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Abstract. We studied relationships between nutrient loading, local abiotic variables, richness and
biomasses of macrophytes, and associated invertebrate species in the north-eastern Baltic Sea. The
study showed that nutrient load strongly correlated to the richness and biomass of macroalgal and
invertebrate species and functions and often interacted with local abiotic variables such as salinity
and depth. Generally elevated nutrient loads increased the species richness of macrophytes and
benthic invertebrates and the biomass of annual macroalgae and of the majority of invertebrate
feeding groups, but reduced the biomass of perennial macroalgae. The study also showed that the
effect of nutrient loading was scale-specific, i.e. different responses to nutrients were observed at
water-body and gulf scales. The biomass of the majority of species and functions was a function of
the gulf-scale nutrient loading whereas the variability of annual algae and chironomidae reflected
changes in the water-body level nutrient loading.
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INTRODUCTION

In order to establish standards for ecological conditions in groundwater, streams,
lakes, and coastal areas most European countries have to implement the
EU Water Framework Directive (WFD) by 2015. The aims of the WFD are to
protect, enhance, and restore all water bodies and to obtain good water quality
(European Union, 2000). For implementing the WFD it is necessary to establish
efficient methods to link the ecological status with catchment loading.

Nutrient loading is considered to be the main process that causes changes
in the structure and functioning of many coastal sea ecosystems (Elmgren, 1989;
Duarte, 1995). Similarly, an elevated nutrient loading is a key risk for the Baltic
Sea ecosystem shown by significant shifts in community structure associated to a

145



J. Kotta and T. Moller

dramatic increase in nutrient concentrations in recent decades (Kotta et al., 2000;
Elmgren, 2001; Ronnberg, 2001; Bonsdorff et al., 2002; Grall and Chauvaud,
2002; Kotta and Witman, 2009).

Phytobenthos is regarded as a good early-warning indicator of the environ-
mental status because they are stationary and visible by the naked eye. It is known
that increasing availability of inorganic nutrients stimulates the abundance of
ephemeral macroalgae and causes the dominance shift from perennial to annual
macroalgae in shallow coastal waters (Sand-Jensen and Borum, 1991; Duarte,
1995; Valiela et al., 1997). It is therefore expected that ephemeral species are
especially good indicators of water quality. However, other environmental variables
such as substrate type and salinity may modulate the relationships between nutrient
loading and ephemeral macroalgae (Eriksson and Bergstrom, 2005; Kotta et al.,
2009).

Benthic invertebrate communities represent an intermediate trophic level and
nutrient additions affect them in many ways. Increasing nutrient loads enhance
the production of benthic and/or pelagic microalgae (Granéli and Sundbéck 1985;
Howarth, 1988) and, hence, increase the amount of available food for benthic
grazers, suspension feeders, and deposit feeders and ultimately for carnivores.
As a consequence, abundance and growth responses of invertebrates are observed
at moderate levels of nutrients (Posey et al., 1999; Kotta and Olafsson, 2003;
Lauringson and Kotta, 2006; Lauringson et al., 2007). Further addition of nutrients
leads to hypoxia, appearance of ammonia and hydrogen sulphide, and consequently
to the disappearance of benthic invertebrates (Gray et al., 2002; Kotta et al., 2007).

To date, we still lack scientific evidence for the nutrient—-macrophyte—invertebrate
relationship in order to adequately assess the water quality in the Baltic Sea
region. Such a relationship can be found, however, when the correlation structure
between environmental variables and biotic patterns is analysed in the multivariate
space and non-linearities are taken into account. Multivariate analysis enables us
to distinguish separate and interactive effects of nutrient loading and to estimate
the relative contribution of nutrient loading to the overall variability of macrophyte
communities. Besides, novel machine learning techniques such as Boosted
Regression Trees (BRT) modelling also enables fitting complex nonlinear relation-
ships. Avoiding overfitting the data, BRT provide very robust estimates. What is
most important in the ecological perspective it automatically handles interaction
effects between predictors. Consequently, such analysis can inform us about the
relative contribution of different environmental variables to the variability of biotic
patterns as well as to compute the functional form relationship between the environ-
ment (e.g. nutrient load) and biota, independent of other environmental variables.
Due to its strong predictive performance, BRT is increasingly used in ecology
(Elith et al., 2008).

We analysed links between nutrient loading and phytobenthic community
structure and sought whether and how local abiotic variables modulated the
nutrient—phytobenthos relationship in the north-eastern Baltic Sea. Our specific
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aim was to evaluate whether the biomasses of ephemeral macroalgae, deposit
feeders, suspension feeders, herbivores, and carnivores were stimulated by the
elevated load of nutrients in the north-eastern Baltic Sea. We also evaluated if the
biomass of perennial or annual macroalgae could be a promising tool for the
assessment of water quality.

