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BIO-C3 overview

The importance of biodiversity for ecosystems on land has long been acknowledged. In
contrast, its role for marine ecosystems has gained less research attention. The overarching
aim of BIO-C3 is to address biodiversity changes, their causes, consequences and possible
management implications for the Baltic Sea. Scientists from 7 European countries and 13
partner institutes are involved. Project coordinator is the GEOMAR Helmholtz Centre for
Ocean Research Kiel, Germany, assisted by DTU Aqua, National Institute of Aquatic
Resources, Technical University of Denmark.

An estimated 130 animal and plant species go extinct every day. In 1992 the United Nations
tried countering this process with the "Biodiversity Convention". It labeled biodiversity as
worthy of preservation — at land as well as at sea. Biological variety should not only be
preserved for ethical reasons: It also fulfils key ecosystem functions and provides ecosystem
services. In the sea this includes healthy fish stocks, clear water without algal blooms but
also the absorption of nutrients from agriculture.

To assess the role of biodiversity in marine ecosystems, BIO-C3 uses a natural laboratory:
the Baltic Sea. The Baltic is perfectly suited since its species composition is very young, with
current salt level persisting for only a few thousand years. It is also relatively species poor,
and extinctions of residents or invasions of new species is therefore expected to have a
more dramatic effect compared to species rich and presumably more stable ecosystems.

Moreover, human impacts on the Baltic ecosystem are larger than in most other sea
regions, as this marginal sea is surrounded by densely populated areas. A further BIO-C3
focus is to predict and assess future anthropogenic impacts such as fishing and
eutrophication, as well as changes related to global (climate) change using a suite of models.

If talking about biological variety, it is important to consider genetic diversity as well,
a largely neglected issue. A central question is whether important organisms such as
zooplankton and fish can cope or even adapt on contemporary time scales to changed
environmental conditions anticipated under different global change scenarios.

BIO-C3 aims to increase understanding of both temporal changes in biodiversity - on
all levels from genetic diversity to ecosystem composition - and of the environmental and
anthropogenic pressures driving this change. For this purpose, we are able to exploit
numerous long term data sets available from the project partners, including on fish stocks,
plankton and benthos organisms as well as abiotic environmental conditions. Data series are
extended and expanded through a network of Baltic cruises with the research vessels linked
to the consortium, and complemented by extensive experimental, laboratory, and modeling
work.

The ultimate BIO-C3 goal is to use understanding of what happened in the past to predict
what will happen in the future, under different climate projections and management
scenarios: essential information for resource managers and politicians to decide on the
course of actions to maintain and improve the biodiversity status of the Baltic Sea for future
generations.
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Executive Summary of BIO-C3 Task 4.3

The objectives of BIO-C3 Task 4.3 is to investigate how distributions and abundances of
species and populations important for food web functioning in the Baltic Sea might change
under different scenarios of anticipated changes of major drivers. The work contributing to
this task are summarized here:

Climate change and eutrophication impacts on reproductive habitat: The ability of the Baltic
Sea biota and ecosystems to provide goods and services depends on which species continue to
be present in the Baltic Sea under future climate change, eutrophication and exploitation, and
which species can successfully enter and esstablish new populations. A key prerequisite for
the continued presence of existing species and the potential for new species to become
established is whether they will be able to reproduce under the probable abiotic conditions of
the future Baltic Sea. It is likely that temperature, salinity and oxygen conditions are going to
change systematically during the 21st century; furthermore successful reproduction by all
species is constrained physiolgoically by species- and sometimes population-species ranges of
these same variables. As a result some species could suffer while others benefit as the abiotic
environment of the Baltic Sea progressively changes during the coming decades. Here and
together with P12 we have used experimental results from other BIO-C3 tasks and literature
data to derive the ranges of temperature, salinity and oxygen concenctration at which several
key species representing different functional groups and salinity tolerances (i. e., freshwater,
marine) can reproduce sucessfully, and then used integrated climate-ocean-biogeochemical
models to derive the sizes and locations of reproductive habitat by month for a historical and
future climate period. These habitat estimates have furthermore been estimated for different
nutrient-loading  scenarios so that habitat sizes for combinations of climate change-
eutrophication can be derived and compared. Our results show that many key components of
the Baltic biodiversity will experience conditions which can potentially lead to major
decreases or increases in reproductive success. As a consequence, species distributions will
have to change, or pressure for adaptation to the changing conditions will increase. The
results suggest that changes to Baltic biodiversity both in terms of species and functions, and
the structure and functioning of foodwebs, are vulnerable to expected 21 century climate
change and eutrophication.

The extent to which increasing populations of seals are ecologically interacting with fisheries,
and how these trophic interactions will change in the future has rarely been explored. This is
an important question for the Baltic Sea presents as it is a highly exploited system with an
increasing population of seals interacting with some fisheries. Here, using an Ecopath with
Ecosim food-web model for the Baltic Proper we investigated the trophic role of grey seals
and their effect on some fish stocks. Aiming at providing new insights for an ecosystem-
approach to management and conservation in regions where fisheries and seals interact, we
predicted the changes in the fish and seal populations under different future scenarios. We
showed that fish biomass is affected primarily by fishing mortality rather than by seals, and
that seal predation pressure on cod is highest under low fish biomass. We thus demonstrated
that healthy populations of both fish and seals would help to sustain the most important
commercial species in the region. Our results from the Baltic Sea can also serve as a basis for
studies aiming to offer management and conservation advice elsewhere.

In another study Boosted Regression Trees modelling was used to relate the cover of
submerged aquatic vegetation to the abiotic environment in the brackish Baltic Sea. The
analyses showed that the majority of the studied submerged aquatic species are most sensitive
to changes in water temperature, current velocity and winter ice scour. Surprisingly, water
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salinity, turbidity and eutrophication have little impact on the distributional pattern of the
studied biota. Both small and large scale environmental variability contributes to the
variability of submerged aquatic vegetation. When modelling species distribution under the
projected influences of climate change, all of the studied submerged aquatic species appear to
be very resilient to a broad range of environmental perturbation and biomass gains are
expected when seawater temperature increases. This is mainly because vegetation develops
faster in spring and has a longer growing season under the projected climate change scenario.

In a different study, we applied the species marginality index and species distribution
modeling in the northern Baltic Proper to determine (a) if environmental niche spaces at
habitat scale differ between taxonomically and functionally closely related invasive and native
gammarid species, and (b) whether the observed pattern relates to the species distribution
overlap. Both methods agreed in notably narrower and more segregated realized niche of
invasive Gammarus tigrinus compared to the studied native gammarids. Among native
species, the distribution of G. zaddachi overlapped the most with G. tigrinus. Our results
confirm that widespread colonization does not require a wide niche of the colonizer, but may
rather be a function of other biological traits and/or the saturation of the recipient ecosystem.
The niche divergence and wider environmental niche space of native species are likely to
safeguard their existence in habitats less suitable for G. tigrinus.

We also assessed the role of invasive species in the food web. In specific, the food web
interactions of invasive species were assessed conceptually using the round goby (Neogobius
melanostomus) and Harris mud crab (Rhithropanopeus harrisii) as examples. Both species
have established in the Baltic Sea and especially the round goby is widespread. Conversely,
the Harris mud crab is locally abundant in the Archipelago Sea (Finland) and Pirnu bay
(Estonia) with potentially significant impacts to the important littoral ecosystems. Based on
the studies, the species have both predatory and prey roles in the food webs and their
increasing abundances may cause impacts cascading both down and up in their respective
food webs. The impacts of the invasions will be further studied using Ecopath and Ecosim
food web models.

Downscaled benthic-pelagic food-web model for the Gulf of Riga (GoR) has been applied in
hindcast and forecast mode to study the past and future levels of nutrient control of the
carrying capacity of macrobenthos (bivalves) in coastal areas of the Baltic Sea. The model
data were analysed using one climate scenario and two eutrophication scenarios
(reference/Baltic Sea Action Plan (BSAP)) from BONUS Ecosupport. The impact was
assessed by analysing spatio-temporal trends in modelled concentrations of dissolved
nutrients and chl a and in the biomass of two species of bivalves (Mytilus edulis, Macoma
baltica) which dominate the overall zoobenthic biomass in the region. During the period
between 1990 and 2020, a descending trend (0.075 mg/I per year) in the concentration of chl a
was predicted for the BSAP scenario and a slightly weaker downward trend (0.050 mg/1 per
year) was predicted for the reference scenario. In the BSAP scenario the downward trend in
chl a concentrations continued after 2020. The biomass of Mytilus bivalves was predicted to
decline in the reference scenario over the whole period, but intensified after 2050. By 2020,
the level of Mytilus biomass in the BSAP scenario was predicted to be 70% of the biomass in
2008. No clear trend was identified in the predicted biomass of Macoma during the period.

Knowledge about non-indigenous species biology and ecology is particularly important for
impact prediction and projections of future changes as well as legislation and marine
management. We therefore experimentally and empirically assessed the trophic positioning of
a recent invader, Harris mud crab (Rhitropanopeus harrisii), gathered the current biological
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and ecological trait knowledge of this species worldwide and qualitatively compared traits
with those of the native macrofaunal community. The findings show a temporally and
spatially stable trophic position of the crab as well as overall similar functional role of the
species compared to native invertebrate species. This work serves as a basis for further
assessment of the functional role of the species, as well as an example of the trait-based
approach for disentangling non-indigenous species roles in the Baltic Sea.

I) Introduction

The goal of deliverable 4.3 is to investigate how distributions and abundances of species and
populations important for food web functioning and how entire species assemblages in the
Baltic Sea might change under different scenarios of anticipated changes of major drivers.

The future biodiversity of the Baltic Sea depends crucially on the ability of species and
populations being able to successfully reproduce and maintain viable populations as abiotic
conditions trend away from historical levels. Some of the most likely changes will involve
increases in temperature, a reduction in salinity and continued frequent periods of anoxia.
Species and populations which are unable to reproduce under future abiotic conditions will no
longer remain as viable components of foodwebs and communities thereby leading to changes
in structure and function of foodwebs. Data compilation and habitat modelling under past and
future climate was conducted to evaluate how the sizes and locations of reproductive habitats
(as defined by laboratory studies of successful reproduction at combinations of temperature,
salinity and oxygen concentration) in the Baltic Sea would change for combinations of CO2
emission and nutrient-loading scenarios. Analyses were conducted for a range of species
across trophic levels and functional groups. We have furthermore developed ways to evaluate
and quantify the risk that the Baltic Sea will become more vulnerable to non-indigenous
species due to ongoing climate change and eutrophication.

We assessed the interactions of grey seals and fisheries in the Baltic Sea and projected trophic
impact of fisheries and seal predation under different climate, nutrient and fishing scenarios.
The exponential increase in the number of grey seals in the Baltic Sea since the 1980s has
raised concerns in the fisheries sector, and there is a growing alarm regarding the impact that
grey seals might have on the declining stocks of the commercially most important fish species
(e.g. cod, herring and sprat). Although the majority of the interactions recorded between seals
and fisheries in the Baltic are described as operational (i.e. loss or damage to catch or fishing
gear caused by seals). We used the Baltic Proper as a model system to investigate the role of
seals in a highly exploited system aiming at providing new insights for an ecosystem-
approach to management and conservation in regions where fisheries and seals interact. Using
Ecopath with Ecosim (EwE) modeling we elucidated top-down effects of grey seals under
different future environmental conditions. We highlight some of the factors that might have a
great impact on the Baltic food-web, the commercial fish species and the seals and thus need
the researchers’ attention.

The Baltic Sea hosts a mixture of submerged aquatic vegetation of marine, brackish or fresh
water origin; each species characterised by its specific tolerance to environmental conditions.
Located at the margins of typical marine environments, the Baltic Sea is a vulnerable
ecosystem and predicted dramatic climate change will challenge all the submerged aquatic
species. Our goal was to (1) identify the most important environmental variables defining the
cover of submerged aquatic vegetation, (2) specify the spatial scales where such relationships
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are the stongest and (3) predict changes in the distributional pattern of the submerged aquatic
vegetation from the current to future climate (Kotta et al. 2014). The modelling approach aims
to identify possible critical tipping points of all these variables where regime shifts in species
distribution may occur, to provide a better understanding of the ecological frames in which
outbreaks or local extinction are more likely to occur.

Invasions of non-indigenous species (NIS) are considered among the most serious threats to
global biodiversity. To date, studies comparing multidimensional niche overlaps of invasive
and native guild members are almost lacking. The Baltic Sea is heavily trafficked and in terms
of salinity it resembles estuarine conditions of many of the world’s ports. The high dispersal
connectivity for estuarine NIS between the Baltic Sea and potential donor regions yields high
rates of invasion. However, the Baltic Sea is still a relatively species-poor ecosystem due to
its geological youth, and therefore represents an excellent model system to study different
aspects of species invasions, including relationships with native congenerics and the recipient
environment. In this study, we asked why Gammarus tigrinus is a successful invader in the
north-eastern Baltic Sea, and if this could be explained by similar or divergent niche breadth
when compared to native gammarids. Specifically, we addressed the following research
questions by applying multivariate ordination and species distribution modeling: (1) Do
environmental niche spaces differentiate between taxonomically and functionally closely
related sympatric species? (2) Does similarity in niche space result in species distribution
overlap? (3) Are there any particular differences in the niche width and segregation between

invasive and native species? Does the invasive species have wider or narrower environmental
niche? (Herkiil et al. 2016).

Non-indigenous species, especially when they become invasive, are known to induce a variety
of changes to the ecosystems of their new environments. The impacts of invasive non-
indigenous species in aquatic environments often draw attention (e.g., Carlton and Geller
1993, Ricciardi and Rasmussen 1998, Cohen and Webb 2002, Molnar et al. 2008), and the
majority of the studies concentrate on the top-down predatory impacts of an invader on native
prey. Although many species have both predatory and prey roles in the ecosystem, food web
wide impacts of the invasions have been far less studied. In the BIO-C3, many of the key
ecological interactions were studied and here we reviewed the results in food web context.

A fine-scale ecosystem model complex has been set up in BIO-C3 for the Gulf of Riga
covering the period between 1970 and 2100. Reconstruction of past ecosystem changes in the
Gulf (WP 4.2) revealed nutrient-driven localised decline in productivity affecting the entire
benthic food web after mid 1990es. One of the main aims of the study has been to project key
functional interactions in the benthic-pelagic food web to future scenarios based on large-
scale models developed and executed in the BONUS Ecosupport project. We anticipated to be
able to determine the relative contribution of the BSAP to eutrophication control and
declining supply of nutrients during the 21 century.

We studied the food web positioning of a non-native invasive epibenthic invertebrate, the
Harris mud crab (Rhitropanopeus harrisii), and showed clear ontogenetic shifts between
juvenile and adult stages of the crab (Aarnio et al 2015). Moreover, we reviewed and outline
additional functional characteristics of the species, apart from the assessed feeding-related
ones, and compared these qualitatively with the functional characteristics of the native
invertebrate communities in the region, in order to discuss its possible functional and future
impacts in the coastal ecosystems of the Baltic Sea. We conclude that traits expressed by the
crab is similar to the trait composition of the native coastal community, although being a
taxonomically new species to the system. This means that, currently in the area and base on a
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qualitative assessment, the Harris mud crab is essentially only contributing to the functional
richness and functions. In addition, and in collaboration with P2 (lead) and P12, we have
reviewed reproductive tolerance limits (and in some cases where no information exists, adult
stages) in regard to especially temperature and salinity for a number of key benthic
invertebrates and algae and angiosperm species. This information will be used with scenarios
of future climatic and HELCOM BSAP targets to project spatial distribution of taxa and
essentially functional attributes or even functions.

Due to the wealth of new information and detail outputs of the different studies, the key
results are highlighted in the core deliverable text and the detailed material and result
descriptions are provided as appendices.

IT) Core Activities

Focus areas of this task were the Baltic Proper, the Gulf of Riga, the West Estonian
Archipelago Sea, and the Gulf of Finland, the Gulf of Gdansk.

Major activities of Task 4.3 per partner were as follows:

P2 has developed databases and conducted analyses of how reproductive habitats will change
for several species under combinations of expected climate change and nutrient loadings. The
work is a collaboration among many BIO-C3 partners including major contributions from
SMHI (P12) regarding oceanographic modelling and data processing. Specific activities are
as follows:

1) Derived a large database (> 20,000 observations) of abundance and distribution of a key
benthic species, Saduria entomon, based on national and international databases (e. g., ICES,
Helcom), and used these data together with an external collaborator, IOW, Germany to derive
a habitat model for this species; used this model under future climate-eutrophication
condtions provided by P12 to estimate the change in its distribution, abundance and biomass
for end of 21st century. See Appendix 7.

