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Abstract: This study compiled and updated data for constructing the phosphorus budget of the
Archipelago Sea, with a particular focus on estimating the size of phosphorus pools associated with
fish populations. Biomass data and species-specific phosphorus content were used, and a
bioenergetic modeling approach was applied to Baltic herring (Clupea harengus membras) and
European perch (Perca fluviatilis) to estimate species-specific food consumption and nutrient
excretion. Between 2001 and 2024, average total phosphorus concentrations were 28% higher than
during the baseline period of 1983-1989. From 1998 to 2023, the annual average fish catch in the
Archipelago Sea was 15,516.5 tons (16.3 kg/ha), of which 73.1% consisted of commercially harvested
herring. The annual catch contained, on average, 83.4 tons of phosphorus. Fishing may have removed
annually phosphorus equivalent to approximately 0.6% of the total phosphorus pool in the water
column and surface sediment, or 1.4% of the estimated total phosphorus load of the Archipelago Sea.
The contribution of fish to phosphorus turnover is minor; phosphorus recycling is dominated by
plankton. Planktivorous fish and their prey recycle nutrients already present in the water column
and are therefore not the root cause of eutrophication.

Keywords: keyword 1; keyword 2; keyword 3

1. Introduction

Eutrophication is recognized as the greatest threat to freshwater and coastal marine ecosystems
globally [1], due to its well-documented adverse impacts on aquatic ecosystem structure and
functioning. This is also reflected in the current ecological status of the Baltic Sea, with particular
emphasis on the Archipelago Sea, located in the northern Baltic Sea [2]. Achieving improved
conditions often requires substantial reductions in nutrient loading [3]. However, since such
reductions are generally challenging to implement, various action plans have proposed the removal
of nutrients bound in aquatic biomass as a complementary measure. The underlying idea is that this
could partially compensate for the required nutrient reductions. This approach has also been
considered in efforts to improve the ecological status of the Archipelago Sea [4].

An alternative strategy that has been proposed involves intensifying fishing activities to
facilitate the removal of nutrients—primarily phosphorus and nitrogen—bound in fish biomass.
However, it has also been suggested that, in many cases, retaining fish populations in the ecosystem
may be more beneficial for the marine nutrient cycle. More effective reductions of nutrient availability
in eutrophic systems plausibly favour the ‘protection’ rather than removal of fish to allow
sequestration of internal nutrients into biomass of macrobiota rather than microphytic organisms
[5,6].

All living organisms inherently contain nutrients incorporated into their biomass, collectively
forming internal nutrient pools within ecosystem sinks [7]. Unless physically or biologically
translocated, these biomass-stored nutrients return to the surrounding environment upon death and
decomposition. In aquatic ecosystems, fish can function both as temporary nutrient sinks and as
potential sources of phosphorus, due to the accumulation of nutrients in their biomass. While fish
often represent a substantial internal nutrient pool —frequently acting as a nutrient "sink" [8] —their
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role in internal nutrient recycling may be relatively minor, owing to comparatively slow biomass
turnover rates; for example, 367 days for fish versus 3.2 days for phytoplankton [6,7].

When evaluating the effectiveness of various measures aimed at reducing eutrophication,
conclusions are often based on overly simplistic comparisons—for example, contrasting the amount
of phosphorus removed through fish harvesting with phosphorus inputs from riverine sources [9].
However, impact assessments should also consider what would happen to the nutrients contained in
fish if they remained within the ecosystem's biogeochemical cycles instead of being extracted through
fishing. Additionally, it is important to assess how from fish—such as fecal matter and excretions—
affect the ecological status of the marine environment. In all cases, establishing a comprehensive and
detailed nutrient budget for the target area is essential. This budget should be appropriately linked
to the nutrient dynamics of fish populations within the specific ecological context.

This study involved compiling and updating data used to construct the phosphorus budget of
the Archipelago Sea. As in this and previous nutrient studies conducted in the region [10,11], total
phosphorus (TP) was used as a proxy for the nutrients available to planktonic organisms. Emphasis
was placed on assessing the size of phosphorus pools associated with fish populations in the
Archipelago Sea, using biomass data and species-specific phosphorus content. The results provide
insight into the role of fish in the regional phosphorus budget and underscore their significance in
long-term nutrient storage.

To support the assessment, a bioenergetic modeling approach [12] was employed for Baltic
herring (Clupea harengus membras) and European perch (Perca fluviatilis) to estimate species-specific
food consumption. The difference between the phosphorus intake via diet and the phosphorus
retained in somatic growth was used to quantify the annual phosphorus recycling mediated by these
fish. Bioenergetics models are frequently applied to understand growth or resource use by fishes
under specified environmental conditions and can be scaled up to the ecosystem or community level
if informed by knowledge of population dynamics [13].

2. Material and Methods

2.1. Study Area

The Archipelago Sea is located between the Baltic proper and the Bothnian Bay (Figure 1). The
total area of the Archipelago Sea is about 9500 km?, and the water volume is 213 km?. The combined
surface area of the mainland-side water bodies of the Archipelago Sea is 6191 km?[10]. Detailed
descriptions of its characteristics, and water quality trends are presented in my previous articles
[10,11,14].
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Figure 1. Map of the Archipelago Sea and the locations of water quality monitoring stations. The blue line
indicates the boundary of the Archipelago Sea. Water quality observation stations are marked on the map with
green circles and labeled. Square 29 is a statistical unit defined by ICES, and within it, the smaller squares 50, 51,
and 52 are national units. Sub square 47 belongs to ICES square 30, but for the purposes of this context, it is

considered part of the Archipelago Sea.

The most important catch species in commercial fishing in the Archipelago Sea is the Baltic
herring (Clupea harengus). Cod (Gadus morhua) was still abundant in the 1980s, but since then, the
species has become rare. Commonly occurring fish species in the Archipelago Sea include perch
(Perca fluviatilis), pikeperch (Sander lucioperca), pike (Esox lucius), smelt (Osmerus eperlanus), and three-
spined stickleback (Gasterosteus aculeatus). Various cyprinid species, such as roach (Rutilus rutilus),
bream (Abramis brama), and ide (Leuciscus idus), are also prevalent. Less frequently represented in
commercial catches are sprat (Sprattus sprattus), flounder (Platichthys flesus), burbot (Lota lota),
Atlantic salmon (Salmo salar), and sea trout (Salmo trutta trutta).

2.2. Phosphorus Budget of the Archipelago Sea, Water Quality and Phytoplankton

Helminen [10] stated that the phosphorus load to the Archipelago Sea (6,191 km?)—including
diffuse sources, natural leaching, point sources, and atmospheric deposition—has averaged 575 tons
per year (t/a) between 2000 and 2023. Based on river water measurements, 27.6% of the total
phosphorus is in dissolved inorganic form (DIP).

