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Appendix 1 

Spatio-temporal dynamics of multi-trophic communities reveal ecosystem-wide functional 
reorganization 

 

Spatio-temporal characteristics of the study area.  

The Baltic Sea is a semi-enclosed ecosystem characterised by a strong salinity gradient structuring species 

distributions and trait composition (Törnroos et al. 2015, Pecuchet et al. 2016). The multi-trophic trait 

composition was assessed in three distinctive areas of the Baltic Sea: the Kattegat, the Central Baltic Sea, and 

the Gulf of Riga. These areas are characterised by different environmental conditions and dynamics, and have 

each suffered from strong anthropogenic and environmental stress. The Kattegat is a relatively species-rich 

transitional area with water mixing from the saline North Sea and the brackish Baltic Sea. In the late 1980s, the 

Kattegat suffered from high nutrient concentrations which caused eutrophication and oxygen-depletion 

(Rosenberg et al. 1996). This environmental degradation, in addition to high fishing pressure, impacted major 

fish stocks and the benthic compartment (Lindegren et al 2012). Since the late 1990s, the fishing effort has 

decreased due to stricter regulations and the eutrophication status has improved (HELCOM 2018). The Central 

Baltic Sea (CBS) is a comparatively species-poor area due to its brackish water, which prevents many marine 

and freshwater species to succeed therein. Due to high anthropogenic pressure and environmental change, the 

pelagic compartment underwent a regime shift in the late 1980s with the fish community becoming dominated 

by sprat (Sprattus sprattus) instead of cod (Gadus morhua) (Möllmann et al. 2009). The Gulf of Riga (GoR) is 

a low-salinity semi-enclosed basin with restricted water exchange with the surrounding deep basins. The GoR 

has a high nutrient input, which results in high primary productivity in comparison to the two other areas 

(Wasmund et al. 2011). A shift in the species composition of the pelagic compartment was also documented in 

the late 1980s, and was related to the disappearance of cod in the area (Casini et al. 2012). 

References 

Casini, M., Blenckner, T., Mollmann, C., Gardmark, A., Lindegren, M., Llope, M., Kornilovs, G., Plikshs, M., & 
Stenseth, N. C. (2012). Predator transitory spillover induces trophic cascades in ecological sinks. Proceedings of 
the National Academy of Sciences, 109(21), 8185–8189. http://doi.org/10.1073/pnas.1113286109 

HELCOM. (2018). State of the Baltic Sea – Second HELCOM holistic assessment 2011-2016. Baltic Sea Environment 
Proceedings 155. 

Lindegren, M., Blenckner, T., & Stenseth, N. C. (2012). Nutrient reduction and climate change cause a potential shift 
from pelagic to benthic pathways in a eutrophic marine ecosystem. Global Change Biology, 18, 3491–3503. 
http://doi.org/10.1111/j.1365-2486.2012.02799.x 

Möllmann, C., Diekmann, R., Müller-Karulis, B., Kornilovs, G., Plikshs, M., & Axe, P. (2009). Reorganization of a large 
marine ecosystem due to atmospheric and anthropogenic pressure: a discontinuous regime shift in the Central 
Baltic Sea. Global Change Biology, 15(6), 1377–1393. http://doi.org/10.1111/j.1365-2486.2008.01814.x 

Pecuchet, L., Törnroos, A., & Lindegren, M. (2016). Patterns and drivers of fish community assembly in a large marine 
ecosystem. Marine Ecology Progress Series, 546, 239–248. http://doi.org/10.3354/meps11613 



Rosenberg, R., Cato, I., Förlin, L., Grip, K., & Rodhe, J. (1996). Marine environment quality assessment of the 
Skagerrak - Kattegat. Journal of Sea Research, 35(1–3), 1–8. http://doi.org/10.1016/S1385-1101(96)90730-3 

Törnroos, A., Bonsdorff, E., Bremner, J., Blomqvist, M., Josefson, A. B., Garcia, C., & Warzocha, J. (2015). Marine 
benthic ecological functioning over decreasing taxonomic richness. Journal of Sea Research, 98, 49–56. 
http://doi.org/10.1016/j.seares.2014.04.010 