2) Compiled from other BIO-C3 tasks and literature the temperature, salinity and oxygen
concentration limits for successful reproduction for several species and functional groups.

3) Derived estimates of sizes and locations of reproductive habitat together with P12 for
selected species under future climate change and eutrophication scenarios, and based on
physiological limits for reproduction. See Appendices 8 and 9, and Deliverable Report 3.4.

4) Developed together with P8 and P6 an approach for assessing the consequences of three
inter-linked drivers (climate change, eutrophication, introduction of non-indigenous species)
of change in future Baltic Sea biodiversity. See Appendix 10.

P4 updated the existing Baltic Sea Proper Ecopatch with Ecosim (EwE) model for studying
seal-fisheries interactions in order to be able to simulate the trophic effect of grey seals on the
fish populations and on the fisheries. We introduced current population size estimations
derived from the number of counted seals during four decades of surveys obtained from the
Baltic Marine Environment Protection Commission (HELCOM) and from the Swedish
Museum of Natural History (SMNH). Ecosim was used to create time-dynamic simulations of
the food-web in response to observed biomass data (1974-2015) and fishing mortality, seal
abundance, nutrient load and climate scenarios (2016-2098). See Appendix 1.

P5 tested for zooplankton in the southern part of the Baltic Sea, changes in key copepod
8



species biomass against the environmental and climatic potential descriptors and assessed
macrobenthic community composition in relation to environmental conditions in the southern
part of the Bornholm Deep and the Gulf of Gdansk.

P6 built spatial model on the distribution and abundances of a selection of benthic
macrophyte species under current and future climate conditions for the West Estonian
Archipelago Sea; and performed the analysis of sensitivity of different functional traits to
separate and combined effects of climate and eutrophication variables, combining verious
mapping technologies (e.g. hyperspectral remote sensing, habitat identification using video
analysis) with probability mapping and machine learning. See Appendix 2.

P6 assessed niche breadth and separation of habitat niche between native and invasive
gammarid species. P6 also run spatial predictive models of the probability of occurrence of
the studied gammarid species. See Appendix 3.

P7 reviewed the role of benthic invasive species in food webs based on literature and studies
conducted in BIO-C3 and using the round goby and the Harris mud crabs as examples. The
work will continue with modelling applications. See Appendix 4.

P9 conducted downscaled ecosystem models for the Gulf of Riga of three interlinked
components for different scenarios; an eutrophication model based on a coupled local
biophysical and ecosystem model, a mussel population model and a seaduck energetics
module. See Appendix 5.

P13 experimentally and empirically assessed feeding preferences and trophic positioning of
the non-indigenous Harris mud crab (Rhitropanopeus harrisii) in the Northern Baltic Sea and
Finnish archipelago, in order to evaluate its current and potential future ecological and
functional role in the coastal ecosystem. Additionally, P13 also contributed to ongoing work
in collaboration with P2 and P12 on assessments of current and future distribution of
reproductive areas based on tolerance limits of e.g. temperature and salinity. See Appendix 6.

I1I) Scientific highlights

Future climate change and nutrient loading alter reproductive habitat size and location
for Baltic Sea species (for details see Appendices 8, 9, 10)

Together with several other partners in BIO-C3 and especially P12, we have developed
estimates of how the reproductive habitats for a large number of species at different trophic
levels and functional groups will change in the Baltic Sea under scenarios of cclimate change
and eutrophication. The models are based mostly on process-oriented studies of how
combinations of temperature, salinity and oxygen concentration affect reproudctive success.
Those results are then used with a coupled climate-ocean-biogeochemical model RCO-
SCOBI for the Baltic Sea to estiamte how habitats defined on the basis of physiological
tolerance for reproduction will change. We found large differences (i. e., 50-60% decreases
for some species and several-fold increases for other species), which imply that some species
must change distributions, adapt relatively quickly to keep pace with expected changes (
already-locally adapted populatons must increase their productivities), or alter their
phenologies to avoid local extinction. The changes imply that should species fail to adapt,
major changes in foodweb structure and functioning will occur, partly due to changes in
abiotic conditions in habitats which affect reproductive success.



Are grey seals affecting fish biomass in the Central Baltic Sea? (for details see Appendix
1)

The extent of interaction of the increasing grey seals population with fisheries, and how seal
population and interactions will be affected by future changing conditions is largely
unexplored for the Baltic Sea. The Baltic Sea presents an excellent opportunity to study these
relationships, as it is a highly exploited system with an increasing population of seals
interacting with some fisheries and there are food-web and environmental models already
developed for the region. Here, using an Ecopath with Ecosim food-web model for the Baltic
Proper we investigated the trophic role of grey seals and their effect on some fish stocks.
Aiming at providing new insights for an ecosystem-approach to management and
conservation in regions where fisheries and seals interact, we predicted the changes in the fish
and seal populations under different future scenarios. We showed that fish biomass is affected
primarily by fishing mortality rather than by seals, and that seal predation pressure on cod is
highest under low fish biomass. We thus demonstrated that healthy populations of both fish
and seals would help to sustain the most important commercial species in the region. Our
results from the Baltic Sea can also serve as a basis for studies aiming to offer management
and conservation advice elsewhere.

Realized niche width of a brackish water submerged aquatic vegetation under current
environmental conditions and projected influences of climate change (for details see
Appendix 2)

Little is known about how organisms might respond to multiple climate stressors and this lack
of knowledge limits our ability to manage coastal ecosystems under contemporary climate
change. Ecological models provide managers and decision makers with greater certainty that
the systems affected by their decisions are accurately represented. In this study Boosted
Regression Trees modelling was used to relate the cover of submerged aquatic vegetation to
the abiotic environment in the brackish Baltic Sea. The analyses showed that the majority of
the studied submerged aquatic species are most sensitive to changes in water temperature,
current velocity and winter ice scour. Surprisingly, water salinity, turbidity and eutrophication
have little impact on the distributional pattern of the studied biota. Both small and large scale
environmental variability contributes to the variability of submerged aquatic vegetation.
When modelling species distribution under the projected influences of climate change, all of
the studied submerged aquatic species appear to be very resilient to a broad range of
environmental perturbation and biomass gains are expected when seawater temperature
increases. This is mainly because vegetation develops faster in spring and has a longer
growing season under the projected climate change scenario.

Specialization among amphipods: the invasive Gammarus tigrinus has narrower niche
space compared to native gammarids (for details see Appendix 3)

Human mediated invasions of non-indigenous species are modifying global biodiversity.
Despite significant interest in the topic, niche separation and specialization of invasive and
closely related native sympatric species are not well understood. It is expected that combined
use of various methods may reveal different aspects of niche space and provide stronger
evidence for niche partitioning as compared to a single method. We applied the species
marginality index (OMI) and species distribution modeling (SDM) in the northern Baltic
Proper to determine (a) if environmental niche spaces at habitat scale differ between
taxonomically and functionally closely related invasive and native gammarid species, and (b)
whether the observed pattern relates to the species distribution overlap. Both methods agreed
in notably narrower and more segregated realized niche of invasive Gammarus tigrinus
compared to the studied native gammarids. Among native species, the distribution of G.
zaddachi overlapped the most with G. tigrinus. Our results confirm that widespread

10



colonization does not require a wide niche of the colonizer, but may rather be a function of
other biological traits and/or the saturation of the recipient ecosystem. The niche divergence
and wider environmental niche space of native species are likely to safeguard their existence
in habitats less suitable for G. tigrinus.

Role of invasive species in the food webs (for details see Appendix 4)

The roles of the selected invasive species were reviewed conceptually based on literature and
results of the studies conducted within BIO-C3. Based on the results, the round goby has
successfully established in the various coastal ecosystems in the Baltic Sea. They are
simultaneously both predators for native prey and prey for native predators as well as
competitors to some native species. In addition, they are a host for native generalist parasites.
In some areas, run down consumption of Mytilus trossulus has been reported, which may have
cascading impacts in the ecosystem. The interactions with the surrounding ecosystem (e.g.,
predation and parasites) do not seem to limit the population growth of the round goby and
their range and abundance is increasing in most of the locations.

Based on the studies in the northern Baltic Sea range of the Harris mud crab, the species has
established in the ecosystems and they are both predators and prey in the food webs. The
implications to the other trophic levels including detritus consumption are still unknown. Run
down consumption of grazers may result in impacts on Fucus vesiculosus, where grazing is
naturally an important phenomenon. The decline in grazing may lead to changes in the algal
composition in these hard bottom habitats. Also, the crabs may compete with some local fish
species, such as perch and roach, for prey.

Predicted impacts of changes in intensity of eutrophication on future carrying capacity
of the Gulf of Riga (for details see Appendix 5)

Downscaled benthic-pelagic food-web model for the Gulf of Riga (GoR) has been applied in
hindcast and forecast mode to study the past and future levels of nutrient control of the
carrying capacity of macrobenthos (bivalves) in coastal areas of the Baltic Sea. The model
data were analysed using one climate scenario and two eutrophication scenarios
(reference/Baltic Sea Action Plan (BSAP)) from BONUS Ecosupport. The model data
covered the period between 1970 and 2100. The impact was assessed by analysing spatio-
temporal trends in modelled concentrations of dissolved nutrients and chl a and in the
biomass of two species of bivalves (Mytilus edulis, Macoma baltica) which dominate the
overall zoobenthic biomass in the region. A steep decline (0.0085 mg/l per year) in the
concentration of dissolved inorganic nitrogen (DIN) and a moderate decline (0.00015 mg/1 per
year) in the concentration of inorganic phosphorus (DIP) was predicted in the BSAP scenario
between 1990 and 2020. After 2020, the concentration of DIN stabilised, whereas the
concentration of DIP showed a weak but continuous downward trend. The decreasing trends
in nutrient concentrations during this period for the reference scenario were predicted to be
approximately 30% less steep than in the BSAP scenario. During the period between 1990
and 2020, a descending trend (0.075 mg/I per year) in the concentration of chl a was predicted
for the BSAP scenario and a slightly weaker downward trend (0.050 mg/l per year) was
predicted for the reference scenario. In the BSAP scenario the downward trend in chl a
concentrations continued after 2020. The biomass of Mytilus bivalves was predicted to decline
in the reference scenario over the whole period, but intensified after 2050. During the BSAP
scenario, the decline in predicted Mytilus biomass started earlier and amplified the trend in the
reference scenario. By 2020, the level of Mytilus biomass in the BSAP scenario was predicted
to be 70% of the biomass in 2008. No clear trend was identified in the predicted biomass of
Macoma during the period. A spatial assessment of the predicted dramatic decline in the
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carrying capacity of Mytilus revealed that the decline will be focused on the Gulf of Riga
rather than the Irbe Strait and the coastal areas west of the Gulf.

Food web positioning of a recent coloniser: the North American Harris mud crab
Rhithropanopeus harrisii (Gould, 1841) in the northern Baltic Sea (for details see
Appendix 6)

Identifying resource use and functional traits of non-indigenous species are promising means
to increase the ability to predict ecological consequences of invasions. One of the most widely
spread brachyuran crab species, and a recent invader in the northern Baltic Sea, is the North
American Harris mud crab, Rhithropanopeus harrisii (Gould, 1841). Although spread,
establishment, and population structure have been studied for this species, little is known
about its role and impact in a new environment. We investigated the position and role of R.
harrisii in the coastal food web by combining spatial and temporal estimates of trophic
position using stable isotopes (8'°C and 8'°N), with short-term food- and habitat-choice
experiments. We observed a stable pattern in the trophic position between two
environmentally different locations in the Archipelago Sea over the production season. The
identification of a natural breakpoint in carbon stable isotopes at the size of 12 mm carapace
width suggested a presence of an ontogenetic diet shift, which was confirmed by isotope
signatures positioning large R. harrisii among secondary consumers and small individuals
with primary consumers. The generalist consumer nature of R. harrisii and preference for
structured habitat was supported by an active habitat and food choice, revealing no preference
for prey species (polychaetes versus amphipod), but selection of brown algae over bare mud.
To broaden the understanding of the functional role of R. harrisii, we combined our findings
with other known biological and ecological traits of the species and qualitatively compared
these to characteristics of other benthic organisms in the northern Baltic Sea, suggesting a
general similarity in traits.

IV) Progress and next steps

Studies and work-tasks were performed according to the workplan and original objectives
were obtained. The progress and outstanding next steps are as follow:

The sizes and locations of the historical and future reproductive habitats for a large number of
species and functional groups of the Baltic Sea have been quantified for combinations of
climate change and nutrient-loading scenarios. Most of these analyses have only recently
been completed and further work in the remaining months will be used to quantify and
analyse the changes in further detail, include a few additional species from especially the
benthos and habitat-forming species whose reproductive thresholds have only recently been
located or been provided and to prepare results for the final BIO-C3 project report and for
peer-review publication in international journals. Furthermore, analyses to assess how the
Baltic may become more vulnerable to non-indigenous species from estuarine areas under
climate change and eutrophication has been started with P8 and P6, and is expected to be
completed in the coming 1-2 months in time for the final report (Appendix 10).

EcoPath and EcoSim modeling and future predictions of Baltic Sea seals and fisheries
interactions have been performed and finalized according to work plan. A draft manuscript is
finished and will be submitted within the next weeks for publication in a peer review journal.

The impacts of invasions on food web processes will be further studied with food web
modelling (EwE).
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A study on the functionality of non-native species was performed according to the work plan
and original objectives. Work on assessment and construction of functional properties, based
on reproduction tolerances, of zoobenthos under future scenarios has been initiated as
planned, and is still in progress. Scenario outcomes for a larger set of key invertebrates will be
interpreted, as well as any potential overarching functional changes will be discussed and
highlighted in a manuscript for publication in a peer review journal, to be reported in the final
project report.

V) Methods and results

Major results are highlighted in section (i), detailed methods and results for each respective
study are described in the Appendices. A list of all attached appendices is given in section (v).

VI) Recommendations

Estimates of reproductive habitat size have been derived for a range of species in the Baltic
Sea. The estimates are based partly on somewhat limited experimental data of the tolerances
for reproduction across temperature, salinity and oxygen concentration ranges; for example
population-specific differences within species which could represent adaptation potential were
usually not available and could not be directly accounted for. Furthermore the reproductive
requirements for some key species in the foodweb have never been experimentally
investigated (e. g., S. entomon) and other habitat modelling approaches were employed. New
experimental studies of the reproductive success of selected species and populations with
major roles in Baltic foodwebs are necessary to fill knowledge gaps.

Reproductive habitat size as determined from temperature, salinity, oxygen and potentially
other abiotic variables (e. g., depth, substrate type) can be relatively easily quantified given
background experimental or field data and climate-ocean-biogeochemical models available in
the Baltic scientific community. Habitat sizes for some selected species could potentially be
useful indicators of population and environmental status and food web functioning and could
potentially contribute to MFSD and GES monitoring protocols.

It is also recommended that monitoring and data collection be continued and expanded for the
distribution and abundance of key biota. Regular and frequent observations are needed to
detect changes, to enable attribution of such changes to changes in potential drivers and to
compare with and validate models of habitat and abundance changes. Biological monitoring
should be accompanied by continued development of integrated climate-ocean-
biogeochemical models of the Baltic Sea to reduce uncertainties in model outputs and
improve estimates of habitat sizes and locations.

Our model projections showed that seal abundance will level off at about 140000 individuals
in the year 2038 individuals, which his likely close to the carrying capacity of the system for
grey seals. Our results provide evidence that at their current population size, consumption by
grey seals do not affect fish biomass in the Baltic Proper in a significant manner. Should the
grey seal population remain stable in the future, or even increase substantially, it is still
unlikely that grey seals will have a greater effect on the cod biomass. Also, we have
demonstrated that maintaining fish populations at relatively high abundance levels in the
Baltic Sea would reduce cod predation mortality by seal, and thereby healthy populations of
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both fish and seals would help to sustain the most important commercial species in the region.
Our results from the Baltic Sea can thus serve as a basis for studies aiming to offer
management and conservation advice elsewhere.

Deliverable 4.1 reported the unfavorable changes in benthic community structure, and even a
complete disappearance of macrozoobenthic organisms on the muddy bottom of the southern
part of the Bornholm Deep and the Gulf of Gdansk, also above the halocline. These changes
are related to oxygen depletion in those parts of the Baltic Sea. Thus, any scenario influencing
the distribution and extension of anoxic areas will have an impact on dynamics of benthic
communities. Profound changes in zooplankton community were recorded at the deep-water
stations in the southern part of the Baltic Sea, which is mostly caused by a decrease in
abundance of Pseudocalanus copepods responding to the salinity changes in-between of the
inflows from the North Sea. Biomasses of all key copepod species were significantly
correlated with hydrological parameters (especially with salinity) and winter NAO, suggesting
that reduced future inflow will change zooplankton community composition.