MATERIAL AND METHODS

Monitoring areas

Sampling was performed on three transects in a frame of the Estonian National
Marine Monitoring Programme in 1995-2005 (Fig. 1). The main characteristics
of the transects are presented in Table 1.

The Eru transect is located at the southern shore of the Gulf of Finland and
belongs to Lahemaa National Park. Salinity varies there from 5.1 to 5.6 PSU,
which is typical of the central Gulf of Finland. Boulders, gravel, and sand prevail in
the substrate. Although the area is relatively sheltered, strong currents and storms
can occasionally displace large amounts of sediments and therefore change the
structure of the bottom substrate. The local nutrient discharges and freshwater
inflow are very low in the area.

Fig. 1. Location of the studied areas in the Baltic Sea. Transects are indicated by filled circles
and the studied water bodies by light grey.
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The Liu transect is situated at the outermost but sheltered part of Parnu Bay,
north-eastern Gulf of Riga. The bay is severely eutrophicated due to the loading
from the Parnu River (Kotta et al., 2008). Salinity varies between 4.9 and 5.6 PSU.
The bottom consists mainly of sand and gravel mixed with clay. Occasionally
some boulders are found.

The Koiguste transect is located at the moderately exposed part of the northern
Gulf of Riga. The area is influenced by a diffused nutrient load from the
offshore regions of the Gulf of Riga. Salinity varies between 5.1 and 5.8 PSU.
The bottom consists of boulders and gravel and is covered by fine sediment in
the deeper areas.

Data collection

The phytobenthos monitoring methods follow the guidelines provided by
HELCOM (2009). Sampling was carried out annually in the late summers of
1995-2005. Samples were collected from different transects as follows: in the
Kdiguste transect during 1995—-2005, at Liu in 1995 and 1999-2005, and at Eru
in 1997-2005. During sampling the depth was recorded (a proxy of light condition)
and sediment characteristics were described. Samples were taken with a metal
frame (20 cm x 20 cm) in three random replicates from depths 0.1, 0.3, 0.5, and
1 m and deeper down as triplicates from depth intervals 1-2, 2—4, 4-6, 6-8, and
810 m.

In the laboratory algae and invertebrates were sorted to the species level and
dry weight (per 1 m”) was found after drying the material at 60°C for 2—3 weeks.
Invertebrates were grouped according to their feeding type on the basis of
literature and field observations as follows: herbivores, deposit feeders, suspension
feeders, and carnivores (Bonsdorff and Pearson, 1999). Then the values were
averaged over replicates for each transect and depth strata and were used for
further statistical analyses.

Average salinity values were obtained from the results of hydrodynamical
model calculations from the summers of 1995-2005. The calculations were based
on the COHERENS model, which is a primitive equation ocean circulation model.
It was formulated with spherical coordinates on a 1’ x 1’ minute horizontal grid
and 30 vertical sigma layers. The model was forced with hourly meteorological
fields of 2 m air temperature, wind speed, wind stress vector, cloud cover, and
relative humidity. The meteorological fields were obtained from an operational
atmospheric model. The model was validated against water level, temperature,
salinity, and water velocity measurements from the study area (the database of the
Estonian Marine Institute) (Bendtsen et al., 2009). The data on the annual point
source and riverine loads of total nitrogen and total phosphorus to the study area
at local (i.e. water-body) level and gulf (i.e. regional loads) scales in 1995-2005
were obtained from the Estonian Ministry of Environment.
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Data analysis

Multivariate data analyses on the abiotic environment and biotic patterns were
performed by the statistical program PRIMER version 6.1.5 (Clarke and Gorley,
2006). Invertebrate biomass data were not transformed. Similarities between each
pair of samples were calculated using a zero-adjusted Bray—Curtis coefficient.
The coeftficient is known to outperform most other similarity measures and enables
samples containing no organisms at all to be included (Clarke et al., 2006). The
statistical differences in macrophyte and associated invertebrate assemblages
between transects were obtained by the ANOSIM permutation test (Clarke and
Green, 1988; Clarke, 1993). The contribution of each species to dissimilarities
was investigated using the similarities percentages procedure (SIMPER)
(Clarke, 1993).