Wasmund, N., Tuimala, J., Suikkanen, S., Vandepitte, L., & Kraberg, A. (2011). Long-term trends in phytoplankton 
composition in the western and central Baltic Sea. Journal of Marine Systems, 87(2), 145–159. 
http://doi.org/10.1016/j.jmarsys.2011.03.010 

  



Table A1. Metadata of the datasets used to infer community composition. Nyr: number of years with data; n: 

represent the number of random samples that were used each year for calculating community composition (1000 

bootstrap). n was used only for the surveys for which the number and location of sampling station were variable 

between years, the surveys with fixed sampled stations throughout the time-series did not need to be 

standardised as the sampling effort was kept constant in the time-series. 

 
Taxa 

Year 

min 

Year 

max Nyr Month Provider Sources n Comments 

K
at

te
ga

t 

Fish  1981 2014 34 2,3 

ICES 

(DATRAS) datras.ices.dk 10 

Offshore bottom trawl survey from an average of 32 

samples 

Benthos 1981 2013 31 5,6 

AU 

(EUROBIS/

ODAM) 

www.eurobis.

org 4 

Survey focusing on Danish coast but only kept samples 

deeper than 10m, average of 31 samples 

Phyto-

plankton 1981 2014 34 5,6,7,8 

AU 

(ODAM) oda.dk - Data from one fixed offshore station (NOR409) 

Zoo-

plankton 1982 2014 29 7,8,9 

AU 

(ODAM) oda.dk - 

Data from one fixed offshore station  (NOR409), based 

on 3 samples (3 months) 

C
en

tra
l B

al
tic

 

Benthos 1979 2012 24 5,6,7 SYKE  

SYKE 

database 3 Offshore benthos data from an averaged of 9 stations 

Fish 1979 2011 28 5 DTU Aqua 

Köster et al. 

2009 - 

Stock assessment model of 3 main fish species (tuned on 

surveys and fisheries data) spatially resolved at the sub-

regions 

Zoo-

plankton 1979 2012 27 4,5,6 NMFRI NMFRI - One station (Lat 55.5 Lon 18.4 or 55.6/18.6) 

Phyto-

plankton 1985 2012 18 5 ICES 

ecosystemdat

a.ices.dk - One station (BY15: Lat 57.3 Lon 20) 

G
ul

f o
f R

ig
a 

Benthos 1979 2016 29 7,8 LHEI LHEI - Offshore data from 1 fixed station 

Zoo-

plankton 1976 2016 38 8 BIOR BIOR 5 Offshore data from an averaged 12 samples 

Phyto-

plankton 1976 2016 38 8 LHEI LHEI - Offshore data from 3 fixed stations 

Fish 1976 2016 34 5,6 BIOR BIOR 8 Offshore data from an averaged 18 samples 

 

 

  



Table A2. Traits used, their definition and features 

 Trait Definition Type and units Sources 

Fi
sh

 

Size (Lmax) The maximum total size reported for an 
individual of the species 

Continuous, in cm  FishBase 

Offspring size Size of the offspring when released in the water  Continuous, in mm 
Log-transformed for analysis 

Literature compiled in 
Pecuchet et al. 2017 

Parental care Parental investment into the survival of 
offspring: from no parental care with egg 
released in the water to hiders, guarders and 
bearer 

Semi-quantitative, from 1 
(pelagic egg) to 4 (live-bearer) 

Pecuchet et al. 2017 

Feeding 
group 

Preferred food resource Categorical: benthivorous, 
piscivorous, zooplanktivorous  

Fishbase 

Vertical 
position 

Usual position in the water column Binary: demersal (1) pelagic (0) Fishbase 

B
en

th
os

 

Size Average body length Continuous, in mm Literature compiled in 
Törnroos et al. 2015 

Seabed 
position 

Vertical position in the seabed Categorical: epibenthic; 
interface; top; middle-deep 

Törnroos et al. 2015 

Feeding guild Preferred feeding source Categorical: predator; 
scavenger; deposit-feeder; 
suspension-filter-feeder 

Törnroos et al. 2015 

Development
al mode 

Species with: asexual development 
(fragmentation,fission); benthic direct 
development of mini adults (direct); pelagic 
larvae nourished on internal resources 
(lecitotrophic); pelagic larvae feeding on 
material captured from the plankton 
(planktotrophic) 