Our study suggests that practically all of the studied submerged aquatic species benefit from
the projected influences of climate change with no indication of local extinction in the West
Estonian Archipelago Sea. The individualistic response of species to the environmental
change was expected and this was confirmed by the spatial predictive models. Non-linearities
between environment and biota result in situations where even gradual changes in future
climate may provoke sudden and unpredictable biological responses as populations shift from
one state to another. The observed results are study area specific and possibly cannot be
extrapolated to other seas.

All predictions of future climate are far from certain and opposite changes in the abiotic
environment might also occur under other climate change scenarios. Nevertheless, our
modelling study showed that the submerged aquatic vegetation is very resilient to a broad
range of environmental perturbation and biomass gains are expected when seawater
temperature increases. This is mainly because vegetation develops faster in spring and has a
longer growing season under the projected climate change scenario.

The distribution and niche assessment of NIS by combining spatial modeling and multivariate
ordination in the present study proved to be a highly relevant approach to reveal patterns of
invasion process. Environmental niche analysis (OMI) offers complementary information
about biotic patterns in available environmental space compared to more traditional species
distribution modelling. Our study reminds that wide environmental tolerance of a species does
not necessarily result in a wide realized niche in the course of an invasion process. Our results
also suggest that colonization success and wide distribution do not necessarily require a broad
environmental niche of the colonizer, but may instead rely on the saturation of the recipient
ecosystem and the novelty of the pre-adaptations of the colonizer: an ability to optimally
utilize previously under-occupied environmental niche can support the apparent luck of the
draw. Despite the decline in specialist species worldwide, anthropogenic introductions may
thus regionally increase the proportion of relatively specialized taxa.

Both investigated invasive species, the round goby and the Harris mud crab, have successfully
established into their ecosystems and play both predatory and prey roles in the food webs.
Their presence has top down impacts on their prey, leading to both competition with native
species and potentially cascading changes in the lower tropic levels. Furthermore, they are
prey for native predators adding a new links into the food web, currently with unknown
consequences. Further studies will concentrate in modelling the cascading impacts of these
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growing populations on food web processes such as energy transfer. These potential changes
in the food web processes will be examined in the future by utilizing modelling tools in the
Ecopath with Ecosim (EwE) framework.

The model predictions for the development of the benthic ecosystem in the Gulf of Riga
indicated significant impacts of the continued control of eutrophication and derived reductions
in nutrient concentrations. With the implementation of the mitigation measures through the
BSAP these impacts will be amplified with a knock-on effect on the carrying capacity of
bivalves, most notably blue mussels in the part of the model area focused on the Gulf of Riga.
Obviously, local ecosystem models like this one for the Gulf of Riga may provide useful
decision support tools in order to achieve future synergies between targets for water quality
and biodiversity conservation in many coastal areas of the Baltic Sea.

The study supports the fact that identifying resource use and functional traits of non-
indigenous species are promising means to increase the ability to predict ecological
consequences of invasions. The experimentally and empirically observed stable pattern in the
trophic position of Harris mud crab between two environmentally different locations in the
Archipelago Sea over the production season, serves as important knowledge for further Baltic
Sea wide studies and for management purposes. Moreover, the demonstrated ontogenetic
switch between feeding as a primary consumer to feeding as a secondary consumer, at 12 mm
carapace width, illustrates two distinct trophic roles of Harris mud crab. The fact that
reproductive females smaller than 12 mm was found means that this shift is not strictly related
to a transition from juveniles to adults, which is valuable information especially for ecosystem
modelling studies. The compilation of the specie’s traits beyond feeding and habitat use, and
the qualitative comparison of these to the native faunal assemblage highlighted the need for
further quantification of the species’ other roles for ecosystem functioning in order to
clarifying any negative as well as positive contributions and proper management measures.

VII) References

Aarnio K, A Tornroos, C Bjorklund, E Bonsdorft (2016) Food web positioning of a recent
coloniser: the North American Harris mud crab Rhithropanopeus harrisii (Gould, 1841) in the
northern Baltic Sea. Invasions, 10, 399-413.

Kotta, J.; Mdller, T.; Orav-Kotta, H.; Parnoja, M. 2014. Realized niche width of a brackish
water submerged aquatic vegetation under current environmental conditions and projected
influences of climate change. Marine Environmental Research, 102, 88—101.

Herkiil, K.; Lauringson, V.; Kotta, J. 2016. Specialization among amphipods: the invasive
Gammarus tigrinus has narrower niche space compared to native gammarids. Ecosphere, 7,
e01306.

VIII) Appendices

APPENDIX 1: Are grey seals affecting fish biomass in the Central Baltic Sea?
By: David Costalago, Barbara Bauer, Maciej T. Tomczak, Karl Lundstrém, Monika
Winder, submitted manuscript; contact: monika.winder@su.se
The content was embargoed until publication of the manuscript; please contact the
communicating author for more information.

15



APPENDIX 2: Realized niche width of a brackish water submerged aquatic vegetation under
current environmental conditions and projected influences of climate change
Published manuscript

APPENDIX 3: Specialization among amphipods: the invasive Gammarus tigrinus has
narrower niche space compared to native gammarids
Published manuscript

APPENDIX 4: Role of invasive species in the food webs — the cases of the round goby and
Report

APPENDIX 5: Predicted impacts of changes in intensity of eutrophication on future carrying
capacity of the Gulf of Riga
Report

APPENDIX 6: Food web positioning of a recent coloniser: the North American Harris mud
crab Rhithropanopeus harrisii (Gould, 1841) in the northern Baltic Sea
Published manuscript

APPENDIX 7: Inter-annual and spatial variability in the abundance and distribution of a
benthic trophic connector species, Saduria entomon, in the Baltic Sea
Report

APPENDIX 8: The past and future habitats of a key benthic animal, Saduria entomon, in the
Baltic Sea — combined impacts of climate change and nutrient loading scenarios
By: Brian R. MacKenzie, Mayya Gogina, Michael L. Zettler, Karin Nystrom, Irene
Wahlstrom, Helén Andersson, manuscript in prep.; contact: brm@aqua.dtu.dk
The content was embargoed until publication of the manuscript; please contact the
communicating author for more information.

APPENDIX 9: Future climate change and nutrient loading alter reproductive habitat size and
location for Baltic Sea species
By: Brian R. MacKenzie, Matthias Groger, [rene Wahlstrom, Helén Andersson,
manuscript in prep.; contact: brm@aqua.dtu.dk
The content was embargoed until publication of the manuscript; please contact the
communicating author for more information.

APPENDIX 10: An approach for estimating the potential exposure of the Baltic Sea to
future invasion success of non-indigenous species
By: Brian R. MacKenzie, Anastasija Zaiko, Henn Ojaveer, Matthias Groger, [rene
Wiahlstrom, Helén Andersson, manuscript in prep.; contact: brm@aqua.dtu.dk
The content was embargoed until publication of the manuscript; please contact the
communicating author for more information.

16



Appendix 2

Marine Environmental Research 102 (2014) 88—101

journal homepage: www.elsevier.com/locate/marenvrev

Contents lists available at ScienceDirect

Marine Environmental Research

=

arine
Environmental
Research

Realized niche width of a brackish water submerged aquatic
vegetation under current environmental conditions and projected

influences of climate change

@ CrossMark

Jonne Kotta", Tiia Moller, Helen Orav-Kotta, Merli Piarnoja

Estonian Marine Institute, University of Tartu, Maealuse 14, 12618 Tallinn, Estonia

ARTICLE INFO ABSTRACT

Article history:

Little is known about how organisms might respond to multiple climate stressors and this lack of
knowledge limits our ability to manage coastal ecosystems under contemporary climate change.
Ecological models provide managers and decision makers with greater certainty that the systems

Available online 20 May 2014

KEJ’V\{OTdS{ o affected by their decisions are accurately represented. In this study Boosted Regression Trees modelling
SPTCWS distribution was used to relate the cover of submerged aquatic vegetation to the abiotic environment in the brackish
Baltic Sea

Baltic Sea. The analyses showed that the majority of the studied submerged aquatic species are most
sensitive to changes in water temperature, current velocity and winter ice scour. Surprisingly, water
salinity, turbidity and eutrophication have little impact on the distributional pattern of the studied biota.
Both small and large scale environmental variability contributes to the variability of submerged aquatic
vegetation. When modelling species distribution under the projected influences of climate change, all of
the studied submerged aquatic species appear to be very resilient to a broad range of environmental
perturbation and biomass gains are expected when seawater temperature increases. This is mainly
because vegetation develops faster in spring and has a longer growing season under the projected

Submerged aquatic vegetation
Soft bottom

Climate change

Models

climate change scenario.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Seagrasses and other plants of higher order are unique by
occupying the subtidal photic zone of soft sediments. They form
extensive habitats in sheltered near coastal zones (Reusch et al.,
2005; Larkum et al.,, 2006) and are among the most productive
habitats worldwide (Duarte, 2002). Furthermore, they provide a
range of ecological functions such as coastline protection, sediment
stabilization, wave attenuation, land-derived nutrient filtration,
and carbon fixation, just to name a few; thereby providing some of
the most valuable ecosystem services on Earth (Costanza et al,,
1997; Short et al., 2011). The submerged aquatic species are also
important as food, shelter and space for many invertebrates and
fish, many of which are socioeconomically important (Hemminga
and Duarte, 2000).

Human use of the coastal marine environment is increasing and
diversifying worldwide. Given its multiple stresses, submerged
aquatic species have gone through an unusually fast transition in
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0141-1136/© 2014 Elsevier Ltd. All rights reserved.

terms of areal decline in habitat (Orth et al., 2006; Waycott et al.,
2009). Although large scale processes on the formation of biotic
patterns is not well known, it is plausible that contemporary
climate change, interacting with other anthropogenic stressors,
accounts for a large part of the observed decline. Ecologists have
typically interpreted the composition of communities as the
outcome of local-scale processes. However, in recent decades this
view has been challenged emphasizing the importance of large-
scale processes, including climate change, that may result in dra-
matic shifts in species distribution patterns and thereby affect
community species composition, diversity, structure and produc-
tivity (Hawkins et al., 2013). Concurrent with recent climate change
effects, large-scale fluctuations in water temperature is considered
likely to control the distribution of submerged aquatic vegetation
because with increasing temperature the photosynthesis-to-
respiration ratio steadily decreases (Glemarec et al., 1997; Marsh
et al.,, 1986; Zimmerman et al., 1989). In addition, heavy storms
may create physical disturbance capable of reducing seagrass cover
and increasing fragmentation of seagrass beds (Fonseca and Bell,
1998; Fonseca et al., 2000). At northern latitudes, elevated ice
scouring likewise destroys submerged aquatic vegetation
(Robertson and Mann, 1984; Schneider and Mann, 1991) but
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contemporary climate change may release vegetation from such a
disturbance.

Non-independent effects are common in nature (Hoffman et al.,
2003; Reynaud et al., 2003) and therefore it is expected that the
combined effects of two or more variables cannot be predicted from
the individual effect of each. However, anticipating the future
consequences of the interacting pressures is a pre-requisite to sus-
tainable management of coastal ecosystems under current environ-
mental conditions and contemporary climate change. In recent years
large investments have been made towards modelling of ecological
systems and predicting their future behaviour (e.g. Miiller et al.,
2009). However, many of these models perform poorly because
very little is known about how organisms might respond to multiple
climate stressors (e.g. temperature and wave induced currents) and it
is difficult to deal with complex and non-linear systems, such as
those seen in the marine environment (see Byrne and Przeslaswki
(2013) for an overview). Specifically, traditional statistical models
tend to oversimplify the reality and/or statistical modelling itself may
not be the most reliable way to disentangle the relationships be-
tween environmental variables and species distributional patterns
because it begins by assuming an appropriate data model and the
associated model parameters are estimated from the data. By
contrast, machine learning avoids starting with a data model and
rather uses an algorithm to discover the relationship between the
response and its predictors (Hastie et al., 2009). The novel predictive
modelling technique called Boosted Regression Trees (BRT) com-
bines the strength of machine learning and statistical modelling. BRT
has no need for prior data transformation or elimination of outliers
and can fit complex non-linear relationships. The BRT method also
avoids overfitting the data, thereby providing very robust estimates.
What is most important from the ecological perspective is that
it automatically handles interaction effects between predictors.
Due to its strong predictive performance, the BRT method is
increasingly being used in ecological studies (Elith et al., 2008).

The Baltic Sea hosts a mixture of submerged aquatic vegetation
of marine, brackish or fresh water origin; each species character-
ized by its specific tolerance to environmental conditions (Snoeijs,
1999). Located at the margins of typical marine environments, the
Baltic Sea is a vulnerable ecosystem and predicted dramatic climate
change will challenge all the submerged aquatic species (Koch et al.,
2013). Moreover, in the Northern Hemisphere high-latitude regions
are expected to experience more severe warming compared to low-
latitude regions (IPCC, 2013). In addition climate change is expected
to prolong growing season, reduce ice cover as well as alter wind
and precipitation patterns. Such changes are likely to have pro-
found influences on water turbidity and salinity (Short and Neckles,
1999 and references therein). Due to the non-linear response of
biota to the environment, even gradual changes in future climate
may provoke sudden and perhaps unpredictable shifts in sub-
merged aquatic plant communities as many are close to their
physiological tolerance limit and different species have different
response mechanisms. For example many submerged plant species
are of fresh water origin but have a wide salinity tolerance and thus
are often competitively superior over seagrasses under fluctuating
salinity regimes (Stevenson, 1988; van den Berg et al., 1998).

Hydrodynamic conditions (Schanz and Asmus, 2003), nature of
the substrate (Viaroli et al., 1997; De Boer, 2007), light (Peralta et al.,
2002), temperature (Glemarec et al., 1997), salinity (Wortmann et al.,
1997), water transparency (Krause-Jensen et al., 2008) and nutrient
concentrations in the water column (Orth, 1977) are the key envi-
ronmental variables affecting the distribution of submerged aquatic
vegetation. In addition to this, ice conditions are also important in
high-latitude regions (Robertson and Mann, 1984). Most of these
variables are expected to change with changes in future climate;
however, the strength of environment—biota relationships is likely a

function of spatial scale. To date, the relationships between these
environmental variables and the distributional patterns of aquatic
vegetation have mostly been specified at one spatial scale but
ignoring an infinite variety of other possibilities (Krause-Jensen et al.,
2003; Appelgren and Mattila, 2005). In order to take into account
these scale-specific effects, both small- and large-scale environ-
mental variability should be incorporated into the models.

Seascape-scale (1-10 km) abiotic processes contribute to
broadscale distributional patterns. Within these patterns smaller-
scale processes (1—10 m) operate at a lower intensity to modify
the distribution of species (Steele and Henderson, 1994). Among
physical disturbances changes in water temperature and wave-
induced current velocity are the key large-scale processes that are
expected to alter species distributions. Specifically, elevated water
temperatures favour plant growth and result in increased cover of
submerged aquatic species (Xiao et al., 2010). Elevated wave stress
affects sediment characteristics and water turbidity (Madsen et al.,
2001), thereby favouring opportunistic species and disfavouring
the pristine water species (Burkholder et al., 2007). The reduction
of ice cover is also expected to have direct and indirect conse-
quences. A direct consequence is the prolongation of the growth
season and elevated macrophyte cover/biomass values. Currently,
the co-existence of species is granted due to the presence of
moderate ice disturbance that removes a significant amount of
vegetation annually. In the absence of such disturbance, however,
fast growing species are favoured over slow growing species.
Finally, increased fresh water inputs favour higher order plants of
fresh water origin over seagrasses (Touchette, 2007). But increased
riverine inputs may also elevate sedimentation rates that impact
negatively on the whole macrophyte community (Chambers et al.,
1991). As species are shown to have strong individualistic re-
sponses to their environment we also expect large variability of
responses among species (Bulleri et al., 2012).

The aims of this paper are to (1) identify the most important
environmental variables defining the cover of submerged aquatic
vegetation, (2) specify the spatial scales where such relationships
are the strongest and (3) predict changes in the distributional
pattern of the submerged aquatic vegetation from the current to
future climate. The modelling approach aims to identify possible
critical tipping points of all these variables where regime shifts in
species distribution may occur, to provide a better understanding of
the ecological frames in which outbreaks or local extinction are
more likely to occur.

