spring bloom. Calculating N/P ratios as

a more conventional measure of nutrient limitation, our model results diplay instead a shifting pattern until 1976 whereafter
ersistant N limitation develops (not shown).
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asThe changing nutrient patterns affects the
hytoplankton growth. We analyse the wavelet coherencies of phytoplankton biomass with mixed layer phosphate and DIN in

Figs. 8 and 9.

are-the-meost-Coherency is shown in color as a function of year (x-axis) and period (y-axis). More yellow indicates stronger
coherence. The arrows reveal the phase-lag between the two time-series. The line plots on the right show the time averaged

coherence. As the strongest nutrient limited groupshew-streng-, diatoms show persistant inter-annual coherence with phosphate
during the first, consistently phosphate limited part of the run (see Fig. 7). During the later part of the run the nutrient and

phytoplankton concentrations are se-high-high enough that smaller inter-annual variations have little effect.
Since nitrogen limitation in the model only occurs after 1980 and after the spring bloom and thus only affects the much

smaller diatom and flagellate autumn blooms no coherence between phytoplankton and nitrogen is visable in Fig. 9.

TnFig—10-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 %hfee+ypes—ef—phﬁep¥afﬂeteﬂ%gaﬂ+—theeehefeﬁee—€peemm
biomass. The result is shown in Fig. 10. The phase arrows here display some interesting features. After 1980 the phase arrows
within the annual coherence period change direetionto the opposite direction. For diatoms, the phase shifts from NUTLIM
preceding diatoms by three months to diatoms preceding nutlim by the same amount. Flagellates display a similar shift. This

To investigate the-reasens-for-this, we have plotted the month of maximum NUTLIM in Fig. 11. The figures show a clear

shift occuring after 1980. Below the mixed

layer, NUTLIM changes its maxima te-the-late-summer-menthsfrom December and January to July, August and September
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while a slight shift from February to March is apparent for diatoms. Mixed layer NUTLIM for flagellates displays no clear
shift.

33 Nutrient loads

The wavelet coherence between mixed layer nutrients and riverine input is shown in Fig. 12. We have used riverine DIN and
DIP loads in the results presented below. The use of instead total bioavailable nutrient loads does not change the results.

The phosphate loads show little coherence on periodicities longer than one year but DIN displays strong inter-annual
coherence. The phase-arrows indicate a phase-lag of about minus 45° on all inter-annual periodicities. For an 8 year period this
means that riverine input precedes 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. 13. Mixed layer salinity
is affected by freshwater input from land, 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 between salinity and DIN on periodicities longer than one year is antiphase i.e. low

salinity here coheres with high DIN concentrations. In contrast, the 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.

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 14 shows the 2-yr moving average of mixed layer
temperature. To scrutinize the effect of temperature on the concentration of phytoplankton, the wavelet coherence between
temperature and phytoplankton have been plotted in Fig. 15. The results 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.
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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 semiannual.
3.5 Mixed layer depth

The lower panel of Fig. 14 shows the two year moving average of mixed layer depth averaged over the basin. We calculate the
coherence between mixed layer depth and diatoms, flagellates and cyanobacteria in Fig. 16.

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 concentration of diatoms 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 decreases
faster than in a deep mixed layer because of the large sinking rate. In the wavelet coherence spectrum we thus see in-phase

short term coherence.

4 Summary and conclusions

With a main-focus on inter-annual variations, the coherence of the mixed layer eoneentrations-of phytoplankton-phytoplankton
biomass with key variables affecting the primary production has been examined for the Baltic Proper.

We-further-found-that-the-We found that the pattern of nutrient limitation in and below the mixed layer have changed in
the model since 1980. Below the mixed layer, the limitation pattern changes from phosphate to nitrogen for diatoms and to
seasonally shifting between phosphate and nitrogen. Within the mixed layer, the pattern changes from pure phosphate limitation
to seasonally shifting for both diatoms and flagellates. This is due to decreased deep water oxygen concentrations and a rapid
expansion of anoxia after 1970. The phosphate concentrations increase due to enhanced sedimentary release, denitrification
results in loss of nitrate and reduced nitrification decreases the transformation of ammonium to nitrate. The combined effect
results in nitrogen limitation after the spring bloom which benefits cyanobacteria.