Estimates of internal phosphorus loading have varied greatly depending on the source and
calculation method [10,15,16]. Lignell et al. [16] estimated internal P load to be as high as 3,553 tons
per year in the FICOS model. According to Helminen [10], this mainly represents an estimate of the
gross phosphorus load originating from the sediment. In his study [10], the internal phosphorus load
of the Archipelago Sea was estimated at 1403 tons per year (t/a) and during the biological production
season, 269 tons, or 19%, of this load is transported to the surface layer (0-10 m). Furthermore, during
the spring bloom, an estimated 1518 tons of phosphorus is removed from the surface layer with the
sinking plankton mass.

Estimates of the background phosphorus load coming from other marine areas also depend on
the definition and the modeling approach used. Helminen [17] estimated the net inflows of simulated
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phosphorus into the Archipelago Sea to have been 580 tons per year during the period 1993-1997. In
the new 2024 model simulations [11], the net phosphorus load for the years 2000-2014 was estimated
at approximately 450 tons per year, of which 120 tons was directed to the southern Archipelago Sea
during the summer. According to the model, the situation changed significantly in 2015 as surface
currents began to flow southward from the Archipelago Sea [11]. In their model publication ([16];
table 2), Lignell et al. report that during the years 2006-2014, the background phosphorus load
entering the Archipelago Sea via the southern boundary was 2,460 tons per year, while 845 tons per
year flowed out through the northern boundary, resulting in a net effect of 1,615 tons per year. In this
respect, the result differs significantly from the estimates published by Helminen [11].

The water volume of the Archipelago Sea has previously been estimated at approximately 220
km?, and the size of its phosphorus reservoir varies seasonally [10]. However, the exact size of the
reservoir has not been calculated in detail. In this study, the amount of phosphorus in the water phase
of the Archipelago Sea was calculated for three periods: winter (January 1-March 31), the early
summer minimum (May 15-June 15), and the ecological classification period (July 1-September 7),
across different archipelago zones with known surface areas. The volumes of the different depth
zones were presented in a previous study ([10]; Table 2).

The monitoring stations included Turm 205 in the inner archipelago (Figure 1), whose
phosphorus concentrations are known from previous research [14] to represent the average levels in
the area. The intermediate archipelago was represented by the Seili intensive monitoring station, and
the outer archipelago by the intensive stations at Ut6 and Brando (Figure 1). The data covered the
years 2001-2024. The water quality of the Archipelago Sea has been monitored for an extended period
with standard methods, and the data are available through the open data service VESLA of the
Finnish Environment Institute (https://www.syke.fi/fen/environmental-data/maps-and-information-
services/open-environmental-information-systems, accessed on 31 May 2025). VESLA includes
physio-chemical measurement results of national and regional monitoring, carried out by regional
environment centers, as well as local statutory monitoring results conducted by private companies
and water protection associations. The VESLA service also includes the phytoplankton and test
fishing registers, the latter of which requires login credentials. For a more detailed description of the
methods, see Helminen [14].

Phosphorus concentrations in the Archipelago Sea were lower in the 1980s than in the 2000s,
when the rising trend began to level off [18]. Unfortunately, water quality data needed to estimate
the size of the phosphorus budget at the southern and northern edges (Uté and Brando) have only
been collected since around the turn of the 2000s. However, comprehensive data have been available
from the intensive monitoring station at Seili since 1983. Based on these data, total phosphorus
concentrations in the Inner Archipelago could be calculated using the same method as in the 2000s.
Using the results, the change in the total phosphorus reservoir of the entire Archipelago Sea was
assessed for the periods 1983-1989 and 2001-2024.

According to studies by Puttonen [19,20], the top 2 cm layer of accumulation bottoms in the
Archipelago Sea’s seabed contains 3.5 grams of potentially mobile phosphorus per square meter (or
tons per square kilometer). Of the Archipelago Sea’s 9,300 km? marine area, 61% consists of
accumulation bottoms. Therefore, the potential reservoir of mobile phosphorus in the surface layer
of the sediment in the Archipelago Sea is estimated to be 19,856 tons [19].

2.3. Catch Statistics

The catch data for various fish species in commercial fishing, starting from the year 1980, has
been obtained from the official statistics produced by the Natural Resources Institute Finland (LUKE)
[21]. Recreational fishing catch data has been available starting from 1998 and has been collected
every other year [22]. The missing data for the intermediate years were estimated as the average of
the preceding and following years.

In this study, the data for the Archipelago Sea was compiled from grids 47 (50H1), 50 (49H0), 51
(49H1), and 52 (49H2) (Figure 1). The numbers in parentheses refer to the grid codes used by LUKE.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0709.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 June 2025

Grid 47 is classified under the Bothnian Sea according to the ICES division [23], but in practice it
largely belongs to the Archipelago Sea, as the majority of, at least, the herring and perch catches are
obtained from its southern edge.

Supplementary test fishing data from the Brunskér station (N6668589-E194444, ETRS-TM35FIN)
within the Archipelago Sea were obtained from the VESLA test fishing registry, covering the period
2002-2023. Gear type used in fisheries independent surveys is the Nordic coastal multi-mesh gillnet
[24].

2.4. Herring Stock Assessment

The size of the herring stock was assessed in more detail for the years 1988 and 2023 for the
purposes of food consumption and excretion calculations, based on fish catch statistics [21] and
model results presented in the annual reports of the ICES Baltic Fisheries Assessment Working Group
[23,25]. Of these, the year 1988 represents a situation when the annual herring catch was at its highest
(29,507 t/year), and the year 2023 represents the current state with low catch levels (7,248 t/year).

In the 2024 ICES report [23], Table 4.2.3 presented the total catch from year 2023 in grid 29 by
age group in number of individuals and the average weights (g) of the age groups. The estimated
number of individuals in each age group in the catch was obtained by scaling the total catch in grid
29 (12,727 t) to the catch from the study area of this research (7,248 t). In the 2022 ICES report [25], the
herring stock model still provided coefficients by which the spawning stock size and total biomass
could be estimated based on the catch data for different years (Table 4.2.15). In 2023, the model
structure was revised, and this information was no longer available. In this study, I used the 2018-
2021 average conversion factors: yield/ssb = 0.415 and yield/totalbio = 0.256.