In addition, the contribution of different environmental variables to the biomass
of key macrophyte and invertebrate species as well as the aggregated community
variables such as richness, total biomass, biomass of specific functional group
was explored using the Boosted Regression Trees (BRT) technique. Prior to
the analyses we checked if the studied environmental variables were highly inter-
correlated. In general the results suggested that multicollinearity was never a
severe issue in our data sets. BRT models are capable of handling different
types of predictor variables and their predictive performance is superior to most
traditional modelling methods. BRT models iteratively develop a large ensemble
of small regression trees constructed from random subsets of the data. Each
successive tree predicts the residuals from the previous tree to gradually boost the
predictive performance of the overall model. In the BRT models all studied
environmental variables were regressed to predict the functional form relationship
between environmental variables and species/function biomasses. In fitting a
BRT the learning rate and the tree complexity must be specified. The learning
rate determines the contribution of each successive tree to the final model, as
it proceeds through the iterations. The tree complexity fixes whether only main
effects (tree complexity = 1) or interactions are also included (tree complexity > 1).
Ultimately, the learning rate and tree complexity combined determine the total
number of trees in the final model. For each species, multiple models were run
varying both the model learning rate (between 0.1 and 0.001) and the number of
trees (between 1000 and 10 000). Then the optimum model was selected based
on model performance. Typically, optimal learning rates, number of trees, and
interaction depth were 0.01, 2000, and 5, respectively. A random 20% of the data
was assigned for testing model accuracy. The BRT modelling was done in the
statistical software R using the gbm package (R Core Team, 2013).

RESULTS

Altogether 40 taxa of macrophytes and 47 taxa of benthic invertebrates were
identified. Species richness was the highest in K&iguste Bay; 35 plant and 44

150



Relationship between nutrient loading and benthos

invertebrate taxa were recorded in the area over the period of ten years. Altogether
33 plant and 38 invertebrate taxa were recorded at Liu and 22 and 33 taxa at Eru,
respectively (Table 2). The ephemeral algae Ceramium tenuicorne, Cladophora
glomerata, and Pilayella littoralis dominated in the study area. Besides, the
perennial species Furcellaria lumbricalis and Fucus vesiculosus and the higher
plant Myriophyllum spicatum were widespread. These six species also contributed
most to the dissimilarities in macroalgal communities among transects (ANOSIM
r=10.399, p<0.001; SIMPER). The most common invertebrate taxa were
Cerastoderma glaucum, Chironomidae, Gammarus spp., Idotea spp., and Theodoxus
fluviatilis. However, species related to the differences among transects were
primarily Mytilus trossulus, T. fluviatilis, and Dreissena polymorpha (ANOSIM
r=0.401, p>0.001; SIMPER).

The BRT modelling described a significant proportion of variability in
the richness and biomass of benthic macrophyte and invertebrate species and

Table 2. Percent occurrence (%) and average biomass (B)-SD of macroalgal and invertebrate
species in the studied transects. Functional groups are denoted as follows: A —annual, P — perennial,
S — suspension feeder, C — carnivore, H — herbivore, D — deposit feeder

Taxon Function Eru Liu Koiguste
% B % B % B
Aglaothamnion roseum A 4 <0.01
(Roth) Maggs &
L’Hardy-Halos
Ceramium tenuicorne A 80 2.20+4.63 68 039%£0.74 84 2.07+£5.49
(Kiitzing) Waern
Ceramium virgatum P 5 0.01£0.09 9 0.04+0.16 7 <0.01
Roth
Chara aspera A 18  136x5.84 17 0.67+2.16
Willdenow
Chara baltica Bruzelius A 3 0.01+0.08 1 0.01£0.09
Chara canescens A 2 <0.01 12 0.09£0.40 8 0.18+£0.89
Desvaux & Loiseleur
Chara connivens A 9 0.06£0.29 1 0.05+0.43
Salzmann ex
A. Braun
Chara tomentosa A 3 <0.01
Linnaeus
Chara Linnaeus A 6 0.03£0.14 3 0.12+1.05
Chorda filum A 2 <0.01 11 0.55+3.61
(Linnaeus)
Stackhouse
Chroodactylon ornatum A 3 0.01+0.04

(C. Agardh) Basson
Cladophora glomerata A 57 84611692 68 1.70£4.47 66 7.04+20.15
(Linnaeus) Kiitzing
Continued overleaf
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Table 2. Continued