The mixed layer concentrations of nutrients affect the primary production in the model through the nutrient limitation term,
NUTLIM. The phytoplankton group most strongly limited by nutrients in the model is diatoms. The connection between pri-
mary production and the nutrient limitation term is visable as a strong inter-annual coherence between diatoms and phosphate

as well as NUTLIM before 1940. After 1940 NUTLIM as—weH-as-and the concentrations of the individual phytoplankton
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species has-have gained such high values that smaller inter-annual variations have little effect on the production. Similarily, the
less nutrient sensitive group flagellates shows much smaller inter-annual coherence with phosphate even before 1940. NUTLIM
for this group is already high enough so that small long-term variations do not reflect strongly in the results.

Very little inter-annual coherence is visable also between phytoplankton and nitrogen. The spring bloom is phosphate limited
throughout the run except for a few years after 1990 where diatoms display nitrogen limitation. The much weaker diatom and
flagellate autumn bloom displays no inter-annual coherence with DIN most likely due to the high NUTLIM levels.

The shift in nutrient limitation patterns is also visable in a slight forward shift in the month of maximum mixed layer
NUTLIM for diatoms after 1980, although a similar shift cannot be seen for flagellates. Below the mixed layer, maximum
NUTLIM shifts significantly towards late summer for both diatoms and flagellates. Furthermore, the annual maximum of total
chlorophyll concentration (Diatoms + Flagellates + Cyanobacteria) displayed a few years at the end of the run where the
maximum corresponded to the autumn bloom due to the large increase in cyanobacteria. This is in agreement with Kahru et al.
(2016) who found from satellite data that the annual chlorophyll maximum has shifted from the spring bloom maximum in
May to the cyanobacteria bloom in July.
has initiated spreading of anoxic bottoms (Carstensen et al., 2014) . We found quite strong coherence between riverine input of
DIN and mixed layer DIN but not a similar relationship between riverine phosphate input and the corresponding mixed layer
concentration. As mixed layer salinity displayed in-phase inter-annual coherence with phosphate and only weak anti-phase
coherence with DIN we hypothesise that this is due to a greater importance of the flux of phosphate from lower layers.

The mixed layer temperature in the Baltic Proper has increased during the 20th century. We found some response of this
mainly from the most temperature sensitive phytoplankton group cyanobacteria during periods of large interannual temperature
increases. Flagellates, being more temperature sensitive than diatoms, seems to display a coherence with the temperature
increase occuring after 1980.

Variations in mixed layer depth affects mainly diatoms as these have a high sinking speedvelocity. In-phase coherence on
periodicities shorter than one year indicates that large seasonal changes in the mixed layer depth significantly affects the mixed
layer concentrations while smaller interannual variations are of little consequence.

tittte-effeet-on-the primary produetionlradiance displayed very little coherence with phytoplankton biomass.

In conclusion, interannwal-variations-have-af i i it
before 1956 in-our modetrun-through studying inter-annual wavelet coherence between simulated phytoplankton biomass and
key variables we have found that phytoplankton showed strong coherence with the limiting nutrient before 1950. After that

nutrients and phytoplankton exists in the water column at such high concentrations that smaller interannual variations have

much less effect. Furthermore, the mixed layer concentrations of DIN show strong interannual coherence with riverine DIN
input while riverine phosphate displays almost no coherence with the corresponding mixed layer concentration. Instead, in-

phase coherence with mixed layer salinity indicates a stronger importance of mixing with lower layers. Expandinglow-oxygen
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bleemTemperature displays some inter-annual coherence with the more temperature sensitive flagellates.

5 Data availability

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

and Hydrological Institute. Please send your request to ocean.data@smbi.se.
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Figure 1. Study area. The grey scale represents depth in m.
50 2
s 5
=4 f=4
s S
= k)
=z o
o | 1 o
2 2
o i s
é I '\ | iy é
1l \
‘MK Ul\ W\Vl ‘WV\ nlm i ﬂ L b
‘ ‘ ‘ o
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
E A
E E
S5\ \ 11 8
£ ‘\ il &
z R
° M 2
£ 3
_%’ H ” \ \‘ §
s " (it g
0 thﬂmlllllllllllmhﬂﬂdh " Ll ‘ 0