Table 4.2.5 in the 2024 ICES report [23] contains the 1988 catch data in number of individuals for
grids 25-32, but not separately for grid 29. The estimated number of individuals in each age group in
the 1988 catch was obtained by scaling the total catch from grids 25-32 (262,558 t) to the catch from
the study area of this research (29,507 t). According to the 2022 ICES report [25], Table 4.2.15 provided
conversion factors for estimating the 1988 spawning stock biomass (55B) and total biomass from catch
data. Specifically, the ratios were yield/ssb = 0.252 and yield/totalbio = 0.169

Herring spawns in the littoral zone of the Archipelago Sea between early May and the end of
July [26]. After spawning, the fish migrate to their feeding areas offshore and live there until the next
reproduction. Thus, in the Archipelago Sea area, the abundance of herring varies significantly
depending on the season. Unfortunately, no echo sounder surveys, or other assessments have been
conducted in the Archipelago Sea area to estimate the magnitude of this variation. However, it can
be assumed that during the period from July 1 to October 31, the herring spawning stock and most
individuals are feeding either in the open waters of the Bothnian Sea or in the Baltic Proper [27]. In
the food consumption calculations, the herring stock (age group 1 and older) is assumed to obtain its
food in the Archipelago Sea area during the winter period (November 1 to March 31) as well as in the
spring and early summer (up to June 30). YOY (young-of-the-year) herring spend their entire first
year feeding in the Archipelago Sea.

In the northern Baltic Sea, herring attains maturity generally at the age of 3 years [27], but
according to ICES 2024 [23], around 74% of herring in the 2020s are estimated to have reached sexual
maturity by the age of two. In this study, the spawning stock of herring is assumed to consist of
individuals aged two years and older.

2.5. Perch Stock Assessment

According to Kokkonen et al. [28], perch catches in the Archipelago Sea peaked in the late 1990s,
reaching nearly 2,000 tons per year. In their study, they estimated the number of perch recruits (n;
age group 3 years) and the size of the spawning stock (biomass in tons; age groups 5-14) for the years
1981-2009. According to marine fishery statistics [21,22], perch catches in the Archipelago Sea have
remained well below those peak levels since 2009.
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In this study, the effects of the late 1990s perch population were simulated, and for that purpose,
the number of recruits was based on the average number of 3-year-old recruits from the years 1994—
1997, scanned from Figure 3a in the study by Kokkonen et al. [28]. It was 31,25 x 10¢. Similarly, the
spawning stock biomass was estimated based on Figure 3b [28] as the average for the years 1998-
2001. It was 7,000 tons.

The simulation for the stock assessment required perch growth data because the size of the
spawning stock was reported as biomass. The growth data were obtained from the study by Setéla et
al. [29], from which they were scanned from Figure 20. Next, the biomass estimates for age groups 4-
10 was calculated using the abundance estimate of age group 3 and an iterated annual mortality rate
of 0.4. This resulted in a spawning stock size (age groups 4-10 years) of approximately 7,100 tons,
which was sufficiently close to the average observed in the data for this assessment.

2.6. Bioenergetic Models

Bioenergetics models are formulated as an energy balance equation: C=R+ A +SDA+F+ U +
G, where energy input (i.e., consumed food, C) is balanced by metabolic demands (standard
metabolism, R; energy expenditure due to activity, A; and specific dynamic action, SDA, or the energy
required to digest food), waste losses due to egestion (F) and excretion (U), and somatic and/or
gonadal growth (G); units for all terms are typically joules per day.

The computation was conducted with Fish Bioenergetics 4.0 (FB4), a newly developed modeling
application [12]. FB4 uses an R-based analytical approach that consists of a graphical user interface
application [30] and an independent modeling package to be used in the R computing environment
[31]. The FB4 model application includes pre-parameterized equations for herring [32] and perch [33]
(Table 1).

Table 1. The parameter values used in the bioenergetics model for herring (Clupea harengus) [32] and perch (Perca
Sluviatilis) [33].

Herring Perch
Consumption equation 3 2
CA 0.642 0.4
CB -0.256 -0.27
CQ 1 3.9
CTO 13 23
CT™ 15 28
CTL 23
CK1 0.1
CK4 0.01
Respiration equation 1 2
RA 0.0033 0.0108
RB -0.227 -0.2
RQ 0.0548 2.8
RTO 0.03 28
RTM 0 33
RTL 9 0
RK1 15 0
RK4 0.13 0
RK5 0
ACT 3.9 1
BACT 0.149 0
SDA 0.175 0.15
Egestion equation 1 3
FA 0.16 0.158
FB 0 -0.222
FG 0 0.631
Excretion equation 1 3
UA 0.1 0.0292
UB 0 0.58
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UG 0 -0.299
Predator equation 1 1

2.6.1. Herring Growth and Energy

The growth of different herring age groups in 2023 was estimated based on the data of grid 29
in Table 4.2.3 of the ICES 2024 report [23] (Figure 2). The initial weight of YOY on June 1 was set at 1
g. The growth values for 1988 were derived from Table 4.2.6 [23], which provided the average weights
(g) of age groups for grids 25-32 (Figure 2).
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Figure 2. Growth data of herring in the Archipelago Sea in 1988 and in 2023, used as the baseline, consisted of
end-of-year weights (g) for different age groups [data source: 23].

As temperature data for herring, corrected records from the Seili intensive monitoring station,
located in the inner archipelago, were used at depths of 0-20 m (Figure 3). The data from the Seili
station were adjusted to correspond to those of the Uto station, located in the outer archipelago on
the southern edge of the Archipelago Sea, based on a temperature comparison between the two
stations from 2000 to 2024: Uto = 0.93 x Seili — 0.25 (p < 0.001; R? = 0.83). The correction was made
because no data were available from Uto for the 1980s, and after 2015, measurements were infrequent.
For the bioenergetic modeling of the year 1988, temperature averages from the years 1985-1989 were
calculated, and correspondingly for the 2023 modeling, from the years 2019-2023.
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Figure 3. Temperature data for herring. The blue dots represent the averages for the years 1985-89 and were
used as the baseline data for herring in 1988. Similarly, the red dots represent the averages for the years 1999-
2023 and were used as the baseline data for 2023.

The energy content of herring was estimated based on measurements of lipid content (% wet
mass) of the muscle tissue conducted in the Archipelago Sea. Data were available from the years
1987-88 [34] and 2020-21 [35]. According to Rajasilta et al. [34] lipid content (% wet mass) of the
muscle tissue in spawning Baltic herring (1987-1988 data combined) was 5.4 %, and late (2013-2014
data combined) 1.5 %. In the winter of 1998, the lipid content was 7.7 %, and then in 2017 it was 4.3
% [33]. According to Rajasilta et al. [35] in winter 2020 lipid content of herring caught in the
intermediate archipelago was 3.1 %, and in those caught in the northern parts it was 2.5 %. Similarly,
during the spawning season, their lipid contents were 1.6 %.

For the year 1988, I calculated the energy content of herring aged 2 years and older based on fat
percentages of 7.7% (November 1-December 31) and 5.4% (May 1-May 31). For the periods in
between, the model interpolated daily estimates. No measurement data were available for protein
content, so it was assumed to be constant at 16.3% [36]. Energy contents used were 37.4 k]/g for fat
and 16.7 kJ/g for protein. The resulting values were: 5602 J/g (November 1-December 31) and 4742
J/g (May 1-May 31). A constant energy content value of 4742 J/g was applied for herring in age groups
Oand 1.