2. Material and methods
2.1. Study area

The study was carried out in the different sub-basins of the
north-eastern Baltic Sea: the Baltic Proper, the Gulf of Riga, the
West Estonian Archipelago Sea, and the Gulf of Finland (Fig. 1). The
Baltic Sea is a geologically young semi-enclosed sea and one of the
largest brackish water basins in the world. Due to short evolu-
tionary history, low salinity and strong seasonality in temperature
and light conditions, the number of submerged aquatic plant spe-
cies is small, characterised by a mixture of marine, brackish or fresh
water origin (Hallfors et al., 1981).

In the study area there is a strong permanent salinity gradient
from west to east with western areas having higher salinity values.
In coastal areas the dynamics of seawater temperatures is directly
coupled with air temperatures. The average sea surface tempera-
ture is around 2 °C in winter and may rise up to 20 °C in August. The
study area is characterized by a wide coastal zone with diverse
bottom topography and underwater habitats (Kotta et al., 2008a;
2008b) (Table 1).
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Fig. 1. Map of the sampling stations in the study area.

List of environmental variables with their average, minima and maxima in different water bodies around the Estonian coastal sea given ambient and projected climate
conditions. Water basins are denoted as follows: GOF — Gulf of Finland, WEAS — West Estonian Archipelago Sea, GOR — Gulf of Riga, BP — Baltic Proper. Environmental variables
are as follows: Temperature — average water temperature, Salinity — average water salinity, Velocity — average current velocity, Ky — average water attenuation coefficient,
Chlorophyll a — average chlorophyll a content in water, Slope — inclination of coastal slope, Soft sediment — percentage cover of soft sediment fractions, Ice cover — average ice
cover over the study site.

Variable Unit Descriptive statistics Current conditions Projected climate conditions
GOF WEAS GOR BP GOF WEAS GOR BP
Temperature °C Mean 129 14.2 134 12.8 16.9 18.2 174 16.8
Minimum 103 114 10.2 11.0 143 154 14.2 149
Maximum 17.3 19.1 18.5 18.1 213 23.1 225 22.1
Salinity Unitless Mean 53 7.0 55 73 39 52 4.1 5.5
Minimum 33 6.0 34 6.4 2.5 4.5 2.6 4.8
Maximum 7.5 7.3 6.8 7.8 5.6 5.5 5.1 59
Velocity cms~! Mean 1.9 5.5 2.8 4.0 1.9 5.5 2.8 4.0
Minimum 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1
Maximum 52 11.7 74 9.7 5.2 11.7 7.4 9.7
Ka Unitless Mean 14 13 1.2 1.1 1.7 1.5 1.5 13
Minimum 0.8 0.6 0.7 04 1.0 0.7 0.9 0.5
Maximum 2.7 2.7 29 29 33 32 35 35
Chlorophyll a mg m—3 Mean 254 17.9 203 121 38.2 269 305 18.2
Minimum 6.8 7.6 85 3.8 10.2 114 12.8 5.7
Maximum 45.0 47.7 47.2 458 67.5 71.6 70.8 68.7
Slope °C Mean 0.5 0.1 0.1 0.2 0.5 0.1 0.1 0.2
Minimum 0.0 0.0 0.0 0.0 0 0 0 0
Maximum 229 5.1 59 11.1 229 5.1 5.9 11.1
Soft sediment % Mean 66.9 86.6 68.7 48.7 66.9 86.6 68.7 48.7
Minimum 31 12.2 12.0 1.1 3.1 12.2 12.0 1.1
Maximum 98.8 99.2 96.0 95.4 98.8 99.2 96.0 95.4
Ice cover % Mean 30.1 32.6 335 159 15.1 16.3 16.7 8.0
Minimum 194 234 194 4.7 9.7 11.7 9.7 23
Maximum 38.1 36.3 419 32.7 19.0 18.1 209 16.4
Depth M Mean 38.0 49 26.0 61.8 38.0 49 26.0 61.8
Minimum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maximum 115.0 24.0 67.0 181.0 115.0 24.0 67.0 181.0
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2.2. Predicted climate change

According to most climate change scenarios mean global surface
temperatures will rise by 1.4—4.0 °C in the next 100 years, primarily
depending on the amount of carbon dioxide emissions from
anthropogenic sources (IPCC, 2013). However, in the Northern
Hemisphere high-latitude regions are expected to experience even
more dramatic warming estimated at up to 10 °C increases in air
temperature (Heino et al., 2009; IPCC, 2013). Similarly, projected
changes in future climate of the north-eastern Baltic Sea differ
widely between various regional models. On average, oceano-
graphic studies demonstrate that changes in temperature would be
5 °C in winter and 4 °C in summer. Such shifts in temperature may
have no pronounced direct effect on biological quality elements
considering the large natural temperature fluctuation of the Baltic
Sea basin. However, the increase in temperature significantly af-
fects ice conditions reducing the ice extent by some 50% and
therefore indirectly amplifying the effects of wind conditions.
Furthermore, it is also expected that the mean daily wind speed
over sea areas would increase up to 18% in winter. Finally, the
average salinity of the Baltic Sea is projected to decrease by 25% of
the recent level (BACC, 2008). Such shifts plausibly result in the
doubling of phytoplankton biomass (Hense et al., 2013). Besides,
water transparency is expected to be reduced as a function of water
salinity (Stramska and Swirgon, 2014). These stressors do not act in
isolation but in combination their impacts on submerged aquatic
vegetation may be greater than the sum of the single factor effects
(Crain et al., 2008; Holmer et al., 2011). The modelling exercise used
in this study incorporated all important environmental variables
both at current and future climate levels. Hence our models suggest
those stress-combinations and environmental conditions where
impacts are synergistic and ecosystem degradation may occur.

2.3. Biotic and environmental data

2.3.1. Field sampling

The depth limit of submerged aquatic vegetation does not
exceed 10 m in the Baltic Sea (Nielsen et al., 2002; Bostrom et al.,
2003; Steinhardt and Selig, 2007) and therefore the sampling was
carried out between seashore down to 10 m depth. Altogether, 6516
stations were sampled during the summers between 2005 and
2012 (Fig. 1). The dataset contains 1891 stations that include sub-
merged aquatic vegetation. Using a remote underwater video de-
vice the cover patterns of submerged aquatic vegetation was
estimated. The camera was set at an angle of 35° below horizontal
to maximize the field of view and the range of the forward view
was approximately 2 m in clear waters. The camera sled was towed
from a 5-m-long boat 1 m above the sea floor at an average speed of
50 cm s~ . Real-time video was captured with a digital video
recorder. For each site a 50 m length transect was recorded. Depth
and navigational data (from GPS) were recorded at 1-s intervals
during camera deployments. In each transect the coverage of
different sediment type (rock, boulders, pebbles, gravel, sand, silt)
and submerged aquatic vegetation was estimated. Six different
submerged plant species were investigated: Myriophyllum spicatum
L., Potamogeton perfoliatus L., Ruppia maritima L., Stuckenia pectinata
(L.) Borner, Zannichellia palustris L. and Zostera marina L. When it
was difficult to identify submerged vegetation species in field,
community samples were collected by diver for later taxonomic
analysis.

2.3.2. Supporting environmental data

In the following paragraphs we describe environmental proxies
that were used to link physical environment to the coverage of the
submerged aquatic plants (for detailed modelling procedures see

Section 2.4). The Baltic Sea lacks important biotic modifiers of
seabed structure such as corals and oysters that are commonly
present in true marine areas. Furthermore, the seabed sediment
depends on the bedrock formations, glacial and post-glacial sedi-
ments, hydrodynamic conditions and seabed topographic features.
The geographic information system (GIS) layer of the proportion of
soft sediment was derived from a generalized additive model
(GAM) where depth, wave exposure, seabed slope and large-scale
geological seabed types (stored at the database of the Estonian
Marine Institute) were used as predictive variables. The package
mgcv (Wood, 2006) in statistical software R (RDC Team, 2013) was
used to build the GAM. Data from nearly 10,000 benthos sampling
points from the north-eastern Baltic Sea were used as input data for
the proportion of soft sediment. Altogether 90% of the data were
used as model training data and 10% for validating the model
predictions using Pearson correlation (0.72 for the final model).
After fitting the model, the GIS layers of predictive variables were
used to produce the spatial prediction of the proportion of soft
sediment at a resolution of 200 m (Herkiil et al., 2013).

Based on bathymetry charts (available at the Estonian Marine
Institute, University of Tartu) the inclination of coastal slopes was
calculated at 50 m pixel resolutions using the Spatial Analyst tool of
ArcInfo software (ESRI, 2011). High values of coastal slopes indicate
the occurrence of topographic depressions or humps at the
measured spatial scale. Low values refer to flat bottoms.

The values of water temperature, salinity and water velocity
were obtained from the results of hydrodynamical model calcula-
tions from summers 2005—2012. The calculations were based on
the COHERENS model which is a primitive equation ocean circu-
lation 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 (Bendtsen et al., 2009).

Finnish Meteorological Institute provided ice cover over the
study area for the investigated period. Ice cover was produced on
daily basis at a nominal resolution of 500 m and was based on the
most recent available ice chart and synthetic aperture radar (SAR)
image. The ice regions in the ice charts were updated according to a
SAR segmentation and new ice parameter values were assigned to
each SAR segment based on the SAR backscattering and the ice
range at that location.

As a proxy of eutrophication we used the MODIS satellite
derived water transparency (Kq) and water chlorophyll a values.
The frequency of satellite observations was generally weekly over
the whole ice-free period, however, several observations were
discarded due to cloudiness. The spatial resolution of satellite data
was 1 km. False zeroes were removed from the data prior to the
statistical analysis.

The ESRI Spatial Analyst tool was used to calculate the average of
all abiotic and biotic variables (those obtained from field sampling
as well as from modelling) for local i.e. sampling scale, 1 km and
10 km spatial scales. These values were used to link environmental
and biotic patterns at larger spatial scales. The abiotic environ-
mental variables with means, minima and maxima are presented in
Table 1.

2.4. Modelling
2.4.1. Environmental niche analysis

All abiotic and biotic geo-referenced environmental data was
used for environmental niche analysis. Niche breadth and
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separation of habitat niche between submerged aquatic plant
species were assessed using analysis of outlying mean index (OMI).
OMI measures the distance between the mean habitat conditions
used by the species (niche centre), and the mean habitat conditions
of the sampling area (Dolédec et al., 2000). The higher the value of
OMI index of a species, the higher its habitat specialization. OMI
analysis is a multivariate coinertia analysis that unlike canonical
correspondence analysis and redundancy analysis, can handle non-
unimodal and non-linear species—environment relationships.
Compared to the traditional multivariate methods, OMI gives a
more even weight to all sampling units even if they exhibit low
number of species or individuals. Thus, OMI captures more
adequately the multivariate environmental space represented by
sampling units (Dolédec et al., 2000). The package “ade4” (Dray and
Dufour, 2007) was used for running OMI analysis in the statistical
software R (RDC Team, 2013). The environmental niche space of
submerged aquatic vegetation was visualized by drawing a convex
hull over the points of OMI ordination where the species were
present. When drawing the border of niche space, a total of 5% of
the most distant observations of species occurrences were
considered as outliers and excluded in the analysis.

2.4.2. Species distribution modelling

The contribution of different environmental variables on the
coverages of submerged aquatic plant species was explored using
the Boosted Regression Tree method (BRT) and the BRT models
were also used to predict the species coverages for the whole study
area given ambient and projected climate conditions. BRT models
are capable of handling different types of predictor variables and
their predictive performance is superior to most traditional
modelling methods. The BRT method iteratively develops a large
ensemble of small regression trees constructed from random sub-
sets of the data. Each successive tree predicts the residuals from the
previous tree to gradually boost the predictive performance of the
overall model. Although BRT models are complex, they can be
summarized in ways that give powerful ecological insight (Elith
et al., 2008).

In the BRT models, all studied environmental variables were
regressed to predict the coverage of submerged aquatic plant
species. When 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 pro-
ceeds 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. In order to avoid potential problems
of overfitting, unimportant variables were dropped using a simplify
tool. Such simplification is most useful for small data sets where
redundant predictors may degrade performance by increasing
variance. As a consequence, our final models did not include any
autocorrelating variables. Model performance was evaluated using
the cross validation statistics calculated during model fitting
(Hastie et al., 2009). A random 20% of the data was assigned for
testing model accuracy. The best models were then used for making
the spatial prediction of the cover of submerged aquatic plant
species in the Estonian coastal sea area. In order to model the cover
of submerged aquatic vegetation in the predicted future climate we
used the established relationships of today's plants to the envi-
ronmental factors (and their interactions) in interpreting the

influence of the future climate. Both present and future predictions
were modelled over a 200 x 200 m grid covering water depths of
0—10 m. The BRT modelling was done in the statistical software R
using the gbm package (RDC Team, 2013).

3. Results

Submerged aquatic vegetation was found at 1891 stations out of
6516. Other sites were devoid of vegetation or dominated by
perennial or ephemeral algae. Altogether, six submerged aquatic
plant species were observed with the number of records indicated
in brackets: M. spicatum (437), P. perfoliatus (381), R. maritima (333),
S. pectinata (1274), Z. palustris (433) and Z. marina (293). Both single
species and mixed stands of submerged aquatic vegetation were
observed.

The distributional range of the submerged plant species was
similar and they inhabited practically the whole Estonian coastal
range. In general the studied species were not found in the east-
ernmost parts of the Gulf of Finland and Z. marina also tended to
avoid the turbid and diluted Parnu Bay area. Plants were recorded
up to 8 km distance from the shore (Fig. 2). Higher order plants
prevailed on soft and mixed substrates; R. maritima and Z. palustris
were recorded also on rock crevices. No higher order plants were
recorded deeper than 7 m and usually they were found at the depth
range of 0.3 and 4.5 m. Similarly, the niche modelling indicated that
there was a large overlap in niche space among all submerged plant
species. Only Z marina and P. perfoliatus inhabited somewhat
opposing niche space. P. perfoliatus and M. spicatum had the nar-
rowest niche space whereas Z. palustris had the broadest niche
space (Fig. 3).

The BRT modelling described a significant proportion of vari-
ability in the cover of submerged aquatic vegetation and as ex-
pected the model performance varied among plant species. In
general, the majority of the studied species are sensitive to changes
in water temperature, current velocity and winter ice scour. Sur-
prisingly, water salinity, turbidity and trophic state have a low
impact on the biota. For the majority of submerged aquatic plant
species, the distributional pattern is a function of a few environ-
mental variables. Only Z. palustris and R. maritima are equally
described by many environmental variables (Table 2).

Both local and seascape-scale environmental variability are
important in the models of submerged aquatic plant species with
local-scale variability, in general, exceeding that of 1 and 10 km
scale variability. The contribution of 1 km scale variability is as
important as local-scale variability in the models of S. pectinata and
Z. palustris and that of 10 km scale in the model of P. perfoliatus,
respectively (Table 3). In general there is no difference between the
studied variables in how they contributed to the models along
spatial scale. The only difference is due to their relative
contribution.

When modelling species distribution under the projected in-
fluences of climate change, all of the studied submerged aquatic
species seem to benefit from climate change with no indication of
local extinction. Only the coverage of Z. palustris does not change in
time (Figs. 4 and 5). Interestingly, this species has the lowest OMI
index value i.e. broadest niche space.

All submerged plant species benefit from the warming climate.
In general there is an abrupt increase in the vegetation cover over a
certain threshold value and such a tipping point varied among
species. Those species that have the highest temperature threshold
value are mostly favoured by the future climate. If the temperature
is too high, the coverage of R. maritima decreases again. Z. palustris
have a narrow depth range whereas other species have either
moderate to large depth range. Except for S. pectinata and Z. marina,
all submerged plant species reduce their depth range under the
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Fig. 2. The coverage of submerged aquatic plant species (%) in the study area.

projected influences of climate change. The majority of species are
confined to areas where the wave-induced current velocity is the
lowest. Only M. spicatum benefits from the elevated exposure to
waves. P. perfoliatus, M. spicatum and S. pectinata reduce their cover
and Z. marina, R. maritima and Z. palustris increase their cover under
a reduced ice extent of the projected climate change (Fig. 6). To
conclude, an overall increase in the cover of submerged aquatic
vegetation under the projected influences of climate change is
triggered both by a separate effect of seawater warming and an

interactive effect of temperature and other environmental
variables.