Categorical: fragmentation-
fission; direct; lecitotrophic; 
planktotrophic 

Törnroos et al. 2015 

Zo
op

la
nk

to
n 

Size Average female body size  Continuous, in mm Literature compiled in 
Brun et al. 2016 

Resting egg Production of resting egg Binary (0,1) Brun et al. 2016 
Feeding 
method 

Organisms produce a feeding current to feed; 
cruise through the water in search of prey; 
ambush their prey (sit and wait strategy) 

Categorical: feeding current 
feeders; cruise feeder; ambush 
feeder; 

Brun et al. 2016 et 
Kiorboe, pers com. 

Feeding 
group 

Feeding mainly on plant sources (herbivore) or 
zooplankton (carnivore). 

Categorical: herbivore; 
carnivore 

Kiorboe, pers com. 

Free spawner Eggs released in the water instead of eggs 
attached in a sac 

Binary (0,1) Brun et al. 2016 

Ph
yt

op
la

nk
to

n 

Cell volume Volume of the phytoplankton cell Continuous, cubic micrometers, 
log(x+1)-transformed 

Literature compiled in 
Klais et al. 2016 

Nitrogen fix Ability to fix atmospheric nitrogen (only some 
cyanobacteria), from Klais et al. 2017 

Binary (0,1) Klais et al. 2016 

Motility Capacity to swim (possession of flagella)  Binary (0,1) Klais et al. 2016 
Autotrophy Ability to photosynthesize Binary (0,1) Klais et al. 2016 
Heterotrophy Ability to use organic carbon as energy 

spource, via phagocytosis or otherwise 
Binary (0,1) Klais et al. 2016 

Chain Form colonies or chains Binary (0,1) Klais et al. 2016 
Silica Cell wall contains silica (e.g. diatoms) Binary (0,1) Klais et al. 2016 

 

  



Table A3. Environmental variables, definitions and sources 

 Variable Definition and spatial extent Units Sources temporal resolution 

K
at

te
ga

t 

Bottom (B) and 
Surface (S) 
temperature 

Temperature calculated at the bottom layer (0-2m 
integrated from the seabed) and at the surface layer (0-
2m integrated from surface). Calculated as a year 
average of the spring and summer months (March-
August) mean temperature from in situ data covering 
Kattegat area that is at least 10m deep (offshore) 

°C CTD data, ocean.ices.dk 
Time-series: 1978-2016 
 

B and S salinity Salinity calculated at the bottom layer (2m integrated 
from the seabed) and at the surface layer (0-2m 
integrated surface). Calculated as a year average of the 
spring and summer months (March-August) mean 
temperature from in situ data covering Kattegat area 
that is at least 10m deep (offshore) 

- CTD data, ocean.ices.dk 
Time-series: 1978-2016 
 

B oxygen Oxygen concentration in the water calculated at the 
bottom layer (2m integrated from the seabed) and at the 
surface layer (0-2m integrated surface). Calculated as a 
year average of the spring and summer months (March-
August) mean temperature from in situ data covering 
Kattegat area that is at least 10m deep (offshore) 

ml/l CTD data, ocean.ices.dk 
Time-series: 1978-2016 
 

B and S nitrate Nitrate concentration in the water calculated at the 
bottom layer (2m integrated from the seabed) and at the 
surface layer (0-2m integrated surface). Calculated as a 
year average of the spring and summer months (March-
August) mean temperature from in situ data covering 
Kattegat area that is at least 10m deep (offshore) 

µmol/l CTD data, ocean.ices.dk 
Time-series: 1978-2016 
 

B and S phosphate Phosphate concentration in the water calculated at the 
bottom layer (2m integrated from the seabed) and at the 
surface layer (0-2m integrated surface). Calculated as a 
year average of the spring and summer months (March-
August) mean temperature from in situ data covering 
Kattegat area that is at least 10m deep (offshore) 

µmol/l CTD data, ocean.ices.dk 
Time-series: 1978-2016 
 

Total fisheries 
landings (total, cod 
and sole) 