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Year

Figure 2. The top panel shows riverine phesphate-toads-DIN (blue) and mixed-tayer-coneentration-of-phosphate (red) and-the-loads. The
bottom panel shows riverine-mixed layer DIN (blue) and mixed-tayerBEN-phosphate (red).
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Figure 3. Wavele e e e hate-and-mixed-layer-phosph ate-coneentration-Time-series of phytoplankton biomass
(topa) together with the corresponding wavelet power spectrum (b) and riveri k tonglobal wavelet spectrum
(bettomc). More yellow means more power. The arrows-indieatesblack curves in (b) represent the phase fag—Whenpeinting 95% confidence.
level relative to red noise. The white areas in (b) represent the right-cone of influence in which the two-time-seties results are in-phase

impacted by edge-effects and when—pointingin-the-opposite-direction—anti-phaseare therefore not shown. The right-panels-—show-different
lines in represent the integrated-coherencefor-the-whote-period-global spectrum 1880-2009 (blue)and-before-, 1880-1899 (green)and-after-,

1990-2009 (red) 4956~
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Figure 4. Waveleteoherenee-between-mixed-ayersalinity-and-phosphate- The month of maximum concentration (tep)-of diatoms, flagellates
and mixedHayer-salinity-and-nitrate-concentration-(bottorjcyanobacteria as well as their sum. Therightpanels-show-theintegrated-coherenee
speetram—
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Figure 5. Wavelet-coherence—between—riverine—phosphate—and—diatoms—Time-series of anoxic volume (top), flageHates—below mixed
layer concentrations of DIN (nitrate + ammonium, blue) and phosphate (red) (middle) and eyanebacteria—nitrate (blue) and ammonium
(red)(bottom). Fhe-right-panels-show-the-integrated-speetrunn
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Figure 6. Waveletcoherence between riverine DHN-and-diatoms-Time-series of nutrient limitation in the mixed layer (top) -ftagetates-and
below (middlebottom) for diatoms (blue) and eyanobacteria-flagellates (bottomred). The right-panels-thicker lines in the top panel show the

integrated-speetrtumSyr moving average.
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Figure 7. Nitrogen or phosphate limitation as function of time in the mixed layer (upper panels) and in the deep water (lower panels) of

diatoms (left panels) and flagellates (right panels). Note that simultaneous N and P limitation is not possible although the size of the rings in
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Figure 8. Wavelet coherence between mixed layer phosphate concentration and diatoms (top), flagellates (middle) and cyanobacteria (bot-

tom). More yellow means more coherence. The arrows indicate the phase lag. When pointing to the right the two time-series are in phase and
when pointing in the opposite direction anti-phase. The right panels show the coherence averaged over the whole period (blue) and before
reen) and after (red) 1950.
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Figure 9. Wavelet coherence between mixed layer DIN concentration and diatoms (top), flagellates (middle) and cyanobacteria (bottom).
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Figure 10. Wavelet coherence between deep water NUTLIM and diatoms (top), flagellates (middle)and-eyanobacteria(botton)
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Figure 11. The month of maximum NUTLIM for diatoms (left) and flagellates (right) in the mixed layer (top) and below (bottom).
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Figure 12. The-month-of-maximum-Wavelet coherence between riverine phosphate and mixed layer phosphate concentration ef-diatoms;
flageHates—(top) and eyanobacteriaas-welt-as-theirsumriverine DIN and mixed layer DIN concentration (bottom). The arrows indicates the

hase lag. When pointing to the right the two time-series are in phase and when pointing in the opposite direction anti-phase. The right panels

show the averaged coherence for the whole period (blue) and before (green) and after (red) 1950.
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Figure 13. Wavelet coherence between mixed layer salinity and phosphate concentration (top) and mixed layer salinity and nitrate
concentration (bottom). The right panels show the averaged coherence spectrum.
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Figure 14. 2-yr moving average of mixed layer temperature (top) and mixed layer depth (bottom).

Period [yr]

L L —
1880 1900 1920

Period [yr]

Period [yr]

L i ) = = L -
1880 1900 1920 1940 1960 1980 2000 O 0.5 1

Figure 15. Wavelet coherence between mixed layer temperature and diatoms (top), flagellates (middle) and cyanobacteria (bottom).
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Figure 16. Wavelet coherence between mixed layer depth and diatoms (top), flagellates (middle) and cyanobacteria (bottom).
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