For the year 2023, [ used a winter fat percentage of 3.6% (combined data [34,35]) and a spawning-
season lipid content of 1.5% as the baseline values for energy content. The resulting values were: 3283
J/g (November 1-December 31) and 4068 J/g (May 1-May 31). A constant energy content value of
3283 J/g was applied for herring in age groups 0 and 1.

Phosphorus concentrations in Baltic herring have been measured, for example, in a study by
Hjernen and Hansson [37], which found that the content of N and P in herring and sprat was 2.4%
and 0.43% of the wet biomass. In the study by Makinen et al. [38], the phosphorus content of Baltic
herring measured at different times in the Archipelago Sea averaged 0.4%. Ruohonen et al. [39], in
turn, reported a value of 0.53%. In the calculations for this study, I used an estimate of 0.45% of wet
weight.

According to Mollmann et al. [40] likewise Flinkman et al. [41] Baltic herring was mainly preying
upon calanoid copepods with Pseudocalanus sp. dominating the diet. The energy density estimates
for prey items were derived from the bioenergetics model of Bachiller et al. [42]. There the energy
density of copepods was set to 3600 J g-1 for Calanus finmarchicus. For euphausiids and amphipods
an energy density of 4000 J g-1 was used. In this work I used prey energy density 3800 J/g.

In the study by Walve and Larsson [43], the carbon, nitrogen, and phosphorus contents of
various zooplankton species in the Baltic Sea were examined. Phosphorus concentrations were
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reported as percentages of dry weight, with an average value of 1.235%. The carbon content of
zooplankton is 6% of wet weight [44], and since dry mass contains twice the amount of carbon,
zooplankton dry weight biomass was on average 12% of zooplankton wet weight biomass. This
yields an average phosphorus content of 0.15% of zooplankton wet weight, which was used as
baseline data in this study. Measurements conducted in lakes have led to the same estimate [6,45].

2.6.2. Perch Growth and Energy

The growth data for age groups 3 and older were obtained from the study by Setila et al. [29].
In it, the growth of perch in the Archipelago Sea was assessed using data from 1998 collected with
different fishing gear (nets, trap nets), in which perch of various sizes and ages were well represented.
The weights of 1- and 2-year-old perch were estimated based on the length data presented by Olin
and Veneranta ([46]; figure 18) (Figure 4).

500
450
400
350
300
250

Weight (g)

150
100
50

Figure 4. Growth data of perch in the Archipelago Sea, used as the baseline, consisted of end-of-year weights (g)
for different age groups [data sources: 28, 45].

As temperature data for perch, records from the Seili intensive monitoring station from the years
2000-2020, were used at depths of 0-10 m (Figure 5). For the bioenergetic modeling of the year 1998,
temperature averages from the years 1991-1999 were calculated.
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Figure 5. Temperature data for perch. The blue dots represent the averages for the years 1991-00 and were used
as the baseline data for perch in 1998.

No measurements have been made of the energy content of the perch in the Archipelago Sea.
According to Schreckenbach et al. [47] the average energy content of freshwater perch was 4840 J/g
(fish n = 1032). I used this estimate as input data in bioenergetics modeling. In the same study, the
average phosphorus content of the perch was 1.02%. The phosphorus content of perch in the
Archipelago Sea was determined in 2007 and the result was 1.08% [38]. I use this as an initial estimate
in the bioenergetics model.

According to Jacobsen et al. [48] in the Baltic Sea perch undergo two ontogenetic diet shifts, from
zooplankton to macroinvertebrates at ca. 50 mm; and then to fish at ca. 250 mm. The proportion of
fish in the diet increased with perch length from 2% in length class of 50-74 mm to 92% in the length
class of 375-474 mm, and constituted > 50% of the diet in perch in the size range of 250-474 mm. I
used their research findings [48; Figure 2] as input data for the model regarding the diet of perch, but
I divided the food sources into only two groups — zooplankton, insects, etc. and fish (Figure 5).
According to Jacobsen et al. [48], group 1 includes, among others, worms, caddisfly larvae, roes,
amphipods, isopods, and mysids. For example, Chipps and Bennet [49] have reported for juvenile
Mysis relicta in Char Lake an energy value of 3.14 k] g -1 wet wt. But I used here for group 1 prey
energy density value 3800 ]/g (see earlier herring prey). For this group, the phosphorus content is
also assumed to be 0.15%, based on the estimate previously applied in connection with herring prey.

Jacobsen et al [48] found that the three-spined stickleback contributed most to the total diet of
perch in early summer, gobiids were found more in August-September. Lappalainen et al. [50] had
similar results from Gulf of Finland were larger perch, > 20 cm, fed mainly on fish. Gobiidae
accounted for approximately half of the fish diet of perch, other important species being herring and
three-spined stickleback. Hovel et al. [51] used an energy content of 6,030 J/g for adult three-spined
sticklebacks in their bioenergetics modeling. Lee and Johnson [52], in turn, used an estimated energy
content of 4600 J/g for round goby in their model. The round goby is currently a common non-native
species in the Archipelago Sea, and it is known that perch feed on it. In the Archipelago Sea, cyprinid
fish and smelt (Osmerus eperlanus) are also a potential food source for perch. According to the study
by Schreckenbach et al. [47], the energy content of roach in freshwater is 5080 J/g. Similarly, the energy
content of smelt would be 4086 ]/g [53]. Perch can also feed on younger individuals of their own
species, whose energy content was previously assumed to be 4840 J/g. In the bioenergetics model for
perch, I use the average energy content of the mentioned prey fish species (herring in this connection
4742 J/g), 4900 J/g, as data input.
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Figure 5. Proportion of zooplankton, insects, etc. and fish in diet of perch in the Archipelago Sea. Data modified
from Jacobsen et al. [48].

2.7. Phosphorus Content of Other Fish Species

In the study by Maikinen et al. [38; Appendix 3], measurement results of phosphorus
concentrations in various fish species from the Archipelago Sea were presented. Based on these, I
calculated an average phosphorus content of 0.81% for cyprinid fish. The other values were: three-
spined stickleback 0.71%, smelt 0.45%, and the previously mentioned perch 1.08%, as well as 0.45%
calculated for herring. For round goby, I found a phosphorus concentration estimate of 0.585% [54].
The overall average of all these values is 0.7%, which I used as input data in the calculations.

In this context, data were also sought on the phosphorus concentrations of recreational fishing
catch species. According to Makinen [38], the phosphorus content in pike (Esox lucius) from the
Archipelago Sea is 0.66%, and in pikeperch (Sander lucioperca) it is 0.80%. When cyprinids and perch
are also included, the average phosphorus content is 0.84%.