Taxon

Function

Eru

Liu

Koiguste

% B %

B

%

B

Cladophora rupestris
(Linnaeus) Kiitzing
Coccotylus truncatus
(Pallas) M. J. Wynne
& J. N. Heine
Dictyosiphon
foeniculaceus
(Hudson) Greville
Elachista fucicola
(Velley) Areschoug
Fucus vesiculosus
Linnaeus
Furcellaria lumbricalis
(Hudson)
J. V. Lamouroux
Myriophyllum spicatum
Linnaeus
Percursaria percursa
(C. Agardh)
Rosenvinge
Pilayella littoralis
(Linnaeus) Kjellman
P. littoralis/Ectocarpus
siliculosus (Dillwyn)
Lyngbye
Polysiphonia fibrillosa
(Dillwyn) Sprengel
Polysiphonia fucoides
(Hudson) Greville
Potamogeton
perfoliatus Linnaeus
Ranunculus peltatus
Schrank subsp.
baudotii (Godr.)
Meikle ex
C.D. K. Cook
Rhizoclonium riparium
(Roth) Kiitzing ex
Harvey
Rhodomela
confervoides
(Hudson) P. C. Silva
Ruppia maritima
Linnaeus
Ruppia cirrhosa
(Petagna) Grande
Schoenoplectus
tabernaemontanii
(C. C. Gmel.) Palla
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27 0.61£3.60 15

2 <0.01 9

27 1.45+4.37 6

25 1.07+4.33

70 237.00+£326.01 15

27 3.41£9.73 36

2 <0.01 77

7 032177 6

59 3.37£1038 33

30 0.19£0.59 18

30 1.74+5.65 76

47

16 0.26+0.91 3

24

3

0.40£2.26

<0.01

<0.01

4.33+20.48

0.85+3.25

29.92+59.39

<0.01

0.03£0.12

18.77+£63.89

0.12£0.39

2.12+3.57

1.40£3.27

<0.01

<0.01

12.99+46.99

<0.01

12

57

34

36

92

70

4

63

25

0.26+1.95

0.19£0.34

4.18+28.64

<0.01

21.40+51.03

23.55+39.85

0.05+0.27

0.23£0.90

45.92+117.68

0.03£0.23

3.461+6.08

0.03+0.16

0.02+0.17

1.54+3.14

3.96+£14.00

0.05+0.43
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Table 2. Continued

Taxon Function Eru Liu Koiguste
% B % B % B

Sphacelaria arctica P 36 948+5542 50 032+132 &3 13.36+17.65
Harvey

Stictyosiphon tortilis A 2 0.03+0.18 3 <0.01 47 2.37+5.45
(Ruprecht) Reinke

Stuckenia pectinata (L.) A 59 15.92+32.39 16 031+£1.42
Boerner

Zannichellia palustris A 2 0.01+0.07 42 137+£3.61 37 293+11.57
Linnaeus

Zostera marina P 2 <0.01 15 <0.01 8 0.01+0.07
Linnaeus

Tolypella nidifica A 12 0.07+£0.34 28 0.27£0.91
(O. F. Miiller)
Leonhardi

Ulothrix flacca A 4 <0.01
(Dillwyn) Thuret

Ulva intestinalis A 9 0.23£1.14 44 048+£2.15 26 0.35+£1.58
Linnaeus

Urospora A 3 <0.01
penicilliformis (Roth)
Areschoug

Amphibalanus S 30 0.55+1.47 18 0.65£196 5 0.07£0.45
improvisus Darwin

Asellus aquaticus H 5 <0.01 3 <0.01 11 <0.01
(Linnaeus)

Bithynia tentaculata H 7 0.04+0.18 18  0.32+£1.06 1 <0.01
(Linnaeus)

Cerastoderma glaucum S 25 0.28+1.28 71 098+£2.03 57 1.20+2.59
(Poiret)

Family Chironomidae D 55 0.05+0.27 62 0.16+£0.53 67 0.02+0.05

Order Coleoptera C 2 <0.01 15 <0.01 1 <0.01

Cordylophora caspia S 3 0.04+0.21
(Pallas)

Corixa Geoffroy C 3 <0.01 3 <0.01

Corophium volutator D 2 0.02+0.11 18  0.06£0.24 25 0.01+0.08
(Pallas)

Cyanophthalma C 11 <0.01 18 <0.01 30 <0.01
obscura (Schultze)

Order Diptera C 3 <0.01 1 <0.01

Dreissena polymorpha S 47 6.44£16.38
(Pallas)

Ecrobia ventrosa H 14 0.01+£0.06 15  0.09£045 33 0.44+1.57
(Montagu)

Gammarus duebeni H 9 <0.01 1 <0.01
Liljeborg

Gammarus juv. H 86 0.24£0.36 82 0.14+022 84 0.15+0.31
Fabricius

Gammarus locusta H 5 0.02£0.14
(Linnaeus)