Total annual commercial landings in the Skagerrak-
Kattegat region (27.3a), comprising both fish and 
invertebrate species. 

tons ICES catch statistics, 
www.ices.dk/marine-data/dataset-
collections/Pages/Fish-catch-and-stock-
assessment.aspx 
Time-series:1978-2010 

Landings for cod 
and sole and Catches 
for herring 

Obtained from stock assessment of cod (Gadus 
morhua) in Kattegat, sole (Solea solea, sub-division 20-
24) in Kattegat and western Baltic Sea and spring-
spawning herring in Kattegat and western Baltic Sea 
(Clupea harengus, sub-division 20-24).  

tons ICES, www.ices.dk/marine-
data/tools/Pages/stock-assessment-graphs.aspx 
Time-series: cod  1978-2016 ; sole 1984-
2016 ; herring 1989-2016 

C
en

tra
l B

S 

B and S temperature Time-series of temperature at the bottom layer (0m) 
and surface layer (80m) obtained by interpolations from 
observations in the Central Baltic Sea (sub-division 25 
and 26) 
 

°C BALTSEM, apps.nest.su.se 
For more information on the model see: 
Savchuk., Gustafsson & Müller-Karulis. 
2012. BALTSEM: A marine model for 
decision support within the Baltic Sea 
Region. Baltic Nest Institute Technical 
Report, 7, p.55. 
Time-series: 1978-2016 

B and S salinity Time-series of salinity at the bottom layer (0m) and 
surface layer (80m) obtained by interpolations from 
observations in the Central Baltic Sea (sub-division 25 
and 26) 

- BALTSEM, apps.nest.su.se 
Time-series: 1978-2016 
 

B oxygen Time-series of oxygen content at the bottom layer (0m) 
and surface layer (80m) obtained by interpolations from 

ml/l BALTSEM, apps.nest.su.se 
Time-series: 1978-2016 



observations in the Central Baltic Sea (sub-division 25 
and 26) 

B and S nitrate Time-series of nitrate concentration at the bottom layer 
(0m) and surface layer (80m) obtained by interpolations 
from observations in the Central Baltic Sea (sub-
division 25 and 26) 

µmol/l BALTSEM, apps.nest.su.se 
Time-series: 1978-2016 
 

B and S phosphate Time-series of phosphate concentration at the bottom 
layer (0m) and surface layer (80m) obtained by 
interpolations from observations in the Central Baltic 
Sea (sub-division 25 and 26) 

µmol/l BALTSEM, apps.nest.su.se 
Time-series: 1978-2016 

Anoxic Area Extent of the seabed area with no dissolved oxygen (0 
ml/L) in the Baltic Sea proper. 

Km2 SMHI 
Time-series: 1978-2016 

Total fisheries 
landings 

Total annual commercial landings in the Baltic Sea 
region (27.3.d), comprising both fish and invertebrate 
species. 

tons ICES catch statistics, www.ices.dk/marine-
data/dataset-collections/Pages/Fish-catch-and-
stock-assessment.aspx 
Time-series: 1978-2010 

Catches herring, 
sprat and cod 

Obtained from stock assessment of eastern Baltic Sea 
cod stock (sub-division 24-32), central Baltic Sea 
herring stock (sub-division 25-29 and 32) and Baltic 
Sea sprat (Sprattus sprattus, subdivision 22-32) 

tons ICES, www.ices.dk/marine-
data/tools/Pages/stock-assessment-graphs.aspx 
Time-series:  herring and sprat 1978-2016; 
cod 1978-2015 

G
ul

f o
f R

ig
a 

B and S temperature Time-series of temperature at the bottom layer (0m) 
and surface layer (40m) obtained by interpolations from 
observations in the Gulf of Riga.  

°C BALTSEM, apps.nest.su.se 
Time-series: 1975-2016 

B and S salinity Time-series of salinity at the bottom layer (0m) and 
surface layer (40m) obtained by interpolations from 
observations in the Gulf of Riga.  