3. Results

3.1. The Phosphorus Pool in the Water Column of the Archipelago Sea

The phosphorus pool in the water of the Archipelago Sea varies seasonally. In the 2000s, the
highest amount of phosphorus was observed during winter (January 1-March 31), totaling 6,764 tons,
and the lowest in early summer (May 15-June 15), after the spring bloom, at 4,789 tons. During the
ecological classification period (July 1-September 7), the average phosphorus content in the water
was 5,494 tons. The average total phosphorus concentrations in the entire water column were 30.7
ug/l in winter, 21.8 ug/l in early summer, and 25.0 ug/l during the ecological classification period.
The seasonal reduction from the winter maximum to the early summer minimum—amounting to
1,975 tons—is primarily attributed to the spring phytoplankton bloom, during which large amounts
of phosphorus are taken up by primary producers and subsequently transferred to the sediments
through the sedimentation of organic matter.

In the years 20012024, the average total phosphorus concentrations in the Inner Archipelago
were 28% higher in winter compared to the average for the years 1983-1989. The corresponding
difference was 15% in early summer and 23.6% during the ecological classification period. Based on
the observed phosphorus concentrations, estimates were derived for the total phosphorus pool in the
water phase of the Archipelago Sea during the late 1980s. The estimated phosphorus pools were 5,268
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tons in winter, 4,163 tons in early summer, and 4,444 tons during the ecological classification period.
The seasonal decline in phosphorus mass from winter to early summer amounted to 1,122 tons.

3.2. Fish Catches in the Archipelago Sea and Their Associated Phosphorus Contents

The total annual fish catch in the Archipelago Sea during the years 1998-2023 averaged 15,516.5
tons (median: 14,754.5 tons; minimum: 9,085 tons; maximum: 23,952 tons; see Figure 6). On average,
73.1% of this catch consisted of commercially caught Baltic herring. The annual fish catch contained
an average of 83.4 tons of phosphorus (median: 78.5 tons; minimum: 51.7 tons; maximum: 136.1 tons).
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Figure 6. Total fish catch (recreational and commercial) in the Archipelago Sea during the period 1998-2023.

Over a longer period (1980-2023), the annual herring catch averaged 16,607 tons (median:
14,250.5 tons; minimum: 5,105 tons; maximum: 30,651 tons; see Figure 7). The amount of phosphorus
contained in the annual Baltic herring catch during this period averaged 74.7 tons (median: 64.1 tons;
minimum: 23.0 tons; maximum: 137.9 tons; see Figure 7).

In the 1980s, average Baltic herring catches were more than three times higher than in the 2020s
(27,217 t/a vs. 8,690 t/a). Accordingly, over three times more phosphorus was removed through the
herring catch during that time (122.5 t/a vs. 39 t/a).
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Figure 7. Commercial Baltic herring catch in the Archipelago Sea in 19802023 and the amount of phosphorus
removed with it (right y-axis).

The share of predatory fish in commercial fishery catches has fluctuated considerably between
1980 and 2023 (Figure 8). Notably, no cod has been caught since 1989. The annual catch of pikeperch
was 400 tons in 2003 but began to decline thereafter, averaging only 92 tons in the 2020s. Similarly,
the catch of pike has been decreasing since the early 2000s.
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Figure 8. The share of predatory fish in commercial fishery catches in the Archipelago Sea in 1980-2023.

The commercial catches of species typically targeted in so-called management fishing (smelt,
roach, and bream) remained modest until the early 2010s (Figure 9). During the 2010s, however, smelt
catches increased rapidly, reaching a record high of 2,311 tons in 2020. That year, the smelt catch
removed 10.4 tons of phosphorus.
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Figure 9. The share of smelt, bream and roach in commercial fishery catches in the Archipelago Sea in 1980-
2023.

The total perch catch in the Archipelago Sea was highest at the beginning of the time series in
1998, estimated at 2,234 tons, and lowest in 2010, at 516 tons (Figure 10). Over the entire period from
1998 to 2023, the average annual perch catch was approximately 1,150 tons, of which 69% was caught
by recreational fishers. The amount of phosphorus contained in the annual total perch catch during
this period averaged 12.4 tons (median: 10.0 tons; minimum: 5.6 tons; maximum: 24.1 tons).
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Figure 10. Total perch catch in the Archipelago Sea during the period 1998-2023.
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Based on the test fishing results, the perch stock was at its strongest in the early 2000s, with an
average biomass per unit effort (BPUE) of 4,723 g/net; the maximum was recorded in 2003 at 6,334
g/net. During the years 2011-2023, perch biomass per unit effort (BPUE) averaged approximately
3,300 g/net, which is about 30% lower than the average observed during 2002—-2005 (Figure 11).
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Figure 11. Perch catch (BPUE, g/net) of test fishing in the Archipelago Sea during the period 2000-2023. The red
line indicates the moving average in the BPUE over the entire period under review.

3.3. Internal Phosphorus Recycling of Herring Population

The annual food consumption of the 1+ age group and older was, on average, approximately 1.7
times higher in 1988 (characterized by strong growth and high yield) than in 2023 (poor growth, low
yield; see Figure 12). The mean specific consumption rate (consumption per unit weight per day) in
1988 was approximately 12% lower—0.018 g/g/day (1.8%)—compared to 0.021 g/g/day (2.1%) in 2023.
The consumption-to-predator biomass ratios were 6.6 in 1988 and 7.6 in 2023.
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Figure 12. Annual food consumption estimates (g) by herring age group calculated using a bioenergetics model
for the years 1988 (strong growth, high yield) and 2023 (poor growth, low yield).

Based on the 1988 herring catch in the Archipelago Sea (29,507 tons), the corresponding
spawning stock biomass is estimated at 117,091 tons, and the total biomass at 174,598 tons. These
estimates reflect the potential maximum size of the subpopulation and are not necessarily
geographically limited to the Archipelago Sea region. In 1988, the spawning stock of Baltic herring
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was estimated to contain approximately 527 tons of phosphorus, while the total population biomass
accounted for about 786 tons.

Correspondingly, based on the 2023 catch (7,248 tons), the spawning stock biomass of Baltic
herring in the Archipelago Sea is estimated at 17,465 tons, and the total biomass at 28,313 tons.
Accordingly, in 2023, the spawning stock biomass was approximately 6.7 times lower, and the total
biomass 6.2 times lower than in 1988. The 2023 spawning stock was estimated to contain
approximately 79 tons of phosphorus, while the total biomass accounted for about 127 tons.

Table 2 presents estimates produced by bioenergetic modeling for the phosphorus load (via
excretion and egestion) released into seawater by different components of the Baltic herring stock—
namely, the harvested portion, the spawning stock, and the total population—in the years 1988 and
2023. The estimates have been calculated separately for the period during which the herring are
present in the Archipelago Sea and for the entire year.