Continued overleaf
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Table 2. Continued

Taxon Function Eru Liu Koiguste
% B % B % B

Gammarus oceanicus H 91 1.20+£1.78 15 <0.01 49 0.07+0.17
Segerstréle

Gammarus salinus H 61 0.05+0.13 47  0.06£0.12 57 0.07+0.11
Spooner

Gammarus spp. H 5 0.05+0.36

Gammarus zaddachi H 5 <0.01 12 <0.01 7 0.01£0.08
Sexton

Hediste diversicolor D 5 <0.01 35  0.02+£0.05 43 0.07+0.16
(O. F. Miiller)

Subclass Hirudinea C 1 <0.01

Hydrobia spp. H 27 0.03+0.10 32 0.10+£0.23 43 0.81£3.39

Idotea balthica (Pallas) H 59 1.30+2.96 9 0.03+0.16 39 0.05+0.13

Idotea chelipes (Pallas) H 52 0.20+£0.99 56  0.07+0.15 49 0.04£0.10

Idotea granulosa H 9 0.03£0.11 1 <0.01
Rathke

Jaera albifrons Leach H 59 0.01£0.03 21 <0.01 62 0.02£0.03

Order Lepidoptera C 24 0.01£0.04 5 <0.01

Leptocheirus pilosus D 3 <0.01 3 <0.01
Zaddach

Lymnaea peregra H 82 0.97+1.45 24 0.09£036 42 0.49+1.56
(Miiller)

Lymnaea spp. H 2 <0.01 3 0.10+056 3 0.01+0.08

Macoma balthica D 9 <0.01 53 2974875 54 1.80+4.64
(Linnaeus)

Mpya arenaria Linnaeus S 5 <0.01 3 <0.01 30 0.60+2.96

Mpysis mixta Lilljeborg C 2 <0.01

Mytilus trossulus Gould S 39 3.85+£12.95 6 <0.01 91  24.70%£40.49

Neomysis integer C 12 <0.01 4 <0.01
(Leach)

Order Odonata C 15 0.01£0.04 3 <0.01

Subclass Oligochaeta D 2 <0.01 8 <0.01

Peringia ulvae H 11 0.02+0.07 9 0.01£0.03 51 0.66+1.43
(Pennant)

Physa fontinalis H 7 <0.01 7 0.04+0.21
(Linnaeus)

Piscicola geometra C 2 <0.01 15 <0.01 4 <0.01
(Linnaeus)

Order Plecoptera C 1 <0.01

Potamopygrus H 2 <0.01 3 <0.01 1 <0.01
antipodarum (Gray)

Praunus flexuosus C 1 <0.01
(Miiller)

Saduria entomon C 5 0.02+0.11 6 0.06+034 17 0.02+0.13
(Linnaeus)

Theodoxus fluviatilis H 98 7.87£10.08 76 1431353 82 2.95+5.03
@)

Order Trichoptera C 2 0.01£0.08 3 <0.01 7 <0.01
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functional groups but not the biomass of P. /itforalis and carnivores (Table 3).
The BRT modelling showed that nutrient load strongly correlated to species
richness and biomass of macroalgal and invertebrate species and functions. In
general elevated nutrient loads increased the species richness of macrophytes and
benthic invertebrates, the biomass of annual macroalgae and of the majority of
invertebrate feeding groups, and reduced the biomass of perennial macroalgae.
The biomasses of the majority of species and functions were a function of the
gulf-scale nutrient loading whereas the dynamics of annual algae and chironomidae
reflected changes in water-body level nutrient loading (Table 3, Figs 2-5).

With elevating nutrient loads F. vesiculosus initially increased its biomass but
then at a certain threshold level its biomass drastically declined. The invertebrate
species associated with F. vesiculosus (such as Gammarus oceanicus, Idotea
balthica, and T. fluviatilis) showed exactly the same response pattern along the
nutrient gradient. Among the studied species the variability in the biomass of

Table 3. The percentage of variance explained (% var) and relative contribution of different
environmental variables (D — sampling depth, B —bottom substrate, S — water salinity,
GULF-N — annual gulf-scale nitrogen loading, GULF-P — annual gulf-scale phosphorus
loading, WB-N — annual water-body level nitrogen loading, WB-P — annual water-body level
phosphorus loading) to the BRT models based on the biomasses and richness of macrophyte and
invertebrate species and functional groups