- BALTSEM, apps.nest.su.se 
Time-series: 1975-2016 

B oxygen Time-series of oxygen content at the bottom layer (0m) 
and surface layer (40m) obtained by interpolations from 
observations in the Gulf of Riga.  

ml/l BALTSEM, apps.nest.su.se 
Time-series: 1975-2016 

Sum discharge 
nitrate 

Total amount of nitrate discharged per year in the Gulf 
of Riga basin from river run-off of the catchment area. 
Historical simulations 

 SMHI, hypeweb.smhi.se 
Time-series: 1981-2016 

B and S phosphate Time-series of phosphate concentration at the bottom 
layer (0m) and surface layer (40m) obtained by 
interpolations from observations in the Gulf of Riga. 

µmol/l BALTSEM, apps.nest.su.se 
Time-series: 1975-2016 

Catches herring and 
sprat 

Obtained from stock assessment of Gulf of Riga 
herring stock (sub-division 28.1) and Baltic Sea sprat 
(sub-division 22-32) 

tons ICES, www.ices.dk/marine-data/dataset-
collections/Pages/Fish-catch-and-stock-
assessment.aspx 
Time-series: 1977-2016 

C
om

m
on

 

NAO Refers to the large scale changes in pressure in the 
North Atlantic Region, calculated as the difference of 
pressure between the Azores and Iceland. We used the 
annual PC-based NAO which takes into account spatial 
variability 

- www.ncdc.noaa.gov 
Time-series: 1975-2016 

AMO Long-term changes in the detrended sea surface 
temperature of the North Atlantic Ocean, representing 
natural variability occurring in the North Atlantic 
Ocean.  
 

- www.esrl.noaa.gov 
Time-series: 1975-2016 

 

BSI Baltic Sea index is the difference of normalised sea 
level pressures between Osloin Norway and Szczecin in 
Poland. We used the winter index as it is the one 
usually used in biological analysis in the Baltic Sea. 

- Lehmann et al., 2002 
Time-series: 1975-2010 

 

  



 

Figure A1. Community data available for each year, organism group and area. The absence of data is either due 

to the absence of survey in a specific year or due to a too small number of samples. 

  

Data kept in the analysis Data/Years not kept in the analysis No data
Kattegat 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14
Fish
Benthos
Zooplankton
Phytoplankton

Central Baltic Sea 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12
Fish
Benthos
Zooplankton
Phytoplankton

Gulf of Riga 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
Fish
Benthos
Zooplankton
Phytoplankton



 

 

 

Figure A2. Total fish abundance (black line) compared by total abundances of the only 3 dominating species 

(shaded red line) cod (Gadus morhua), sprat (Sprattus sprattus) and herring (Clupea harengus) as CPUE from 

the bottom trawl survey (BITS, datras.ices.dk) in the sub-division 25 and 26.  

  



Time-series of community weighted mean (CWM) traits 

 

Figure A3. Time-series of the community weighted mean (CWM) traits of fish in the Kattegat. The black dots 

represents the 1000 CWM traits values calculated from the computed random communities.  The red dots 

represent the median CWM trait value for each year, and are the value used in the multiple factor analysis 

(MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) and 

permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

Figure A4. Time-series of the community weighted mean (CWM) traits of benthos in the Kattegat. The black 

dots represent the 1000 CWM traits values calculated from the computed random communities. The red dots 

represent the median CWM trait value for each year, and are the value used in the multiple factor analysis 

(MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) and 

permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 

 



 

Figure A5. Time-series of the community weighted mean (CWM) traits of zooplankton in the Kattegat. The 

black dots represent the yearly CWM traits value calculated based on the community composition in the survey 

(fixed stations and number of samples across years) and are the value used in the multiple factor analysis (MFA). 

The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) and permits to 

visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the confidence interval 

of the GAM. 

 



 

Figure A6. Time-series of the community weighted mean (CWM) traits of phytoplankton in the Kattegat. 

The black dots represent the yearly CWM traits value calculated based on the community composition in the 

survey (fixed stations and number of samples across years) and are the value used in the multiple factor analysis 

(MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) and 

permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

Figure A7. Time-series of the community weighted mean (CWM) traits of fish in the Central Baltic Sea. The 

black dots represent the yearly CWM traits value calculated (based on the three major species abundance from 

the stock assessment model in the area), and are the value used in the multiple factor analysis (MFA). The blue 

line represents a smoother (Generalized additive model, GAM, with constraint k=6) and permits to visualise the 

main temporal dynamic in the CWM trait. The grey shaded area represents the confidence interval of the GAM. 