Table 2. Calculations made with a bioenergetic model of phosphorus flows produced by different components
of the Baltic herring stock—namely, the harvested portion (catch), the spawning stock (SSB), and the total
population (TotB)—for the reference years 1988 and 2023. In the Archipelago Sea, this refers to the period when

the herrings are mainly present in the area (November 1 to June 30).

Recycled P in AS Recycled P in AS Recycled P total
(t) (mg/m?*/day) (t/v)
1988
catch 93.4 0.040 274.1
SSB 370.6 0.159 1087.5
TotB 552.7 0.237 1621.7
2023
catch 333 0.014 76.4
SSB 80.2 0.034 184.1
TotB 130.1 0.056 298.4

3.4. Internal Phosphorus Recycling/Regeneration of Perch Population

The annual food consumption of perch of different ages ranged from 39 g to 416 g, with an
average of 219 g (Figure 12).
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Figure 12. Annual food consumption estimates (g) by perch age group calculated using a bioenergetics model
for the years 1988.
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The specific consumption rate (SCR) per unit increase in weight (g/g weight/a) was about 3.2 for
1- and 2-year-old perch but decreased to approximately 1 for 6-year-olds and older (Figure 13). The
perch SCR per unit increase in growth (g/g growth/a) is much more consistent, with an average of
5.1. For Baltic herring, the SCR per unit increase in weight (g/g weight) is nearly 30% higher, at 6.7.
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Figure 13. Specific annual consumption rates (SCR) of perch per unit increase in weight (g/g weight/a) and per
unit increase in growth (g/g growth/a). As a comparison, the figure shows the SCR per unit increase in weight

of Baltic herring (g/g weight/a).

The calculation based on the bioenergetic model indicated that not all input data were accurate,
as perch appeared to accumulate more phosphorus than it received through its diet. This was
particularly evident in the younger age groups (1-4), which feed on zooplankton and crustaceans.
Therefore, I adjusted the input value for the phosphorus content of perch (originally 1.08%) to an
estimated 0.7% for age groups 1-6. After this adjustment, the phosphorus budget became balanced.

The phosphorus load released into seawater by the simulated perch population in 1998 (biomass
10,600 t), through excretion and egestion, was calculated to be 24.2 t/year. Approximately 56% of the
phosphorus obtained from food is retained in the fish. The total perch stock contains up to 114 tons
of phosphorus bound in biomass (assuming a phosphorus content of 1.08%), and the spawning stock
contains 77 tons.

3.5. Generalized Phosphorus Budget of the Archipelago Sea

To support the situational analysis, I compiled a synthesis of results derived from various
calculations and bioenergetic modeling approaches (Figure 14). The summary includes an estimate
of the phosphorus stock in the water phase of the Archipelago Sea for the year 1988. This estimate is,
on average, approximately 18% lower than the more detailed estimate made for 2023.For the
phosphorus stock in the surface layer of the sediment, only a single estimate [19,20] was available.
The herring stock estimate representing 1988 was selected, as both the stock and catches were at their
peak during that time. Similarly, the perch stock estimate for 1998 was included based on the same
rationale. In 2023, the spawning stock of herring was only about 15% of the 1988 level, and the
phosphorus content of the stock followed a similar proportion. The amount of phosphorus cycled by
the herring stock in 2023 was 23% of the 1988 value. The total perch catch in 2023 was approximately
41% of the 1998 catch, and a similar reduction is assumed here for both the phosphorus bound in the
perch stock and the amount of phosphorus recycled by it.

The phosphorus bound in the herring stock biomass corresponds to approximately 10% of the
phosphorus present in the water phase during winter (Figure 14). While the herring stock recycles
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phosphorus already present in the water column, part of this phosphorus is removed from circulation
through excretion. Assuming a DIP:TP ratio of 0.7 in all phosphorus excreted by fish [55], it can be
estimated that during the period the herring stock resides in the Archipelago Sea, it could transfer
approximately 111 tons of phosphorus from the water column to the surface layer of the sediment.
This amount corresponds to roughly 10% of the phosphorus that settles to the bottom from the water
column after the spring bloom. Most of the annual food consumption by herring occurs during the
period when the stock is assumed to be absent from the Archipelago Sea (July 1 to November 1). In
1988, 33.6% of the herring stock’s total food consumption took place during its residence in the
Archipelago Sea, whereas in 2023, the corresponding proportion was 43.2%.

The phosphorus content of the 1998 perch stock biomass was approximately 114 tons,
corresponding to about 2% of the phosphorus in the water column (Figure 14). The total phosphorus
excretion and egestion by the perch stock was approximately 24 tons, of which roughly half may have
been bound in fecal matter. This amount is negligible compared to, for example, the winter
phosphorus stock in the water column, representing approximately 0.2%.

The amount of phosphorus removed through fish harvest should be considered in relation to
both the phosphorus stock in the surface layer of the sediment and that in the water column. As fish
carcasses sink to the bottom, part of the phosphorus may remain in the surface sediment layer.
Organic phosphorus is converted to inorganic form (DIP) in the sediment, which can return to the
water column and become available for reuse. During the years 1998-2023, the total fish catch in the
Archipelago Sea removed a maximum of 136 tons of phosphorus per year. Correspondingly, during
1980-2023, the herring catch alone is estimated to have removed approximately 139 tons of
phosphorus annually. If this phosphorus had remained in the Archipelago Sea, it would have
increased the combined phosphorus stock of the sediment and water column (as measured in winter
1988) by approximately 0.6%.
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Figure 14. Generalized Phosphorus Budget of the Archipelago Sea. Potential reservoir of mobile phosphorus in
the surface sediment layer: 19,856 tons, shown as the blue bottom bar [19,20]. Phosphorus content in the water
column during different seasons in the late 1980s: blue wavy line. Amount of phosphorus (in tons) bound in the
1988 spawning stock of Baltic herring (117,091 t): shown above the fish symbol. Curved arrow below the fish:
phosphorus (t) recycled by the spawning stock during its residence in the Archipelago Sea. Straight downward

arrow: estimated total phosphorus (t) bound in feces. The red line indicates the period during which the Baltic
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herring stock is foraging beyond the Archipelago Sea. For the 1998 total perch stock (10,600 t), the phosphorus
bound, recycled, and sedimented (t) is shown analogously to herring.