4. Discussion

Our study suggests that (1) local and seascape-scale environ-
mental variability affect the cover patterns of submerged aquatic
species with local variability exceeding seascape-scale variability,
(2) physical disturbance such as seawater warming, elevated wave-
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Fig. 3. Niche breadth analysis of the studied species. The borders of niche space and separation of habitat niche between the studied submerged aquatic species are shown by
coloured lines. Coloured dots on the plot indicate the centres of niche space of the species. Grey dots represent sampling sites. The value of outlying mean index (OMI) is shown in
brackets. OMI measures the distance between the mean habitat conditions used by species (niche centre), and the mean habitat conditions of the sampling area. The higher is the
value of OMI index of a species, the higher is its habitat specialization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

induced current velocity and reduced ice scour override the effects
of salinity reduction, elevated turbidity and pelagic production and
(3) finally, practically all of the studied submerged aquatic species
benefit from the projected influences of climate change with no
indication of local extinction.

These findings suggest that there is no key spatial factor
affecting the distributional patterns of submerged plant species
and that in fact, the species distributional patterns seemingly
having scale invariance in the Baltic Sea (in sensu Halley, 1996;
Gisiger, 2001). This is not in accordance with earlier observations
from various marine areas and for different organisms. Often the
variation of physical characteristics at larger spatial scales (e.g. from

Table 2

The percentage of variance explained by the BRT species models. Environmental
variables are as follows: T — average water temperature, Vel — average current ve-
locity, D — sampling depth, Ice — average ice cover over the study site, Slope —
inclination of coastal slope, Chl — average chlorophyll a content in water, K4 —
average water attenuation coefficient, Sed — percentage cover of soft sediment
fractions, Sal — average water salinity. Total variance of the BRT models explained by
the models is given in bold.

hundreds of metres to hundreds of kilometres) has been seen to
have a significant effect on species abundance (Turner et al., 1999;
Witman et al.,, 2004), whereas small-scale environmental vari-
ability explained only a little of the variation in species abundance,
especially when considered independently of large-scale variability
(e.g. Zajac et al., 2003). More recently, however, it has been shown
that the submerged plant species interacted with the environment
across multiple spatial scales. In results similar to our study, the
response to environmental forcing varied among different macro-
phyte species and many species showed constant variability
through a wide range of spatial scales (Kendrick et al., 2008).

It is likely that high variability in submerged plant species at
small scales is related to the mosaic of sediment and bottom
topography at this scale in the study area (Kotta et al., 2008a;
2008b). Firstly, the availability of soft substrate is a pre-requisite
for the establishment of the species. Secondly, sediment

Table 3
The percentage of explained variance by the BRT species models by different spatial
scales.

Species T Vel D Ice Slope Chl Kyq4 Sed Sal Total Species Local 1 km 10 km
Myriophyllum spicatum 27 30 6 13 7 7 0 7 3 081 Myriophyllum spicatum 42 35 23
Potamogeton perfoliatus 40 28 5 8 6 6 2 4 1 075 Potamogeton perfoliatus 38 22 40
Ruppia maritima 27 16 12 11 6 13 10 2 3 050 Ruppia maritima 53 22 25
Stuckenia pectinata 22 30 12 4 8 9 55 5 083 Stuckenia pectinata 40 36 24
Zannichellia palustris 20 18 17 18 10 0 17 0 0 0.64 Zannichellia palustris 38 38 24
Zostera marina 32 16 12 4 16 4 6 5 5 061 Zostera marina 45 26 29
Average 28 23 11 10 9 7 7 4 3 069 Average 43 30 28
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Fig. 4. Modelled distribution of the submerged aquatic plant species for current climate conditions. For modelling the Boosted Regression Tree technique (BRT) was used. Colour
diagram shows the species cover in percentage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

modulates the flow above the seabed (e.g. Prasad et al., 2000;
Hakanson and Eckhéll, 2005) and the intensity of flows is
directly related to the cover pattern of the macrophytes (van
Katwijk and Hermus, 2000; Madsen et al., 2001). In soft sedi-
ments, water flow also determines the light climate; i.e., large
waves may cause considerable re-suspension of sediments and
prolonged periods of poor light conditions (Madsen et al., 2001).
Thirdly, small scale topographic heterogeneity may provide the

species refuges against physical disturbances including ice scour-
ing and mechanical stress due to waves (Kautsky, 1988; Heine,
1989). For some submerged aquatic species the contribution of
seascape-scale variability was as important as local-scale vari-
ability. Those species were characterised by lower sensitivity to the
variability in substrate characteristics compared to others. For
example, Z. palustris inhabits different types of soft bottoms but
also hard substrates i.e. rock crevices. In such habitats, this species
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Fig. 5. Modelled distribution of the submerged aquatic plant species for projected future climate. The projected future scenario is described in the section “2.2. Predicted climate
change.” For modelling the Boosted Regression Tree technique (BRT) was used. Colour diagram shows the species cover in percentage. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

can actually grow outside of its “normal” environment i.e. at
exposed conditions and far away from the coast. High variability in
macrophyte communities at seascape-scales is related to broad
patterns of seawater warming, exposure to waves and winter ice
scour and an interaction of all these variables defines the suit-
ability of seascape for the growth of submerged aquatic vegetation
(Kautsky and van der Maarel, 1990).

One of the fundamental challenges facing ecologists is to un-
derstand how natural systems will respond to environmental
conditions that have no analogue at present or in the recent past
(Harley et al., 2006). There is always a risk of non-linearities that are
specific to climatic conditions we have not yet experienced.
Although such source of error is acknowledged, the study area
covered a large gradient of water temperature, salinity, wave
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Fig. 6. “Partial dependence” plots of the Boosted Regression Tree technique modelling (BRT) showing the effect of environmental variables on the cover of submerged aquatic plant

species whilst all other variables are held at their means.

exposure, etc. and the modelled ranges of environmental variability
did not exceed those observed in the field.

The individualistic response of species to the environmental
change was expected (e.g. Schiel, 2004; Bulleri et al., 2012) and this
was confirmed by the BRT models (e.g. Fig. 6). The future climate
would be also expected to be highly idiosyncratic and therefore
shift in the patterns of submerged vegetation be species-specific.
However, this was not the case as our future climate models
showed a generic increase of the cover of submerged aquatic
vegetation.

As expected, non-linearities between environment and biota
result in situations where even gradual changes in future climate
may provoke sudden and perhaps unpredictable biological re-
sponses as populations shift from one state to another. Moreover,
the combined influence of several stressors might push population
beyond a critical threshold that would not be reached via variation
in any forcing variable operating in isolation (e.g. Hoffman et al.,
2003).

This study shows that the species that has the broadest niche
space is insensitive to the projected influences of climate change.
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However, moderate to high selectivity to environmental conditions
does not couple with the species sensitivity to climate change. It is
expected that species with a broad environmental tolerance can
cope with different stresses including those subjected by the future
climate. The lack of differences in responses to the future climate
among medium to highly selective species may be attributed to the
species-specific reaction of environmental change (e.g. Schiel,
2004; Bulleri et al., 2012). Specifically, S. pectinata and Z. marina
have the strongest responses to the projected influences of climate
change. Both species have relatively broad depth range and this
attribute may facilitate the species to persist under impoverished
light conditions induced by the future climate. In fact, although the
distribution maps of the submerged aquatic vegetation show that
the majority of species benefit from the future climate, all species
except for S. pectinata and Z. marina also retract from the deepest
parts of their distributional range. Those species that can naturally
inhabit broad depth ranges i.e. different light conditions, are
insensitive to the impoverished light conditions and thereby are
disproportionally favoured by a reduction of ice scour and an
increment of temperature and nutrient availability as compared
those species acclimated to the narrower ranges of light conditions
and/or depth ranges. As an extreme, Z. palustris has a very narrow
depth range inhabiting only at the shallowmost study areas. Con-
current with the declined transparency of the future climate, the
species cannot possibly migrate into shallower areas and benefit
from e.g. reduced ice disturbance and prolonged vegetative season.

This study suggests that elevated coverages of submerged
vegetation associated to the future climate are largely triggered by
elevated temperatures. A primary effect of increased global tem-
perature on seagrasses but likely other submerged vegetation is
related to the alteration of growth rates of the plants themselves
(Short and Neckles, 1999). In general net photosynthesis of mac-
rophytes increases with temperature up to an optimum value and
then decreases dramatically. For seagrasses the rate of leaf respi-
ration increases more rapidly with rising temperature than does
that of photosynthesis, leading to both a steady decrease in the
photosynthesis-to-respiration ratio with increasing temperature. A
sharp decline of gross photosynthesis, however, is reached beyond
30 °C(Marsh et al., 1986). Obviously, the Baltic Sea is far too cold an
environment characterised by a short vegetation season. Any
elevated temperatures of the projected influences of climate
change only prolong the vegetation season i.e. increase growth of
the submerged aquatic vegetation and shoot to root ratio
(Zimmerman et al., 1989) with no adverse effects on their carbon
balances.

Water motion is known to affect the plant structure of sub-
merged aquatic vegetation (Fonseca et al., 1983; Worcester, 1995)
with elevating current velocity increasing leaf biomass, width, and
canopy height (Fonseca and Kenworthy, 1987; Short, 1987). How-
ever, our study shows opposite results with only the cover of
M. spicatum being facilitated by increased current velocities. This
pattern may be due to specific light conditions in our study area.
Specifically, clayey bottom deposits prevail in deeper parts of the
study area and wind speeds higher than 5 m s~ ! already result in
considerable resuspension of these sediments and, thus, the
reduction of water transparency in the coastal water. M. spicatum,
however, can thrive in nutrient rich turbid habitats where other
submerged aquatic plant species are missing due to poor light
conditions (Menéndez and Comin, 1989; Eriksson et al., 2004;
Gustafsson, 2013). In addition, M. spicatum is also very resistant
to different mechanical disturbances e.g. a clipping experiment by
Cohen et al. (1986) demonstrated that M. spicatum regenerated
from below the damaged point, while other submerged plant
species regenerated from the roots. Finally, M. spicatum can remain
photosynthetically active through winter opposing to other

submerged aquatic vegetation (Aiken and Walz, 1979). This winter-
time growth allows the species to outcompete other submerged
algal species especially in exposed areas where light conditions due
to the lack of ice cover is relatively good all year round. On the other
hand, there is also evidence that the resource allocation of some
submerged plant species such as S. pectinata is strongly influenced
by wave exposure. At sheltered areas more resources are allocated
to vegetative shoots and rhizomes whereas at exposed sites more
resources are allocated to reproduction (Kautsky, 1987).

Submerged aquatic vegetation is affected by changing salinity
values by water and nutrient imbalance resulting from large dif-
ference in osmotic potentials between internal and external envi-
ronments (Gorham et al., 1985). Salinity resistance is related to
diverse physiological adaptations (Flowers et al., 1977; Greenway
and Munns, 1980). Although seagrass photosynthesis is main-
tained at low salinities, a large reduction in productivity has been
measured for various species at reduced salinities (Pinnerup, 1980;
Kerr and Strother, 1985; Dawes et al., 1987). The submerged aquatic
vegetation of fresh water origin are expected to increase their
photosynthetic performance and hence their growth together with
reduction in salinity (Riddin and Adams, 2010). Within a range of
the projected influences of climate change, salinity seemed to have
only a minor effect on the distributional patterns of submerged
aquatic plant species. Plausibly, the submerged aquatic vegetation
inhabiting the Baltic Sea range are adapted to a broad range of
salinity variation and a 25% reduction of salinity values did not
overweigh the gains resulted from elevated seawater temperature,
prolonged vegetative season and reduced winter time ice scour.
Other authors have also demonstrated a marginal role of salinity in
the models of benthic vegetation compared to its potential role for
species distributions in the brackish Baltic Sea (Rosqvist et al.,
2010).

The models in this study demonstrate that different submerged
aquatic species respond differently to changing winter ice cover.
Winter ice scouring periodically destroys submerged aquatic
vegetation. During harsh winters, prevailing fast growing species
such as M. spicatum, P. perfoliatus and S. pectinata are favoured as
those species can gain a large size and/or high biomass within a
short vegetative season. Moreover, harsh winters seemingly bury
the seeds of submerged vegetation deep in sediment and thereby
dramatically reduces the species germination percentage, espe-
cially those of slow growing species (Xiao et al., 2010). The reduc-
tion of ice cover, in turn, favours slow growing species. The slow
growing species are often the late successional species i.e. being
once established they keep fast growing species away from the
community.

The current study also suggests that those species that are
weakly related to the multitude of environmental variables have a
broad distributional range. For example, among the studied spe-
cies R. maritima is the most widely distributed seagrass, occurring
in tropical and temperate zones in a wide variety of habitats (Short
et al., 2007). Weak responses of R. maritima to a range of envi-
ronment variables may be related to the opportunistic character of
the species. Specifically, it has been demonstrated that the
response of submerged aquatic vegetation to the environmental
perturbation is often a function of organism size (Kotta et al.,
2013). For example, the large Mediterranean seagrass species
Posidonia oceanica requires centuries for recolonization due to
slow rhizome elongation rates and rare sexual reproduction
(Duarte, 1995; Meehan and West, 2000). On the other hand, small,
fast-growing seagrass species such as R. maritima recover within
just one or a few years (Duarte, 1995). Moreover, submerged
aquatic vegetation is known to modify their local abiotic envi-
ronment by trapping and stabilizing suspended sediments and
thereby improving water clarity and plant growth conditions (van
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der Heide et al., 2011). This effect is expected to increase with the
size of plants. Thus, the distribution of large submerged species is
expected to be less coupled with their adjacent abiotic environ-
ment compared to their smaller counterparts and, their cover is
therefore a function of a colonization history that spans decades to
centuries (Kendrick et al., 2000).

The observed results are study area specific and possibly cannot
be extrapolated to other seas. This is because different seas (e.g.
Baltic Sea and the Atlantic coast) differ greatly with respect to
salinity and wave exposure, and that the range of the studied
environmental variables defines how those factors influence the
distribution of a species. This is also because the habitat selection of
seagrasses are known to vary among water bodies e.g. Z. marina
having different habitat requirements in the Atlantic coasts and the
Baltic Sea (Bostrom et al., 2003; Bekkby et al., 2008). The mecha-
nisms behind the niche differentiation among brackish and marine
seagrass populations stem from differences in both interspecific
competition and genetic background. Although our study did not
account for genetic adaptation, this likely does not affect our main
conclusions. Specifically, many seagrass and other submerged plant
populations are highly clonal, largely relying on asexual repro-
duction for population maintenance (Rasheed, 1999; Waycott et al.,
2006). In the Baltic Sea submerged aquatic vegetation has very
small genetic variability, often consisting of one or a few clones only
(Reusch et al., 1999). Therefore, they are expected to be highly
sensitive to extrinsic stressors and potentially have very low ge-
netic adaptation potential (Lasker and Coffroth, 1999; Santamaria,
2002). Nevertheless, considering of a large variability in salinity,
ice cover and eutrophication in the Baltic Sea range in last thou-
sands of years these genotypes are characterised by wide reaction
norms enabling the persistence of species under highly fluctuating
environmental conditions. This is also supported by our study
suggesting a strong resistance of vegetation to a dramatic change in
the environment.

Besides genetic variability, our study did not account for the
elevated growth of ephemeral epiphytic macroalgae stimulated by
increased temperature under the projected climate change sce-
nario (Lotze et al., 1999; Taylor et al., 2001). Nevertheless, the Baltic
Sea is one of the most eutrophicated water basins in the world and
the blooms of filamentous algae and the formation of the drifting
macroalgal mats have not shown to have a dramatic consequence
on the submerged aquatic vegetation including seagrasses
(Lauringson and Kotta, 2006; Lyons et al., in press). However, such
blooms likely reduce light availability and consequently lead to a
reduced depth penetration and abundance of submerged vegeta-
tion (Duarte, 1991). The consequences of such interspecific inter-
action are expected to be much weaker compared to the facilitative
effects of seawater warming. The most dramatic macroalgal blooms
are developing during the summer months. Since then, however,
the submerged aquatic vegetation has gained their maximum size
and the algal blooms just reduce the photosynthetic performance
of the host plant.

5. Conclusions

Our study did not confirm the hypothesis that large scale abiotic
processes define broad patterns of distribution and are the most
significant factors in community variability. Instead, small and
large-scale environmental variability both interactively contribute
to the variability in the cover of submerged aquatic vegetation.
Physical disturbance such as seawater warming, elevated wave-
induced current velocity and reduced ice scour override the effects
of salinity reduction, elevated turbidity and pelagic production.

All predictions of future climate are far from certain and oppo-
site changes in the abiotic environment might also occur under

other climate change scenarios. Nevertheless, our modelling study
showed that the submerged aquatic vegetation is very resilient to a
broad range of environmental perturbation and biomass gains are
expected when seawater temperature increases (e.g. Asaeda et al.,
2001). This is mainly because vegetation develops faster in spring
and has a longer growing season under the projected climate
change scenario.