Species or % var | D B S GULF-N | GULF-P | WB-N | WB-P
functional group
Ceramium tenuicorne 69.1 339 0.0 15.0 12.2 18.4 10.5 10.0
Cladophora glomerata ~ 96.7 26.6 0.0 15.0 15.7 6.3 27.5 8.9
Pilayella littoralis 458 38.8 0.0 44 313 8.8 3.9 12.8
Furcellaria lumbricalis  71.4 39.8 0.0 6.9 2.9 9.4 26.5 14.5
Fucus vesiculosus 57.7 9.1 0.0 1.1 85.9 0.2 1.6 2.1
Myriophyllum spicatum  77.4 9.6 03 373 4.0 1.1 33.6 14.1
Cerastoderma glaucum  66.9 326 05 211 7.1 6.4 9.2 23.1
Chironomidae 68.3 257 2.1 7.7 7.1 11.4 253 20.7
Gammarus salinus 70.5 354 0.0 9.9 22.5 12.6 11.5 8.1
Gammarus oceanicus 67.8 144 0.0 3.6 66.7 7.1 4.8 34
Idotea balthica 83.9 17.5 0.0 2.9 45.4 21.3 6.9 6.0
Theodoxus fluviatilis 93.7 29.1 0.0 8.2 342 10.8 9.5 8.2
Annual macrophytes 67.8 6.7 0.0 43.0 5.0 0.8 30.0 14.5
Perennial macrophytes  56.4 10.9 0.0 5.9 75.3 1.7 2.9 33
Total macrophytes 63 443 0.0 1.3 40.1 1.1 9.0 4.2
Deposit feeders 80.6 16.5 0.0 9.0 34.7 2.7 27.7 9.4
Suspension feeders 66.2 51.1 0.0 33 28.4 14.2 1.2 1.8
Herbivores 80.7 312 0.0 9.9 20.7 16.4 11.7 10.1
Carnivores 32.7 6.7 0.0 6.0 15.2 1.9 47.7 22.5
Total invertebrates 66.6 404 0.0 4.1 16.9 17.9 9.8 10.9
Macrophyte richness 87.9 284 0.0 121 17.3 8.9 19.4 13.9
Invertebrate richness 75.9 339 0.0 8.9 12.5 18.5 16.2 10.0
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Fig. 2. Partial dependence plots showing the effect of environmental variables on the total biomass
and species richness of benthic invertebrates and macrophytes whilst all other variables are held at
their means. Ntot and Ptot denote annual total nitrogen and phosphorus loads; WB denotes water-
body and gulf basin scale. Depth is the sampling depth and salinity is the annual average of the
studied transect area.

M. spicatum was to the largest extent affected by water salinity but also
water-body level nutrient loading was an important variable for this species
(Figs 2-5).

In addition to many strong direct effects, often environmental variables
interactively contributed to the biotic patterns. Nevertheless, other than two-
way interactions had weak effects on the studied response variables. In general
nutrient loading affected interactively with salinity and depth the biomass and
diversity of benthic macrophytes and invertebrates. Surprisingly, sediment type
had no interactive effects with any studied environmental variable on the biotic
patterns (Table 4).
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Fig. 3. Partial dependence plots showing the effect of environmental variables on the biomass
of invertebrate and macrophyte functions (for invertebrates: carnivores, deposit feeders, herbivores,
suspension feeders, and macroalgae: annuals, perennials) whilst all other variables are held at their
means. Ntot and Ptot denote annual total nitrogen and phosphorus loads; WB denotes water-body
and gulf basin scale. Depth is the sampling depth and salinity is the annual average of the studied
transect area.
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Fig. 4. Partial dependence plots showing the effect of environmental variables on the biomass of
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depth and salinity is the annual average of the studied transect area.
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Table 4. Relative contribution of two-way interactions (%) of the studied environmental variables
on the biomass and richness of key macrophyte and invertebrate functional groups. The codes
of environmental variables are as follows: Depth — sampling depth, Bottom — bottom substrate,
GULF-N — annual gulf-scale nitrogen loading, GULF-P — annual gulf-scale phosphorus loading,
WB-N — annual water-body level nitrogen loading, WB-P — annual water-body level phosphorus
loading, Salinity — water salinity

| Bottom | Gult-N | Gult-P | WB-N | WB-P | Salinity

Total macrophyte biomass
Depth
Bottom
Gulf-N
Gulf-P
WB-N
WB-P

Total invertebrate biomass
Depth
Bottom
Gulf-N
Gulf-P
WB-N
WB-P

Annual algal biomass
Depth
Bottom
Gulf-N
Gulf-P
WB-N
WB-P

Perennial algal biomass
Depth
Bottom
Gulf-N
Gulf-P
WB-N
WB-P

Deposit feeder biomass
Depth
Bottom
Gulf-N
Gulf-P
WB-N
WB-P

Suspension feeder biomass
Depth
Bottom
Gulf-N
Gulf-P
WB-N
WB-P
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Table 4. Continued
| Bottom | Gult-N | Gult-P | WB-N | WB-P | Salinity