4. Discussion

The amount of nutrients stored and cycled by fish can vary across space and time, influenced by
environmental and physiological factors. In addition to natural variation, fishing can alter nutrient
storage and cycling by affecting fish biomass and community structure [56]. Based on the estimates
presented earlier, fishing in the Archipelago Sea between 1980 and 2023 may have annually removed
an amount of phosphorus equivalent to approximately 0.6% of the total phosphorus pool in the water
column and the surface layer of the sediment. It is common to encounter comparisons in which the
phosphorus content of fish catch is evaluated against only a portion of the external phosphorus
load —typically riverine input alone. Using this approach, the phosphorus content of the fish catch
would correspond on average approximately 24% to phosphorus load, range between 15-39% (fish
catch P: mean 83,4 t, max. 136 t/year, min. 52 t/year vs. riverine input: 350 t/year [10]). However, such
comparisons are of limited relevance from a biogeochemical perspective, as the phosphorus delivered
via riverine inputs is first assimilated into the Archipelago Sea ecosystem and cycled through various
trophic levels before its eventual incorporation into fish biomass. The eutrophying effect of this
phosphorus—namely, the stimulation of primary production—occurs prior to its transfer to higher
trophic levels, and therefore, its removal through fish harvest does not mitigate the initial ecological
impacts.

Rather than comparing to riverine input alone, assessments should, at a minimum, consider total
external phosphorus loading, which, according to model estimates by Lignell et al. [15], averaged
5,870 t/a in the Archipelago Sea during 2006-2014. Relative to this, the amount of phosphorus
removed via fish harvest would represent only about 1.4% of the total load. Even in this comparison,
it is important to account for the earlier point regarding internal phosphorus cycling within the
ecosystem, as well as the fact that a substantial proportion of the phosphorus removed with the fish
originates from outside the Archipelago Sea. The Baltic herring stock associated with the Archipelago
Sea spends most of the summer feeding in the Bothnian Sea or the main basin of the Baltic Sea.

Between 1988 and 2023, the estimated phosphorus content in the spawning stock of Baltic
herring in the Archipelago Sea decreased by approximately 85%, and by around 84% in the total
biomass. This substantial decline reflects a significant reduction in herring biomass in the
Archipelago Sea, which may have implications for phosphorus cycling, food web dynamics, and
nutrient retention within the marine ecosystem. According to Rajasilta et al. [57] the total lipid
resources of spawning females have decreased by 40-50% during 1988-2019, and the mean length of
the spawning population decreased from 21 to 16 cm due to the reduction of their growth rate. The
decline in herring body condition is also clear in Figure 2. According to Casini et al. [58] the main
predictor of herring and sprat condition is the total abundance of clupeids. They found the strong
correlation between clupeid abundance and total zooplankton biomass which pointed to food
competition and to top-down control by herring and sprat on common food resources.

Baltic sprat populations began to increase, likely by the 1990s at the latest, following the collapse
of cod stocks due to poor recruitment and high fishing pressure. Sprat was the principal prey for cod
in the Baltic Sea [59]. Herring and sprat, although showing some differences in feeding preferences,
have a strong diet overlap during a large part of their ontogeny. The sprat spawning stock peaked in
1997. Although the stock has declined since then, it has remained significantly more abundant than
in the 1980s. In the Archipelago Sea, sprat catches have remained low, averaging approximately 40
tons per year between 1980 and 2023. In the late 1990s, when the stock was at its strongest, catches
averaged around 200 tons per year. The majority of sprat are found in the Baltic Sea main basin and
the Bothnian Sea—areas where Baltic herring from the Archipelago Sea also migrate to feed. In their
2011 publication, Casini et al. [59] provided evidence that temporal fluctuations in both sprat and
herring condition in all areas of the Baltic Proper can be linked to drastic variations in sprat density.
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The summer build-up of fish biomass in the Archipelago Sea sequesters quantities of P, which
is much greater than the amount removed annually via harvest. In 1988, the total Baltic herring stock
in the Archipelago Sea was estimated to contain 786 tons of phosphorus, whereas by 2023, this
amount had decreased to just 127 tons. However, this phosphorus pool can be considered a dynamic
and partly transient component of the overall budget. According to bioenergetic model estimates of
food consumption, in 1988 Baltic herring obtained approximately 66% of their annual food intake
from areas outside the Archipelago Sea, and in 2023 about 57%. These figures may still be
underestimates, as only indicative assessments exist regarding herring movements between the
Archipelago Sea and their feeding grounds. Regardless, most of the phosphorus stored in Baltic
herring originates from areas outside the Archipelago Sea. Baltic herring thus function as vectors of
phosphorus transport, carrying a portion of the phosphorus pool that is partly removed through
harvest and partly deposited into the Archipelago Sea during the spawning period.

The amount of phosphorus retained in the inner archipelago spawning areas via herring eggs
can be estimated by assuming, for example, that half of the 1988 spawning stock biomass (117,091
tons) consisted of females (58,546 tons). Based on studies of Baltic herring eggs [60], the mass of the
released eggs may amount to approximately 10% of the spawning stock biomass. If it is further
assumed that 90% of the deposited eggs are washed off from the substrate, this would result in an
estimated 5,270 tons of non-viable egg mass remaining in the coastal zone. Assuming that the
phosphorus content of herring eggs is like that of adult herring (0.45%), the estimated amount of
phosphorus remaining in the coastal zone would be 23.7 tons. In 2023, the size of the Baltic herring
spawning stock was estimated to be only about 15% of its 1988 level. The number of eggs deposited
in the Archipelago Sea declined in proportion to the reduction in spawning stock size. According to
studies by Puttonen [19], the phosphorus stock in the surface sediment of the southwestern inner
archipelago zone (679 km?) might be approximately 2,377 tons. The phosphorus input from herring
eggs in 1988 would represent about 1% of this amount, but by 2023, only 1.5%o.

Fish contribute to phosphorus recycling in aquatic systems by excreting excess phosphorus,
which can then be utilized by algae or other organisms. Nutrient recycling by fishes will tend to
alleviate P limitation of phytoplankton growth, but the importance of this effect will be directly
proportional to the magnitude of nutrient regeneration rates from fishes relative to other sources
available to phytoplankton [56]. The total herring stock in the Archipelago Sea was estimated to be
capable of recycling phosphorus at a maximum rate of 0.237 mg/m?/day (Table 2). This nutrient
recycling is likely to be most significant in early summer, when water temperatures are rising,
primary production is beginning, and the majority of herring are still present in the Archipelago Sea.
The estimated size of the Baltic herring stock at that time 1988 was 117,598 tons, or 18.4 g/m?, and the
spawning stock was 117,019 tons, or 12.3 g/m?2. These estimates are broadly consistent with findings
from other studies, despite potentially appearing elevated. For instance, 18.4 g/m? corresponds to 184
kg/ha, a value that is already considerable even in lacustrine systems. According to Thurow [61], the
total fish biomass in the Baltic Sea increased from about 5 g/m? in 1903 to 17-23 g/m? during the
period 1970-1990. Axenrot and Hansson [62] estimated stock spawning biomass (S5B) in ICES SD 27
during the years 1988-1989 to an average of 173,150 tons, or about 10 g/m?2.