Although it is impossible to halt global warming within the
coming years, a modelling of the cover of submerged aquatic spe-
cies under the future climate is essential in order to help managers
to establish marine protected areas that can resist the projected
influences of climate change and thereby minimizing the risk of
population collapses.
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Abstract. Human-mediated invasions of nonindigenous species are modifying global biodiversity.
Despite significant interest in the topic, niche separation and specialization of invasive and closely related
native sympatric species are not well understood. It is expected that combined use of various methods may
reveal different aspects of niche space and provide stronger evidence for niche partitioning as compared to
a single method. We applied the species marginality index (OMI) and species distribution modeling (SDM)
in the northern Baltic Proper to determine (1) if environmental niche spaces at habitat scale differ between
taxonomically and functionally closely related invasive and native gammarid species, and (2) whether the
observed pattern relates to the species distribution overlap. Both methods agreed in notably narrower and
more segregated realized niche of invasive Gammarus tigrinus compared to the studied native gammarids.
Among native species, the distribution of G. zaddachi overlapped the most with G. tigrinus. Our results
confirm that widespread colonization does not require a wide niche of the colonizer, but may rather be a
function of other biological traits and/or the saturation of the recipient ecosystem. The niche divergence
and wider environmental niche space of native species are likely to safeguard their existence in habitats
less suitable for G. tigrinus.
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INTRODUCTION

Invasions of nonindigenous species (NIS) are
considered among the most serious threats to
global biodiversity (Costello et al. 2010). When
establishing in the recipient ecosystem, NIS may
cause significant, unpredictable and irreversible
changes to abiotic and biotic environment as well
as result in severe economic damage in a variety
of waterbodies worldwide (e.g., Carlton 1996,
Vitousek et al. 1997, Sala et al. 2000). Despite of
their importance, the knowledge on the extent
to which NIS actually affect biodiversity and
species co-existence is still vague (Gurevitch and
Padilla 2004, McGill et al. 2015).
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Much of ecological theory predicts that species
differ in their niches. It has been speculated that
sympatric populations of taxonomically closely
related species rely on niche separation to reduce
competition pressure that, in turn, facilitates long
term co-existence (Schoener 1974, Pianka 1978,
Fenchel and Kolding 1979, Kolding 1981). The
outcome of this niche difference is that species
limit their own populations more than they limit
others or that niche separation causes intraspe-
cific effects to be more negative than interspecific
effects (Chesson 2000). However, there exists an
alternative theory that all species are identical in
their fitness and in their effects on one another,
thus the primary driver of population dynamics
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is random variation in births, deaths, and disper-
sal (Bell 2000, Hubbell 2001). Based on this theo-
ry, high diversity can occur if extinction rates are
slow enough to be balanced by speciation.

Surprisingly, very few studies have successful-
ly quantified the importance of either mechanism
(functional difference among species vs. demo-
graphic stochasticity and dispersal limitation) for
maintaining the diversity we observe in natural
communities. Though, classic views of commu-
nity saturation have been challenged by recent
mass invasions (Sax et al. 2007), and the appar-
ent “unsaturation” of communities may indicate
our lack of knowledge on basic assembly rules of
ecological systems. Many alternative views have
been developed in order to take the first steps to-
ward a generic theory of how species niche space
and species invasiveness are related. Some au-
thors have shown that successful invaders are ex-
pected to have broad environmental tolerance or
a wide environmental niche space (Marvier et al.
2004). Even more, mass invasions have provided
evidence that invasive species can adapt to the
recipient environment and quickly widen their
niche space (Dlugosch and Parker 2008), possibly
due to the lack of enemies in the recipient envi-
ronment (Callaway and Ridenour 2004). Other
authors have shown that coexistence is support-
ed by niche differentiation and only those inva-
sive species that are different from natives are
able to establish successfully (Strauss et al. 2006).
Such niche separation between invasive and na-
tive species has been confirmed over a few en-
vironmental gradients (e.g., Priddis et al. 2009)
and the widening of niche in this context may
indicate niche separation to secure co-existence.
However, there is also a diametrically opposing
view that invaders that are more similar to native
species should be more likely to establish as their
trait characteristics allow them to succeed in the
recipient environment (Duncan and Williams
2002). This has also been shown in many empiri-
cal examples (Bruno et al. 2005).

To date, studies comparing multidimensional
niche overlaps of invasive and native guild mem-
bers are almost lacking. It is expected though
that increasing the dimensionality of models will
guide us closer to ecological reality and enable a
better understanding of the mechanisms and con-
sequences of environmental change (Clark et al.
2007). Niche width is also an important concept
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in conservation biology, as habitat specialization
has been considered an important determinant
of species vulnerability to global changes, and
worldwide decline in specialist species has been
noticed (Clavel et al. 2011). Nevertheless, niche
width has received limited attention in invasion
studies (Evangelista et al. 2008).

The Baltic Sea is heavily trafficked and in terms
of salinity it resembles estuarine conditions of
many of the world’s ports. The high dispersal
connectivity for estuarine NIS between the Baltic
Sea and potential donor regions yields high rates
of invasion (Leppéakoski et al. 20024). However,
the Baltic Sea is still a relatively species-poor eco-
system due to its geological youth, and therefore
represents an excellent model system to study
different aspects of species invasions, including
relationships with native congenerics and the
recipient environment (Leppakoski et al. 2002b).
Several nonindigenous amphipods have been
recorded in the northern Baltic Sea in recent years
(Herkdil et al. 20064, 2009). Six sympatric species
of the crustacean amphipod genus Gammarus are
found in these brackish waters. Among them are
five native gammarids: G. zaddachi Sexton, G. sa-
linus Spooner, G. oceanicus Segerstrale, G. duebeni
Liljeborg, and G. locusta (Linnaeus), and an in-
vasive species G. tigrinus Sexton that originates
from North America. G. tigrinus was found for
the first time in the northern Baltic Sea in 2003
and its range has been continuously expanding
(Grabowski et al. 2006, Herkiil et al. 20060, Paavo-
la et al. 2008, Kotta et al. 2013). A notable decrease
in the diversity and density of native amphipods
has been observed concurrent with the invasion
of G. tigrinus in the region (Grabowski et al. 2006,
Janes et al. 2015).

Approaches for estimating environmental
niche are mainly based on either ordination
methods or species distribution models (SDM)
(Broennimann et al. 2012). Species distribution
models (SDM) are numerical methods that re-
late observations of species occurrences or abun-
dances to environmental variables (Elith and
Leathwick 2009). These relationships are further
used to predict species distribution across dif-
ferent spatial and/or temporal scales (Elith and
Leathwick 2009). Unlike in the case of simple
plotting of species occurrences on a map, mod-
eled distribution maps enable assessment of (1)
surface area of habitats, (2) distribution of spe-
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cies in areas that were not sampled or sampled
sparsely, and (3) spatial overlap of distributions
of different species. In contrast, ordinations en-
able assessment of niche in multidimensional
environmental space by constructing synthetic
axes from measured environmental variables
(e.g., principal component analysis, canonical
correspondence analysis, outlying mean index;
ter Braak and Verdonschot 1995, Dolédec et al.
2000). We used both approaches in this study
to address the environmental niche separation
in the case of gammarids in the northern Baltic
Proper. Applying both approaches yields a more
robust insight into the potential niche separation
among species than applying only one approach
(Broennimann et al. 2012). We are not aware of
any previous studies that combine these ap-
proaches to clarify the possible niche separation
between taxonomically closely related native and
invasive species. To this end, improved knowl-
edge about the connection of species distribution
maps with multidimensional niche space would
be a highly rewarding approach.

In this study, we asked why G. tigrinus is a
successful invader in the north-eastern Baltic
Sea, and if this could be explained by similar or
divergent niche breadth when compared to na-
tive gammarids. Specifically, we addressed the
following research questions by applying multi-
variate ordination and species distribution mod-
eling:

(1) Do environmental niche spaces differentiate
between taxonomically and functionally
closely related sympatric species?

(2) Does similarity in niche space result in spe-
cies distribution overlap?

(3) Are there any particular differences in the
niche width and segregation between inva-
sive and native species? Does the invasive
species have wider or narrower environ-
mental niche?

METHODS

Study area

Abiotic environment.—The Baltic Sea is a tide-
less and brackish water body. This study was
conducted in the coastal water of western Es-
tonia, northern Baltic Proper (Fig. 1). The area
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is characterized by complex topography with
numerous islands, islets, bays, and peninsulas.
Most of the study area is very shallow with water
depths seldom exceeding 25 m. Strong gradients
of wave exposure and salinity exist in the area.
The sea areas west of the islands Saaremaa and
Hiiumaa are exposed to the open Baltic Proper
and have a wave fetch of hundreds of kilometers.
In contrast, the inner reaches of the bays of the
mainland (e.g., Matsalu and Haapsalu bays, see
Fig. 1) are very sheltered both by the mainland
and by islands. Similar to wave exposure, the
salinity gradient generally follows an east-west
direction. Salinity reaches 7 in the westernmost
study area while it falls to almost 0 in the inner
parts of bays with riverine inflow in the eastern
study area. Hard limestone substrate and gran-
ite boulders dominate in the most exposed ar-
eas. Different combinations of mixed sediments
comprised of sand, gravel, and pebbles can be
found in the mid-range of the exposure gradi-
ent. Fine sand and mud dominates in the most
sheltered bays. Scattered single boulders or
boulder fields can be found throughout the area
in shallow waters. Regardless of the relatively
small spatial extent of the study area, important
environmental gradients (depth, salinity, wave
exposure, seabed sediments) were well repre-
sented because of the high heterogeneity of the
area that encompasses the Gulfs of Finland and
Riga, the Baltic Proper, and the West Estonian
Archipelago Sea.

Benthic communities. — Variability in the abiotic
environment is also reflected in the structure of
macrobenthic communities. Species of marine
origin dominate in the areas of medium and high
salinity while freshwater species dominate in
the eastern bays with riverine inflow. Among al-
gal species, the brown alga Fucus vesiculosus and
the red alga Furcellaria lumbricalis are the most
important perennial species on hard substrates.
F. vesiculosus usually grows in depth of 1-4 m,
whereas F. [umbricalis inhabits deeper areas
(>4 m). Several annual and perennial filamentous
green, brown, and red algae like Ulva intestinalis,
Cladophora glomerata, Pilayella littoralis, Ceramium
tenuicorne, Polysiphonia spp are very common.
Many species of vascular plants are common on
soft substrate: Zostera marina, Stuckenia pectinata,
Potamogeton perfoliatus, Zannichellia palustris,
Myriophyllum spicatum, Ruppia maritima. Charo-
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Fig.1. Study area and locations of sampling sites.

phytes (Chara spp., Tolypella nidifica) are com-
mon on sandy and muddy sediments in the
shallow waters of the most sheltered bays. Ex-
tensive growth of ephemeral filamentous algae
and formation of drift algal mats as a result of
eutrophication are common phenomena in the
area (Kotta et al. 2008).

Among the invertebrates, the bivalve Mytilus
trossulus and the barnacle Amphibalanus improvi-
sus prevail on hard bottoms. Gammarid amphi-
pods, idoteid isopods, the snails Peringia ulvae,
Radix balthica, and Theodoxus fluviatilis are com-
mon in vegetated areas. Common infunal species
in soft sediments are the bivalves Macoma balthica
and Cerastoderma glaucum and polychaetes He-
diste diversicolor and Marenzelleria neglecta. Var-
ious insect larvae inhabit shallow coastal areas
with low salinity.

All five species of native gammarids are pres-
ent in the study area but G. duebeni and G. locusta
are very rare in benthic samples compared to
the other native species (G. salinus, G. oceanicus,
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G. zaddachi) and the nonindigenous G. tigrinus.
Therefore, only G. salinus, G. oceanicus, G. zadda-
chi, and G. tigrinus were included in this study.
The nonindigenous G. tigrinus has been com-
mon in the study area since 2006 (Herkiil et al.
2009).

Benthic sampling

The macrobenthos database of the Estonian
Marine Institute, University of Tartu was used
as a data source on the distribution of gam-
marids and key phytobenthic species. Only
quantitative samples from the period of 2005
2012 were used. Data were averaged when
several samples were collected from the same
sampling station. Samples from soft bottoms
were predominantly collected using Ekman type
or Van Veen type bottom grab samplers. Samples
from hard substrate were collected by divers
by harvesting all material inside a 20 x 20 cm
metal frame. Samples were sieved through a
0.25 mm mesh and all retained material was
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stored deep frozen (-18°C) until analysis. In
the laboratory, all samples were sorted under
a binocular microscope (20-40x magnification).
All macrobenthic organisms were identified to
species level except for oligochaetes, chirono-
mids, and juveniles of gammarid amphipods
(length <5 mm). Sampling and analysis followed
the guidelines developed for the HELCOM
COMBINE program (HELCOM 2015). The lo-
cations of sampling sites (n = 1329) are shown
in Fig. 1.

Environmental niche analysis

Niche breadth and separation of habitat niche
between gammarid species was assessed using
analysis of outlying mean index (OMI). OMI,
or species marginality, measures the distance
between the mean habitat conditions used by
the species (niche center), and the mean habitat
conditions of the sampling area (Dolédec et al.
2000). The higher the value of the OMI index
of a species, the higher is its habitat special-
ization. OMI analysis is a multivariate coinertia
analysis that unlike canonical correspondence
analysis (CCA) and redundancy analysis (RDA),
can handle nonunimodal and nonlinear spe-
cies—environment relationships. Compared to
the traditional multivariate methods, CCA and
RDA, OMI gives a more even weight to all
sampling units even if they exhibit a low num-
ber of species or individuals. Thus, OMI more
adequately captures the multivariate environ-
mental space represented by sampling units
(Dolédec et al. 2000). The package “ade4” (Dray
and Dufour 2007) was used for running OMI
analysis in the statistical software R 2.15.1 (R
Core Team 2012). Occurrence (i.e., presence-
absence) data of gammarids was used as a
species matrix input (n = 1329). A permutation
test with 9999 permutations was used to cal-
culate the statistical significance of the values
of OMI of each gammarid species. The envi-
ronmental niche space of gammarid species was
visualized based on a principal component
analysis (PCA) ordination of sampling sites on
two synthetic axes and by drawing a convex
hull over the points where a given species was
present. Five percent of species occurrences that
were most distant from niche center were con-
sidered as outliers and were excluded when
drawing the border of niche space.
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Abiotic and biotic georeferenced environ-
mental data was used for environmental niche
analysis. The abiotic environmental variables
included different bathymetrical (depth, slope
of seabed), topographic (distance to land), hy-
drodynamic (wave exposure), geological (seabed
substrate), and physico-chemical (temperature,
salinity, transparency, ice conditions) variables.
The biotic variables included chlorophyll con-
tent and modeled probability of occurrence of
key phytobenthic species (Fucus vesiculosus, Fur-
cellaria lumbricalis, and charophytes). Altogether
20 environmental variables were used that were
all available as raster layers in a geographical in-
formation system (grid size 50-200 m). The full
list of variables with additional information (data
source) is presented in Table 1.

Species distribution models (SDM)

The same environmental variables were used
in the SDMs as in the OMI analysis. The spatial
distribution (probability of occurrence) of all
studied gammarid species was modeled. Several
candidate models were built for each species
using the following algorithms: generalized
additive models (GAM), random forests (RF),
and boosted regression trees (BRT); descriptions
of the algorithms are given below. The candi-
date model with the best predictive performance
was chosen to produce the final distribution
maps. All distribution modeling exercises were
done in the statistical software R 2.15.1 (R Core
Team 2012). During modeling, 80% of the input
data was randomly selected and used as model
training data while 20% of the data was re-
served for validation. The predictive perfor-
mance of the candidate models was validated
by calculating the area under the receiver op-
erating curve (AUC, Fielding and Bell 1997).
Following Hosmer and Lemeshow (2000), AUC
values over 0.9 indicate excellent, 0.8-0.9 very
good, 0.7-0.8 satisfactory, and below 0.7 poor
discriminative ability. The algorithm that pro-
duced models with the highest AUC value over
all the studied species was then used to build
final models for all species using 100% of the
input data. The approach of selecting a single
best-performing algorithm to produce the final
models for all species was chosen in order to
get comparable distribution predictions and to
achieve a more balanced interpretation of
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Variables used in the environmental niche analysis and species distribution models. Five variables

with the highest importance in the final random forest (RF) models are indicated for each gammarid species

(higher rank indicates higher importance).