Herbivore biomass

Depth 0 35 26 2 4 2
Bottom 0 0 0 0 0
Gulf-N 25 1 1 3
Gulf-P 0 0 0
WB-N 0 1
WB-P 0
Macrophyte taxonomic richness
Depth 0 54 4 12 9 5
Bottom 0 0 0 0 0
Gulf-N 11 0 0 1
Gulf-P 0 1 0
WB-N 1 1
WB-P 2
Invertebrate taxonomic richness
Depth 0 46 3 13 10 2
Bottom 0 0 0 0 0
Gulf-N 9 2 1 1
Gulf-P 5 5 2
WB-N 0 0
WB-P 1
DISCUSSION

The study showed that nutrient load strongly correlated with the diversity and
biomass of macroalgal and invertebrate species but mainly was in interaction
with local abiotic variables such as salinity and depth. Salinity is regarded as the
key environmental variable determining the large-scale distribution of macrophytes
and benthic invertebrates in the Baltic Sea basin (Kautsky and van der Maarel,
1990; Bonsdorff and Pearson, 1999), and fluctuation in salinity close to the salinity
tolerance limit may override the effect of nutrient loads (Josefson and Hansen,
2004; Krause-Jensen et al., 2007a, 2007b). At the local scale salinity conditions
have a strong structuring role especially in estuaries where the salinity conditions
fluctuate within a greater range. Owing to the irregular freshwater loading by the
Pérnu River salinity is expected to have stronger effects in the Liu area compared
to the other studied sites. The availability of light is known to play a crucial role
in regulating primary production of macroalgae (Field et al., 1998); therefore
variation in depth (i.e. a proxy of the light regime) is expected to largely contribute
to the patterns of macroalgal species. Among the studied macrophyte and
invertebrate species M. spicatum was the most sensitive to changes in salinity
with a clear reduction in its biomass above 5.2 PSU. This species is known to
have a depressed photosynthesis at elevated salinities resulting in a reduced ratio
of photosynthesis to respiration and lower biomass standing stock (McGahee and
Davis, 1971).
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In general, higher nutrient loads increased the species richness and biomass of
annual macroalgae and reduced the biomass of perennial macroalgae. As such the
results confirm our expectations and corroborate earlier findings (e.g. Field et al.,
1998). Nutrient loading is considered as a key factor structuring the phytobenthos
communities in the Baltic Sea area (e.g. Haahtela, 1984; Hallfors et al., 1984;
Havens et al., 2001). An increase of nutrient concentrations is often accompanied
by an increase of opportunistic filamentous algae (e.g. Wallentinus, 1984a; Kautsky
et al., 1988; Mikinen et al., 1988; Pedersen, 1995; Morand and Briand, 1996).
Similarly, experimental studies have demonstrated that nutrients stimulate the
growth of ephemeral algae (Pedersen and Borum, 1996; Bokn et al., 2003). Such
relationship is explained by the higher nutrient uptake of annual algae compared
to perennial algae at high nutrient concentrations (Wallentinus, 1984a, 1984b).

In our study the magnitude of the effect of nutrients on macrophytes was highly
species-specific. Similarly, the functional form relationship between nutrients and
macrophytes varied among macroalgal species and cannot be easily generalized.

In the main the variability in macrophyte biomasses was affected by the gulf-
scale nutrient loading but in some cases the water-body level nutrient loading also
contributed to the biomass variability. For example, among the ephemeral algae,
P. littoralis seemed to benefit the most of gulf-scale nutrient enrichment. On the
other hand, C. tenuicorne benefitted only from the gulf-scale phosphorus loading
whereas the species was actually negatively affected by the gulf-scale nitrogen
loading. Although salinity conditions do not vary largely in our study area, it has
been shown that the growth rate of C. tenuicorne is a function of salinity and
nutrients, and in different regions the species responds differently to nutrient loads
(Bergstrom and Kautsky, 2006). This may explain the opposing effects of nitrogen
and phosphorus to this red algal species. Alternatively, this opportunistic filamentous
algal species may benefit from phosphorus excess.