 

Figure A8. Time-series of the community weighted mean (CWM) traits of benthos in the Central Baltic Sea. 

The black dots represent the 1000 CWM traits values calculated from the computed random communities. The 

red dots represent the median CWM trait value for each year, and are the value used in the multiple factor 

analysis (MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) 

and permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

Figure A9. Time-series of the community weighted mean (CWM) traits of zooplankton in the Central Baltic 

Sea. The black dots represent the yearly CWM traits value calculated based on the community composition in 

the survey (fixed stations and number of samples across years) and are the value used in the multiple factor 

analysis (MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) 

and permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

Figure A10. Time-series of the community weighted mean (CWM) traits of phytoplankton in the Central 

Baltic Sea. The black dots represent the yearly CWM traits value calculated based on the community 

composition in the survey (fixed stations and number of samples across years) and are the value used in the 

multiple factor analysis (MFA). The blue line represents a smoother (Generalized additive model, GAM, with 

constraint k=6) and permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area 

represents the confidence interval of the GAM. 



 

Figure A11. Time-series of the community weighted mean (CWM) traits of fish in the Gulf of Riga. The black 

dots represent the 1000 CWM traits values calculated from the computed random communities. The red dots 

represent the median CWM trait value for each year, and are the value used in the multiple factor analysis 

(MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) and 

permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

Figure A12. Time-series of the community weighted mean (CWM) traits of benthos in the Gulf of Riga. The 

black dots represent the yearly CWM traits value calculated based on the community composition in the survey 

(fixed stations and number of samples across years) and are the value used in the multiple factor analysis (MFA). 

The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) and permits to 

visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the confidence interval 

of the GAM. 



 

Figure A13. Time-series of the community weighted mean (CWM) traits of zooplankton in the Gulf of Riga. 

The black dots represent the 1000 CWM traits values calculated from the computed random communities. The 

red dots represent the median CWM trait value for each year, and are the value used in the multiple factor 

analysis (MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) 

and permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

Figure A14. Time-series of the community weighted mean (CWM) traits of phytoplankton in the Gulf of 

Riga. The black dots represent the yearly CWM traits value calculated based on the community composition in 

the survey (fixed stations and number of samples across years) and are the value used in the multiple factor 

analysis (MFA). The blue line represents a smoother (Generalized additive model, GAM, with constraint k=6) 

and permits to visualise the main temporal dynamic in the CWM trait. The grey shaded area represents the 

confidence interval of the GAM. 



 

 
Figure A15. Loadings of the taxonomic variables along the first dimension (Dim 1, left panel) and along the 
second dimension (Dim 2, right panel) obtained from a multiple factor analysis (MFA) for the three studied 
areas. The red lines represent an absolute loading of 0.5, which we consider and discuss in the manuscript as a 
relatively high loading. The relative species abundance data where included in the analysis as additional 
variables and therefore did not impact the MFA results. The strength of the loadings give insight into the 
species dynamics that underlie the multi-trophic trait dynamics.  The taxonomic resolution is at the species 
level for fish, genus level for zooplankton and benthos and class level for phytoplankton. Traits are calculated 
based on species abundance in the communities, and as such are particularly dominated by the most abundant 
species. Thus, we included the relative abundance of few key species for each organism group to get an 
insight into the structural dynamic in the system as well as its influence on the community traits. For clarity, 
we only displayed for each area and dimension the ten species with the highest loadings. 