Variable

Sourcet G. oceanicus

Five variables with the highest importance in RF models
G. zaddachi

G. salinus G. tigrinus

Depth

Average depth in 500 m radius
Average depth in 2000 m radius
Slope of seabed

Slope of seabed in 500 m radius
Slope of seabed in 2000 m radius
Distance to land

Distance to 20 m depth isoline
Proportion of soft sediment (modeled)
Salinity

Wave exposure

Chlorophyll a content based on satellite imagery;
average over 2009-2010

Water transparency estimated as attenuation
coefficient based on satellite imagery; average over
2010-2012

Water temperature based on satellite imagery;
average over 2009-2010

Number of ice days per year; average over 2009-2011
Ice coverage; average over 2009-2011
Ice thickness; average over 2009-2011

Probability of occurrence of Furcellaria lumbricalis
(modeled)

Probability of occurrence of Fucus vesiculosus b
(modeled)

Probability of occurrence of charophytes (modeled) b

TN T T T T oD YYD

lon

lon

[opiy TR o T o

4 4 2 1
5 3 2
4

3

+ Data sources: a — Bathymetric raster, developed at the Estonian Marine Institute. b — Databases of the Estonian Marine
Institute. ¢ — Wave exposure calculations for the Estonian coast (Nikolopoulos and Iseeus 2008). d — Finnish Meteorological

Institute.

differences in distributions. The distribution
predictions were produced with 100 m grid
size over a depth zone of 0-25 m (Fig. 1). The
depth limitation was set because gammarid
amphipods very rarely inhabit areas of greater
depth.

Generalized additive models (GAM) are a
semiparametric extension of generalized linear
models that enables the user to fit complex non-
linear relationships and handle different types of
error distributions (Hastie and Tibshirani 1990).
Due to these characteristics, GAM has been one
of the most widely used methods for SDM (Elith
et al. 2006). The package “mgcv” was used for
building GAMs (Wood 2006). The models were
built using penalized regression splines as the
smoothing function, binomial error distribution,
and automatic calculation of smoothing param-
eters. The maximum degree of freedom was set
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to four for each variable. At first, single predictor
models were built. Predictors were then added
into the final model in the decreasing order of ex-
plained deviances of single variable models.
Random forests (RF) is a machine learning
method that generates a large number of regres-
sion trees, each calibrated on a bootstrap sample
of the original data (Breiman 2001). Each node is
split using a subset of randomly selected predic-
tors and the tree is grown to the largest possible
extent without pruning. For predicting the value
of a new data point, the data are run through each
of the trees in the forest and each tree provides
a value. The model prediction is then calculated
as the average value over the predictions of all
the trees in the forest (Breiman 2001). The pack-
age “party” (Hothorn et al. 2006) was used to run
RF models in R. Two parameters must be set in
RF models: the number of predictor variables to
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be randomly selected at each node (mtry) and the
number of trees in a forest (ntree). mtry was set to
one-third of the number of predictor variables as
suggested by Liaw and Wiener (2002). ntree was
set to 1000 as 500 trees usually yield stable results
(Liaw and Wiener 2002). The importance of pre-
dictor variables was assessed by using the AUC-
based permutation (r =1000) routine (Janitza et al.
2012) in the package “party” (Hothorn et al. 2006).

Boosted regression trees (BRT) is an ensemble
method that combines the strength of two algo-
rithms: regression trees and boosting (Elith et al.
2008). Regression trees are good at selecting rel-
evant predictor variables and can model interac-
tions. Boosting enables building of a large num-
ber of trees in a way that each successive tree
adds small modifications in parts of the model
space to fit the data better (Friedman et al. 2000).
The algorithm keeps adding trees until finding
the optimal number of trees that minimizes the
predictive deviance of a model. The predictive
performance of BRT has been shown to be supe-
rior to most other modeling methods (Elith et al.
2006, Revermann et al. 2012). The BRT modeling
was performed using packages “gbm” (Ridge-
way 2012) and “dismo” (Hijmans et al. 2012).
Important parameters in building BRT models
are learning rate, tree complexity, and bag frac-
tion (Elith et al. 2008). Learning rate determines
the contribution of each tree to the growing
model and tree complexity defines the depth
of interactions allowed in a model. Bag fraction
determines the proportion of data to be select-
ed randomly at each iteration. Different combi-
nations of these parameters may yield variable
predictive performance but generally a lower
learning rate and inclusion of interactions gives
better results. For each species, two groups of
BRT models were built that had tree complexity
of 1 and 5, respectively. A tree complexity of 1
fits a model without interactions between pre-
dictors while a tree complexity of 5 fits a model
with up to five-way interactions. In both groups,
models with learning rates of 0.0001, 0.0005,
0.001, 0.005, 0.01, 0.05, and 0.1 were built. The
bag fraction was set at 0.5 which is the recom-
mended default value for presence—absence
models (Elith et al. 2008). This design resulted
in 14 models for each species.

Schoener’s D was used to assess the overlaps of
distributions of gammarid species based on the
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results of SDMs. There are many metrics for mea-
suring the distribution overlap but Schoener’s D
was chosen because of its simplicity, long history
of use and good performance (Warren et al. 2008,
Rodder and Engler 2011). Schoener’s D varies
between zero and one. Zero indicates no overlap
while one indicates full distribution overlap be-
tween species.

RESULTS

Environmental niche analysis

According to OMI analysis, G. salinus had
the largest environmental niche space followed
by G. zaddachi, G. oceanicus, and G. tigrinus.
The niche space of invasive G. tigrinus was
notably smaller than that of the native species
G. salinus and G. zaddachi (Fig. 2). The centers
of niche positions of native species almost co-
incided while that of G. tigrinus laid notably
farther apart (Fig. 2). Based on the values of
OMI, G. tigrinus had the highest habitat spe-
cialization among the studied gammarid species,
whereas G. salinus had the lowest specialization
(Fig. 2). OMI values of all species were statis-
tically significant (P < 0.001).

Species distribution models (SDMs)

The predictive accuracy of models was very
high, as the AUC values of all models exceeded
0.8. GAM showed somewhat lower accuracy
than BRT and RF, whereas the AUC values of
BRT and RF were very similar (Table 2). Among
the models of native species, RF had the highest
AUC values. BRT was only fractionally better
than RF in the case of G. tigrinus. As RF pro-
duced the best models among three of four
species and gave essentially equally good result
in the case of one species, RF was chosen as
the method for modeling the spatial distribution
of gammarid species. In the final RF models,
depth was among five most important predictor
variables for each gammarid species. In addition
to depth, modeled distributions of macrophytes
proved to have high importance in predicting
the distribution of gammarids (Table 1).

The predicted distributions clearly differed
between gammarid species in terms of both
the distribution area and distribution pattern
(Fig. 3). Based on SDMs, G. salinus had the most
extensive distribution area. The distribution
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G. tigrinus (T) [4.88]

G. salinus (S) [1.40]
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Fig. 2. Environmental niche characteristics of the studied gammarid species based on PCA ordination of the

values of environmental variables in sampling sites. Dots represent sampling sites, polygons represent the

realized niche breadths, and letters on the plot indicate the centers of niche spaces of the species. The values of

OMI are shown in square brackets.

Table 2. AUC values of species distribution models.

Species GAM BRT RF
G. tigrinus 0.884 0.898 0.896
G. oceanicus 0.824 0.847 0.857
G. salinus 0.816 0.858 0.865
G. zaddachi 0.815 0.821 0.829

Notes: GAM - generalized additive model, BRT — boosted
regression trees, RF — random forest. Higher AUC value indi-
cates better performance of model. RF was chosen to model
the spatial distribution of all gammarid species based on the
best overall performance.

pattern of the invasive G. tigrinus clearly dis-
tinguished from the distributions of the native
gammarids: the probability of occurrence of
G. tigrinus was highest in sheltered bays where
the probability of occurrence of native species
was very low (Fig. 3).
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Based on the SDMs, the overlap of distribution
was larger among native species than between
G. tigrinus and native species (Table 3). Among
distribution overlaps between native species and
invasive G. tigrinus, Schoener’s D scores suggest
that the overlap was largest between G. zaddachi
and G. tigrinus and smallest between G. oceanicus
and G. tigrinus.

DiscussioN

Our data showed that invasive species may
have narrower environmental niche space than
native species in a particular area, with the
invasive Gammarus tigrinus being more special-
ized than any of the native gammarid species.
The difference in the values of OMI was more
than three-fold between the most specialized
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Fig. 3. Modeled distributions of the studied gammarid species. The color gradient indicates the probability
of occurrence of a given species. The central part of the study area is zoomed in for easier comparison.

Table 3. Schoener’s D values between modeled
distributions of gammarid species. Higher value
indicates larger overlap of distributions.

G. tigrinus G. oceanicus G. salinus
G. oceanicus 0.277
G. salinus 0.265 0.670
G. zaddachi 0.380 0.596 0.526

species, G. tigrinus, and the least specialized
species, G. salinus. In addition to higher spe-
cialization, the centroid of the niche of the
nonindigenous species departed strongly from
all the other species, indicating niche segrega-
tion. Our results suggest that successful non-
indigenous species do not necessarily have to
be habitat generalists and species with narrow
niche space may become a pest species. This
also suggests that high similarity in environ-
mental niche space between native and invasive
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species may reduce the success of invading
species (Callaway et al. 2004, Vivanco et al.
2004). Therefore, the degree of segregation in
environmental niche space between an invader
and native community may provide a predictive
tool for invasiveness as shown for the phylo-
genetic relatedness in terrestrial habitat (Strauss
et al. 2006). There exist two potential mecha-
nisms explaining the observed segregation in
environmental niche space between invasive
and native species. First, species that highly
overlap within their niche space should not
coexist because they highly overlap in resource
use (Fargione et al. 2003). Second, natural en-
emies (e.g., parasites or predators) are expected
to switch to close relatives of their host and/
or prey more easily than to distantly related
taxa. Consequently, larger differences in envi-
ronmental niche space between native and in-
vasive species result in more complete release
of invasive species from enemies (Strong et al.
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1984). For the gammarid amphipod perspective,
a direct competitive inhibition of G. tigrinus by
natives of their own functional guild is not
likely as G. tigrinus has been experimentally
shown to be competitively superior over natives
(Orav-Kotta et al. 2009). However, indiscriminate
predation on juveniles by all gammarid species
is very strong in the study area (Jdnes et al.
2015) and weakening of such predation gives
the invasive species a clear advantage.

Earlier studies have demonstrated that G. tigri-
nus is rather euryoecious in its native distribution
range (Steele and Steele 1972, Bousfield 1973)
as well as more tolerant toward some physical
and chemical factors like salinity, hypoxia, and
thermal stress compared to other gammarids in
Europe (Grabowski et al. 2006, Lenz et al. 2011,
Sareyka et al. 2011). Nevertheless, the environ-
mental space occupied by the invasive species
was significantly narrower compared to the na-
tive species in the eastern Baltic Sea. This leads to
another important implication of this study: wid-
er tolerance limits do not necessarily translate to
wider occupied niche of an invasive species in an
area subject to invasion.

There may be several reasons why the inva-
sive gammarid has narrower habitat niche com-
pared to local species. One plausible explanation
may be preadaptation of the invasive species to
warmer and more sheltered habitats that have
emerged in the Baltic Sea during postglacial
period but are under-occupied by the native
Baltic species. The native fauna of the contem-
porary Baltic Sea is assembled by the most eu-
ryoecious species from the Arctic and northern
Atlantic faunal groups (Segerstrale 1957). Thus,
the native gammarids are probably more toler-
ant to low water temperatures characteristic to
the eastern Baltic Sea with the exception of the
shallowest bays. Contrastingly, for G. tigrinus
several experiments have confirmed tolerance to
high temperatures and optimal developmental
temperatures as high as 25 °C (Savage 1982, Lenz
etal. 2011). The other possible explanation for the
narrower niche may be lower genetic diversity of
the species in the invasive range due to recent
bottleneck effects (Lee 2002). However, the Bal-
tic population of G. tigrinus is characterized by
high genetic diversity resulting from an invasion
history combining separate invasion events from
distinct source populations (Kelly et al. 2006).
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In addition to the named reasons, it is probable
that the new species is still expanding its
distribution in the study area. In the case of G. ti-
grinus and the spatial scale of this study, range
expansion may not necessarily result from time-
consuming distribution strategies as has been
shown for several terrestrial species (Svenning
and Skov 2004), as the Eastern European popu-
lations of G. tigrinus have displayed fast spatial
expansion in new areas at scales comparable to
the extent of our study area (Pinkster et al. 1977,
Kotta et al. 2013). Further range expansion may
rather result from rapid evolutionary postinva-
sion responses to new environments (Lee 2002),
and in such case, future niche changes may be
expected.

The relatively narrower niche of an invasive
species compared to sympatric congeners seem-
ingly contradicts several previous studies that
found larger niche in invaders (Scott and Panetta
1993, Goodwin et al. 1999, Sultan 2001) or an en-
largement of niche presumably due to invader’s
successful escape from biotic suppressors (Call-
away and Ridenour 2004). However, the spatial
scale of niche studies must be considered before
drawing conclusions. The spatial extent of our
study area was about 200 km while the whole ex-
tent of the European range of G. tigrinus is more
than one order of magnitude larger covering also
freshwater populations (Kelly et al. 2006). There-
fore, a local pattern of niche breadth does not
necessarily coincide with the regional or global
pattern, and analysis on the scale of the whole
invasive range of G. tigrinus would have possibly
revealed a notably larger niche space.

Both ordination and distribution modeling
showed partial overlap of the niches of G. tigri-
nus and native gammarids. This indicates that no
complete competitive exclusion exists among the
studied sympatric species. This may be a product
of large temporal variability in the Baltic Sea en-
vironment represented by many stochastic dis-
turbances at multiple spatial and temporal scales
with abiotic disturbance enabling the coexistence
of species (Roxburgh et al. 2004). Previous exper-
imental evidence suggests that there is no strong
interference competition among adult individ-
uals of gammarid species in the northern Baltic
Sea (Kotta et al. 2011), although adult predation
on juvenile gammarids has been observed in all
of the studied species (Jénes et al. 2015). Contrast-
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ingly, there are cases from European fresh waters
where superior intraguild predators G. duebeni or
Dikerogammarus villosus may outcompete G. tigri-
nus in certain habitats resulting in a strict habitat
segregation (MacNeil and Prenter 2000, MacNeil
et al. 2008). The width of the realized niche of an
invader in a new geographic range most likely
results from an interplay between available niche
space and biotic interactions with resident spe-
cies within the framework of this particular niche
space.

Our results indicate that G. tigrinus is not occu-
pying a new niche totally devoid of other gam-
marids in the northern Baltic Sea, although its
environmental preferences clearly distinguish
it from all the native species. An addition of a
species with differing preferences may, however,
lead to competitive dominance and accordingly
high densities of the newcomer at environmental
combinations favored distinctly by it. This seems
to be the case in the Baltic Sea, as G. tigrinus has
been reported to dominate in several areas with
native gammarid species present at very low
numbers (Packalén et al. 2008, Herkiil et al. 2009,
Kotta et al. 2013). In areas of niche overlap, mi-
crohabitat segregation is the likely cause for den-
sity patterns, as has also been shown for native
gammarids with highly overlapping niches (Kor-
pinen and Westerbom 2010).

The spatial resolution of the used environ-
mental data sets was generally in a magnitude
of 100 m. Higher resolution of environmental
data may very likely reveal stronger niche sep-
aration between the studied species. Environ-
mental variability in a submeter spatial scale can
be driving micro-habitat selection in small-sized
invertebrates (Platvoet et al. 2009). However,
due to practical reasons such a small-scale vari-
ability can seldom be recorded during standard
benthos sampling and neither can environmental
GIS-layers achieve that high spatial resolution.
Specially targeted field work is needed to record
very small-scale environmental variability, and
the results of such detailed data collection may
likely reveal stronger niche separation between
the species than this study.

The species distribution models (SDMs) pro-
duced predictions with high accuracy and thus
proved to be useful for comparing the distribution
of gammarid species. The high prediction accura-
cy can be explained by several reasons: (1) the in-
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put data set of the presence and absence of gam-
marid species was very representative including
thousands of records and covering all important
environmental gradients; (2) modern modeling
algorithms like RF and BRT have proved to pro-
duce highly accurate predictions (e.g., Elith et al.
2006, Lindegarth et al. 2014); (3) the elaborate
set of environmental variables (including biotic
predictors) for model building reflected well the
heterogeneity and natural gradients of the study
area.