Cladophora glomerata in turn showed a dramatic increase in its biomass at the
initial increment of the gulf-scale level nutrient loading but a further increase in
the gulf-scale nutrients reduced its biomass. Locally, however, an increment in
the water-body level phosphorus increased the biomass of C. glomerata while
that of nitrogen reduced its biomass. Such contradicting patterns may arise from
interactive effects of e.g. nutrient loading and wave exposure. Results from the
mesocosm experiment by Kraufvelin et al. (2010) indicate that the biomass of red
and brown filamentous algae is often smaller at higher nutrient concentrations
irrespective of wave exposure, whereas the growth of green filamentous algae is
favoured by higher nutrient levels and higher wave activity.

In some cases the observed negative effect of elevated nutrient loading on
annual macroalgal species may be indirect, especially for those annual species
that inhabit deeper areas. Namely, an increasing nutrient load is often associated
with the reduced water transparency. Therefore, the reduced coverage of annual
species in the deeper areas may be attributed to the poor light climate rather than
the direct effect of nutrient loading (Krause-Jensen et al., 2007b). Besides the
direct effect of light conditions, the algae growing at suboptimal light become
more attractive to herbivores (Geertz-Hansen et al., 1993; Paalme et al., 2002;
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Kotta et al., 2006). In our study only the linkage between annual nutrient loads
and biotic patterns was examined and we did not discern the effect of nutrient
limitation during the growth season. Such cause—eftfect patterns can be disentangled
only if an experimental framework is used.

Although an increase in annual macroalgal species is a general pattern
observed worldwide, it has been shown in some observational and experimental
studies that there is no clear link between the nutrient loading and biomasses of
annual and perennial species (Pihl et al., 1999; Karez et al., 2004). Nevertheless,
our study clearly showed that both annual and perennial algae captured the shifts
in regional nutrient loads and therefore might be rewarding elements for the water
quality assessment in the north-eastern Baltic Sea.

The effect of nutrients did not vary largely among different invertebrate
functional groups. In general moderate nutrient loads increased the biomass of
invertebrate feeding groups. This suggests that the studied invertebrates are
not very selective in their dietary requirements. Together with the increment of
nutrient loading invertebrates benefit from the improved availability of food such
as organic debris, micro- and/or macroalgae.

At the species level an increment of nutrient loading increased the biomasses
of the majority of benthic invertebrates. With further increment in nutrient loads
species associated with the F. vesiculosus communities showed exactly the same
response pattern along the nutrient gradient, i.e. a decline in their biomass. It is
likely that this is not a direct effect of nutrients on invertebrate species but rather
reflects their responses to the structural and functional changes in macrophyte
communities. Vegetation is crucial for herbivores as well as for other trophic guilds
either as a food source or as protection against predators (e.g. Puttman, 1986; Gee
and Warwick, 1994; Pavia et al., 1999; Kotta et al., 2000). Such facilitative effect
is also demonstrated by strong positive correlations between the biomass of algal
species and the biomass of herbivores (Kotta and Orav, 2001; Lauringson
and Kotta, 2006). Although herbivores respond to changes in total biomass of
macroalgae they are highly selective among macroalgal species (Kotta et al., 2004;
Orav-Kotta and Kotta, 2004; Orav-Kotta et al., 2009).

Substrate is also considered as an important structuring factor for the phyto-
benthic and benthic invertebrate communities (Kautsky, 1988; Kautsky et al.,
1999; Kotta et al., 2007). In our models substrate was not an important explaining
variable. Our study area is characterized by a mosaic of substrate at small spatial
scales, i.e. practically all substrate types are available within a 100 m range. Thus,
substrate is most likely not limiting the distribution of macrophyte and benthic
invertebrate species in our transect area.

The BRT models performed poorly when modelling the biomass of P. /ittoralis
and carnivores. This is probably due to the strong signal of seasonality not taken
into account in the current study and/or the low representation of carnivores in the
samples.

To conclude, the species richness and biomasses of macrophyte and benthic
invertebrate species and functions were explained by multiple environmental
factors with nutrient loading being one of the key predictors in the models.
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Although the magnitude, direction, and functional form relationship of effects
varied among species and functional groups, higher nutrient loadings clearly
benefitted ephemeral algae and the majority of benthic invertebrate feeding groups
but had a negative effect on perennial macrophytes. The study also showed that
the effect of nutrient loading was scale-specific, i.e. different responses to
nutrients were observed at water-body and gulf scales. The study confirmed the
biomasses of annual and perennial macrophyte species to be a rewarding element
for the water quality assessment in the north-eastern Baltic Sea in case depth and
salinity information is taken into account.
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