Since no researched data is available, it is assumed here that approximately 30% of the estimated
recycled phosphorus by herrings would be deposited to the seabed via fecal matter, at least
temporarily (Figure 14). Consequently, the maximum amount of dissolved inorganic phosphorus
(DIP) recycled by herring and retained in the water column would be approximately 0.17 mg/m?/day.
Dissolved P contains all urinary P and a portion of fecal P that is soluble and therefore leached from
voided feces. DIP is bioavailable and can immediately fuel primary production. Egested nutrients are
integrated into fecal pellets that sink out of the surface layer and are recycled at greater depths than
if bound to smaller particles [63,64], especially fish fecal pellets that can sink faster and deeper than
marine snow and phytodetritus [56].

There is data available on the biomass of phytoplankton (see earlier VESLA, phytoplankton
register) and zooplankton [65] in the Archipelago Sea, but not on the rates at which they recycle
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nutrients, or similar processes. The phosphorus contained in plankton is essentially included in the
phosphorus pool of the water column, but based on biomass data and concentration estimates, it can
be separated from it to some extent. Based on data from the Seili monitoring station, the average
phytoplankton biomass during the period April 1 to October 31 between 2001 and 2024 has been 1.58
mg L (wet weight), with a median value of 0.75 mg L. Since the volume of the surface layer (0-10
m) of the Archipelago Sea has previously been estimated at 80.2 km? [10], the mean phytoplankton
biomass can be calculated as approximately 127,037 tons wet weight. If phytoplankton contains 0.08%
phosphorus by wet weight [6], the average size of the instantaneous phosphorus pool of
phytoplankton can be estimated at approximately 102 tons. This corresponds to approximately 1.8%
of the estimated average total phosphorus pool in the entire water volume of the Archipelago Sea
during the 2000s. According to Rousi et al. (figure 2; [65)], the average zooplankton biomass was
approximately 1 g/m3 wet weight during the years 1980-1985 but had declined to around 0.2 g/m3in
the 2000s. The volume of the surface layer (0-20 m) is 131.5 km?, so in the 1980s the biomass of
zooplankton in the Archipelago Sea averaged 131,500 tons (wet weight), and in the 2000s it was only
26,300 tons. Correspondingly, the amount of phosphorus contained in the zooplankton was 197 tons
and 40 tons. In the 1980s, this accounted for approximately 4.4% of the estimated phosphorus pool in
the water phase, and in the 2000s, 0.7%.

According to Griffiths [6], in lake ecosystems, phosphorus turnover rates mediated by
zooplankton (mg/m?/day) are estimated to be approximately eight times higher than those mediated
by fish, while turnover via phytoplankton may be up to 34 times greater. But fish could be more
important as nutrient stores than plankton. In the Archipelago Sea dataset, the phosphorus bound in
Baltic herring reached a maximum of 82.7 mg/m? in 1988 and declined to 13.4 mg/m? by 2023.
Corresponding values for zooplankton were 20.7 mg/m? in the 1980s and 4.2 mg/m? in the 2020s. The
phosphorus content of phytoplankton has remained around 10.7 mg/m? during the 2000s. In the late
1990s, the maximum amount of phosphorus bound in perch biomass was approximately 12 mg/m?,
whereas today it is estimated to be about 30% lower (Figure 11), i.e., approximately 8 mg/m?. Notably,
there has been a significant shift in the relative proportions of phosphorus pools. In the 1980s and
1990s, the ratio of phosphorus bound in plankton to that in fish was approximately 1:3. However, in
the 2020s, this ratio has shifted to about 1:1.4, indicating a notable change in the distribution of
phosphorus between trophic levels.

A notable aspect of the ecological changes observed in the Archipelago Sea is the marked decline
in zooplankton biomass, which appears to have commenced in the early 1990s and has persisted to
the present day: between the early 1980s and 2019, zooplankton biomass has decreased by
approximately 80% [65]. Concurrently, the estimated instantaneous total biomass of the herring stock
has declined by as much as 84% from 1988 to 2023. However, it is important to note that herring in
the Archipelago Sea primarily forage elsewhere, namely in the Baltic Proper or the Bothnian Sea,
where it competes for the same food resources as the sprat [58]. Rousi et al. [65] concluded that a
considerable biomass and functional biodiversity loss of the common mesozooplankton is likely
driven by climatic factors. For example, Steinkopf et al. [66] have emphasized the role of
eutrophication as a key driver behind the changes observed in the Baltic Sea food webs.
Eutrophication and increased temperatures can lead to massive filamentous, N2-fixing
cyanobacterial (FNC) blooms in coastal ecosystems with largely unresolved consequences for the
mass and energy supply in food webs. Mesozooplankton adapt to not top-down controlled FNC
blooms by switching diets from phytoplankton to microzooplankton, resulting in a directly
quantifiable increase in its trophic position. If, in this process—known as trophic lengthening—
mesozooplankton is transferred to higher trophic levels within the food web, the resulting energy
loss could lead to substantial declines in fish biomass.

5. Conclusions

The Baltic herring, the dominant planktivorous fish and the most abundant species by biomass
in the Archipelago Sea, redistributes the phosphorus it contains within the Baltic Sea during its
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feeding migrations. This movement reduces its potential local impact on water quality —assuming
such effects are significant to begin with. The reduction of planktivorous fish has been used as a
restoration method in lake ecosystems, with the aim of increasing zooplankton abundance, which in
turn would reduce phytoplankton levels. A similar mechanism has been proposed to function in
coastal waters; however, empirical observations from the Archipelago Sea do not support this
hypothesis. Over the past few decades, the biomass of the herring stock in the region has declined by
approximately 80%. Concurrently, zooplankton abundance has also decreased by around 80%.
During the same period (1983-2024), chlorophyll concentrations—serving as a proxy for algal
production—have increased by 103.7% in the inner archipelago zone of the Archipelago Sea [11].

Contribution of fish to phosphorus turnover in marine ecosystems is small: plankton dominates
the recycling of this nutrient because the higher turnover rates of planktonic organisms relative to
fishes. Moreover, both planktivorous fish and their prey recycle nutrients that are already present in
the water column. The removal of nutrients bound in fish biomass has no direct effect on the
eutrophication trajectory of the Archipelago Sea. Eutrophication is primarily governed by a
combination of external and internal ecosystem factors, particularly the availability of key nutrients —
most notably phosphorus, but also nitrogen [10,11,14]. If the fish in the Archipelago Sea were not
harvested, they would eventually die, sink to the seafloor during their lifecycle, and the nutrients
they contain would either become part of the phosphorus reserves in the surface layer of the sediment
or be utilized by benthic organisms.
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