  



Multiple factor analysis (MFA) that includes the cladocerans in the zooplankton communities 

The reporting of the species composition and abundance in the zooplankton communities was not always 
consistent between the zooplankton groups and the surveys. The only group that was consistently reported 
was the copepods. Therefore in the main analysis we only used the copepod group to describe the temporal 
changes of the zooplankton community weighted mean (CWM) trait. To test for sensitivity we did a 
supplementary analysis that include the cladocerans, which are in the studied area the second most abundant 
zooplankton group after the copepod. In the three areas we found overall the same dynamic in the multi-
trophic CWM traits (Dim 1) and the same associated environmental variables. The main differences are (i) in 
the Kattegat a lower contribution of zooplankton in Dim 1 and instead higher in Dim 2 making thus a bigger 
distinction between a benthic dynamic (Dim 1) and a pelagic dynamic (Dim 2), (ii) in the Central Baltic Sea a 
lower contribution of zooplankton in Dim 1 and different zooplankton trait associated to the observed 
dynamic (feeding guild instead of feeding mode acquisition) and (iii) in the Gulf of Riga smaller contribution 
to Dim 1 but most importantly significantly lower contribution to Dim 2 that as a result is rather different than 
the one observed with copepod-only. However because the cladoceran group is not as consistently sampled 
throughout the years as the copepod group, it is hard to assess whether the changes in the zooplankton CWM 
traits, and their contributions to the multi-trophic dynamic, are actual changes in the copepod-cladoceran 
zooplankton communities or if it is an artefact of the cladoceran sampling bias. In general, the main observed 
multi-trophic dynamic (Dim 1) appears robust to the inclusion or exclusion of the cladocerans in the 
zooplankton community, while the second dynamic (Dim 2) appears to be more affected. As the main results 
and discussion are drawn on Dim 1 results and not Dim 2, we do not believe that the inclusion/exclusion of 
the cladocerans invalidates the main conclusion of this study. 

Kattegat 

 

Central Baltic Sea 



 

 

Gulf of Riga 

 

Figure A16. Temporal changes in the community weighted mean (CWM) traits of multi-trophic 

communities in the Kattegat, Central Baltic Sea and Gulf of Riga obtained from a multiple factor 



analysis (MFA) that includes the cladocerans in the zooplankton communities. Time-series of (a) the 

first dimension (Dim 1) and (b) of the second dimension (Dim 2) of multi-trophic CWM traits 

variability and the contribution of each trophic group to the observed dynamics. The red dotted line 

represents a contribution of 25%, the percentage that would be obtained if all the groups contributed 

equally to the dynamic. Loadings of the CWM traits which contributed to the observed dynamics (c) 

Dim 1 and (e) Dim 2. Loadings of the environmental (black) and fishing-related (grey) variables along 

(d) Dim 1 and (f) Dim 2. High environmental loading demonstrate co-variability between the 

environmental variables and the multi-trophic trait dynamics. For clarity, we only represented the 

loadings that were either higher than 0.5 (red dotted lines), or at the minimum the ten highest loadings. 

The loadings for the entire trait and environment variables is presented in supplementary materials. 

“B.” refers to bottom, “S.” refers to surface, “Her” to herring (Clupea harengus), “Sol” to sole (Solea 

solea), “Spr” to sprat (Sprattus sprattus), “AMO” to the Atlantic Multidecadal Oscillation, “NAO” to 

the North Atlantic Oscillation, “BSI” to the Baltic Sea Index.  

  



 

 

Figure A17. In the Kattegat, time-series of the three dimension explaining the most variability in the multi-

trophic community weighted mean (CWM) traits and the associated CWM trait loadings. Top panel: overall 

time-series of each dimension (black line) and the time-series decomposed by trophic groups (partial axis from 

the multiple factor analysis; coloured: darkred for fish, light red for zooplankton, orange for benthos and blue-

green for phytoplankton). Lower panel: Loadings of all the CWM traits along the  

 



 

Figure A18. In the Central Baltic Sea, contribution of trophic group (top panel) and traits (middle panel) to the 

three dimensions explaining the most of the multi-trophic trait variability obtained from a MFA as well as the 

overall time-series of each dimension (black line) and the time-series decomposed by trophic groups (coloured: 

darkred for fish, light red for zooplankton, orange for benthos and blue-green for phytoplankton) 

 



Figure A19. In the Gulf of Riga, contribution of trophic group (top panel) and traits (middle panel) to the three 

dimensions explaining the most of the multi-trophic trait variability obtained from a MFA as well as the overall 

time-series of each dimension (black line) and the time-series decomposed by trophic groups (coloured: darkred 

for fish, light red for zooplankton, orange for benthos and blue-green for phytoplankton) 

 