Most studies on species distribution mod-
eling have focused only on abiotic drivers of
species distribution (Zimmermann et al. 2010).
However, inclusion of biotic predictors like
competitors or facilitators, may increase the
predictive power of models (Aratjo and Lu-
oto 2007, Pellissier et al. 2010). In this study,
the distributions of key phytobenthic species
were highly important predictors in distribu-
tion models of gammarids: the probability of
occurrence of Fucus vesiculosus, Furcellaria lum-
bricalis, and charophytes were among the top
four predictors in the models of every gammar-
id species (Table 1). This proves that available
species distribution maps can be a rewarding
input for species distribution modeling. Cha-
rophytes grow on soft sediments in the most
sheltered bays. F. vesiculosus and F. lumbricalis
grow on hard substrate but in different depths
and wave exposure levels. Based on the impor-
tance of predictor variables in SDMs, G. tigri-
nus is most related to charophytes and native
gammarids to F. vesiculosus and F. lumbricalis
indicating habitat separation between the inva-
sive and native species. The included three key
macrophytes may have caused the exclusion or
decreased importance of abiotic variables like
wave exposure from SDMs in this study be-
cause the distribution of different plant groups
reflect certain gradients in many abiotic driv-
ers like depth, wave exposure, substrate, and
salinity. However, compared to the cumulative
and interactive effects of abiotic variables, the
distribution of vegetation showed higher pre-
dictive power. This indicates that the modeled
biotic variables (vegetation in this study) carry
additional information compared to the sum of
effects of underlying abiotic variables.

Modeled distribution maps (Fig. 3) enabled
assessment of the spatial aspect of niche over-

June 2016 «+ Volume 7(6) < Article e01306



lap between gammarid species in the study area.
Based on the pairwise comparisons of distribu-
tion overlap (Schoener’s D), the distribution of
G. tigrinus had the smallest overlap with all the
other species. This result complied well with the
analysis of niche specialization (OMI values)
which indicated that G. tigrinus has the highest
habitat specialization. Among native gammarids,
the distribution of G. zaddachi had the largest
overlap with G. tigrinus and this clearly indicates
that G. zaddachi is the most affected by the com-
petitive and predation pressure by G. tigrinus.
Compared to OMI analysis, the modeled distri-
butions reflect the actual geographic dimensions
where biological interactions take place. The geo-
graphic nature of SDM and SDM-based analyses
makes the approach easily comprehendible in a
management point of view.

Tolerance to stress is sometimes considered less
important for invasiveness than reproduction fol-
lowing the r-selection strategy (McMahon 2002).
Our study suggests that tolerance does not nec-
essarily convert to wider environmental niche or
distribution in the invaded range. Instead, larg-
er tolerance of invasive species compared to lo-
cal species along some environmental gradient
may translate to niche and habitat segregation in
the invaded range. However, the situation is far
from static (Simberloff 2014), and not only are
the species evolving but also the available niche
space is constantly transforming in geographic
space. Warming climate prospects may change
the amount of available niche space for both na-
tive and non-native co-occurring species and ac-
celerate changes in the arrangement of occupied
niches (Williams and Jackson 2007), with probable
retraction of niches of more cold-adapted resident
species like G. zaddachi and possible protrusion of
invaders favored by or more tolerant to warmer
conditions.

CONCLUSIONS

The distribution and niche assessment of NIS
by combining spatial modeling and multivariate
ordination in this study proved to be a highly
relevant approach to reveal patterns of invasion
process. Environmental niche analysis (OMI)
offers complementary information about biotic
patterns in available environmental space com-
pared to more traditional species distribution
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modeling. The occupied niche space of the
nonindigenous gammarid G. tigrinus was nar-
rower than those of native gammarids. Also,
niche centers of the native species almost co-
incided while the one of G. tigrinus was situated
notably apart. This differentiation was also well
reflected in the modeled distributions: the high-
est probability of occurrence of G. tigrinus was
spatially restricted to shallow and sheltered areas
that are predominantly warmer and of lower
salinity. These findings indicate that the success
of the invasion of G. tigrinus has been facilitated
by specific habitats in the recipient area that
are highly suitable for the species due to fa-
vorable preadaptations. Considering intraguild
interactions, the invasion of G. figrinus may
have the strongest effect on G. zaddachi, as the
distribution overlap between these two conge-
ners is the largest. However, the observed niche
divergence and wider realized niche of the native
species are likely to aid survival in habitats
less suitable for G. tigrinus. Our study reminds
that wide environmental tolerance of a species
does not necessarily result in a wide realized
niche in the course of an invasion process. Our
results also suggest that colonization success
and wide distribution do not necessarily require
a broad environmental niche of the colonizer,
but may instead rely on the saturation of the
recipient ecosystem and the novelty of the pre-
adaptations of the colonizer: an ability to op-
timally utilize previously under-occupied
environmental niche can support the apparent
luck of the draw. Despite the decline in spe-
cialist species worldwide (Clavel et al. 2011),
anthropogenic introductions may thus regionally
increase the proportion of relatively specialized
taxa.
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Appendix 4

Role of invasive species in the food webs — the cases of the round goby and Harris mud crab
Riikka Puntila, Marine research centre, Finnish environment institute

Non-indigenous species, especially when they become invasive, are known to induce a variety of
changes to the ecosystems of their new environments. The impacts of invasive non-indigenous
species in aquatic environments often draw attention (e.g., Carlton and Geller 1993, Ricciardi and
Rasmussen 1998, Cohen and Webb 2002, Molnar et al. 2008), and the majority of the studies
concentrate on the top-down predatory impacts of an invader on native prey. Although many species
have both predatory and prey roles in the ecosystem, more comprehensive food web wide impacts of
the invasions had been far less studied. In the BONUS BIO-C3, many of the key ecological
interactions were studied in detail and here the results are reviewed in the food web context.

The round goby

The invasive round goby, Neogobius melanostomus, is known as an aggressive, territorial and
voracious benthivorous fish species observed to have profound impacts on ecosystems, especially
where numerous (e.g., Dubs and Corkum 1996, Balshine et al. 2005, Almqvist et al. 2010). They are
generalist predators but often prefer bivalves when available (Skora and Rzeznik 2001, Karlson et al.
2007, Rakauskas et al. 2008, Raby et al. 2010, Jarv et al. 2011). The diets and prey preference of the
round goby were studied in BONUS BIO-C3 in several locations throughout the Baltic Sea,
representing very different biotic (including prey field) and abiotic conditions (e.g., Oesterwind et al.
2017, Skabeikis and Lesutiene 2015, Nurkse et al. 2016, and others reviewed in Lehtiniemi et al.
2017). In general the studies also show that the feeding behavior of round goby is very flexible and
they are preying usually on the most abundant prey and the availability of the prey in each of the
locations is therefore reflected to the stomach contents. In areas where bivalves were abundant, they
often were the most prevalent prey, but in other locations round gobies willingly feed on other
benthic prey such as polychaetes, gastropods, and even barnacles. In Mariehamn, the presence of
sticklebacks in the round goby stomachs was elevated (Herlevi et al. in review). Furthermore, the
results from the various studies show that round goby undergoes ontogenetic diet shifts and there is
both temporal (seasonal) and spatial variation in their prey use. While most studies show no direct
prey impact on other fish species a case study in a very important herring spawning site with a
combined lab experiment could show that small round goby are able to feed on herring eggs
(Wiegleb et al. in prep). When overlapping, the round gobies consume also the other invasive species
of interest, Harris mud crabs (Puntila et al. in prep a). In one of the locations (Lithuania), the round
goby population was very dense and prey field appeared to be limited (Skabeikis and Lesutiene
2015) leading intraspecific competition and even to cannibalism at times (Puntila et al. in prep a).
Finally, prey choice appears to have very little impact on the condition of the fish, indicating that
round goby populations are not relying on presence of any specific prey organisms and are capable
of maintaining growing populations under very different environmental conditions.

Furthermore, the food web positioning of the round goby comparing a new invasive population in
Mariehamn, Aland Islands in the northern Baltic Sea to an older population in the Gulf of Gdansk,
Poland showed that overall the round goby positioned as a second order consumer among other
predatory benthic-feeding fish. The round goby experiences significant intraspecific competition as
well as competition with other predatory fish in the new invasive area. The trophic position of round
gobies in Mariehamn is significantly higher than in the Gulf of Gdansk, likely due to different prey
items in these areas (e.g., their diet in Mariehamn includes more fish, mostly sticklebacks).
Furthermore, the ontogenetic patterns differ between the two invasive populations, suggesting more
intraspecific competition in the Gulf of Gdansk. (Herlevi et al. in review).

Previous studies in the Baltic Sea had identified over 30 parasite taxa infecting the invasive round
goby. A study comparing parasite assemblages and infection rates (prevalence and intensity) in


mwinder
Text Box
Appendix 4


different populations across the invasive range in the Baltic Sea (Denmark, Lithuania, Estonia and
Finland (Aland Islands)), revealed that infection rates were 56-60 % across all locations except
Lithuania (28%)(Herlevi et al. 2016). Most of the parasites were generalists commonly infecting
native fish species and the round goby has not retained parasites from its area of origin, but instead
has been successively colonized by native generalist parasites reflecting the parasite assemblage at
each site. Furthermore, there is small scale variation in parasite assemblages as shown between
populations in Estonia (Ojaveer et al. 2017). Although variable, overall parasite richness is still quite
low around the Baltic compared to the native areas and similarly prevalence and mean infection
intensities in the Baltic Sea are significantly lower than in the native areas.

Furthermore, the role of the round goby as a prey for piscivorous fish and avian predators was
studied in different regions in the Baltic Sea. The round goby was found to be prey for cod (Cadus
morhua), but its significance varied seasonally (Skabeikis et al. in prep). In coastal areas, the most
predominant predator was the Eurasian perch (Perca fluviatilis) and their proportion in cormorants
(Phalacrocorax carbo sinensis) diets have also increased (Oesterwind et al. 2017). Furthermore, the
presence of round gobies in perch (Perca fluviatilis) stomachs has also been noticed in Lithuanian
and Estonian coasts (Skabeikis et al. in prep, Liversage et al. 2017).

Competition with native species has been detected with many species as their diets and habitat
preferences overlap (e.g., Herlevi et al. in review, Jarv et al. 2011). The round goby appears to have
impact on the biomass densities of the flounder (Platichthys flesus) in Poland (Smolinski 2017). In
addition, they seem to compete with the long tailed duck (Clangula hyemalis) over preferred prey,
bivalves, in Lithuania (Skabeikis et al. in prep).

Based on the results, the round goby has successfully established in the various coastal ecosystems in
the Baltic Sea. They are simultaneously both predators for native prey and prey for native predators
as well as competitors to some native species. In addition, they are a host for native generalist
parasites (Fig 1). In some areas, run down consumption of Mytilus trossulus has been reported,
which may have cascading impacts in the ecosystem. The interactions with the surrounding
ecosystem (e.g., predation and parasites) do not seem to limit the population growth of the round
goby and their range and abundance is increasing in most of the locations.



Figure 1. The role of the invasive round goby in the coastal food webs in the Baltic Sea. Red arrows indicate prey
consumption, blue arrows role as prey for native predators and purple arrows competition with native species.

The Harris mud crab

The Baltic Sea, especially the northern parts are naturally low in species diversity, which increases
the likelihood of obtaining a species that is novel to the system. Good example of a novel non-native
species that has settled successfully to the Baltic Sea is the Harris mud crab (Rhithropanopeus
harrisii). The Harris mud crab was first introduced to the western Baltic in the late 19th century,
most likely via ballast originating from the eastern United States. The first observation of the crab in
the Baltic Sea was made in the 1930’s in the Kiel Channel in Germany (Schubert 1936) and in 1950
in Poland (Demel 1953). In the 2000’s, they began to spread northward, and it was recorded in
Lithuania in 2000 (Bacevicius and Gasiunaite 2008), Finland in the Archipelago Sea in 2009 (Fowler
et al. 2013) and in Estonia 2011 (Kotta and Ojaveer 2012).

The Harris mud crab is highly omnivorous, feeding on detritus and plant material, as well as, mobile
crustaceans depending on the habitat they occupy (Turoboyski 1978, Czerniejewski and Rybczyk
2008, Hegele-Drywa and Normant 2009). In their native area, they are mostly scavengers and
predation on crustaceans is more common among the small crabs (Odum and Heald 1972). In the
Archipelago Sea they have been reported to impact gastropod abundance (Forsstrom et al. 2015,
Jormalainen et al. 2016) and their stable isotope ratio places them mostly among second degree
consumers (Aarnio et al. 2015). In the Baltic Sea the crab has invaded many locations with
submerged aquatic vegetation (Gagnon and Bostrom 2016) and associated grazer communities
(Nurkse et al. 2015).

Since the establishment in the northern Baltic Sea in Lithuania, Estonia and Finland, the Harris mud
crab has steadily increased its range in most locations. The area lacks native crab species, providing
an excellent opportunity to observe how a novel species establishes into the local food webs.



Based on recent studies on the diet of the Harris mud crab in the northern Baltic Sea, they appear to
preferentially consume mobile crustaceans and gastropods (Nurkse et al. 2015, Forsstrom et al. 2015,
Jormalainen et al. 2016, Puntila et al. in prep b). Results of a mesocosm study, conducted within
BONUS BIO-C3 project (reviewed in Lehtiniemi et al. 2017) indicate that the mud crabs predate
preferentially and rapidly, on the isopod ldotea baltica (Pallas, 1772), one of the key species in the
ecosystem. Furthermore, the predation on most of the offered prey was intense even in the lower crab
density treatment implying that their predatory impacts in naive systems may be significant as
implied by Jormalainen et al. (2016).

Nearly all non-indigenous species eventually begin experiencing predation by native predators,
which may even exert population control on them (e.g., Hunt and Yamada 2003; Jensen et al. 2007).
Based on fishermen reports and an extensive field survey the crabs are prey for several fish (perch,
pikeperch, four-horned sculpin, burbot, ruffe and bentic feeding cyprinids). Of the species inspected,
most crabs were found in the four-horned sculpin stomachs, followed by the perch and roach. Even
though the Harris mud crab is prey for many native fish species, their range and abundance is
increasing in the Archipelago Sea (Puntila et al. in prep c).

Based on the studies in the area, the Harris mud crab has established in the Archipelago Sea
ecosystem and they are both predators and prey in the food web. The implications to the other
trophic levels including detritus consumption are still unknown. Run down consumption of grazers
may result in impacts on Fucus vesiculosus, where grazing is naturally an important phenomenon
(Eriksson et al. 2011). The decline in grazing may lead to changes in the algal composition in these
hard bottom habitats. Also, the crabs may compete with some local fish species, such as perch and
roach, for prey. Furthermore, the crabs are not necessarily a good prey item for the predators: they
have hard shells and offer very little energy (Wiszniewska et al. 1998). Slow moving predators such
as sculpins may obtain enough of them to justify the feeding on crabs, whereas in stomachs of quick-
moving and efficient predators, such as perch, they may take space from better quality prey. Also,
the prey currently targeted by the mud crabs traditionally have been prey for the same fish species
now preying on the mud crab. Therefore, following the invasion trophic transfer may be less efficient
due to the added step in the food web (Hairston Jr. and Hairston Sr. 1993).



Detritus

Indirect impacts on Fucus?

Figure 2 The role of the Harris mud crab in the coastal food web in the northern Baltic Sea. Red arrows indicate
prey consumption, blue arrows role as prey for native predators, purple arrows competition with native species
and green arrow potential indirect impacts.

Conclusions

Both investigated invasive species, the round goby and the Harris mud crab, have successfully
established into their ecosystems and play both predatory and prey roles in the food webs. Their
presence has top down impacts on their prey at least locally, leading to both competition with native
species and potentially cascading changes in the lower tropic levels. Furthermore, they are prey for
native predators adding a new links into the food web, currently with unknown consequences.
Further studies will concentrate in modelling the cascading impacts of these growing populations on
food web processes such as energy transfer in the different parts of the Baltic Sea.
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Appendix 5

Predicted impacts of changes in intensity of eutrophication on future
carrying capacity of the Gulf of Riga

Henrik Skov & Erik Kock Rasmussen - DH|

Abstract:

DHI’s downscaled benthic-pelagic food-web model for the Gulf of Riga (GoR) has been applied in
hindcast and forecast mode to study the past and future levels of nutrient control of the carrying
capacity of macrobenthos (bivalves) in coastal areas of the Baltic Sea. The model data were
analysed using one climate scenario and two eutrophication scenarios (reference/Baltic Sea Action
Plan (BSAP)) from BONUS Ecosupport. The model data covered the period between 1970 and
2100. The impact was assessed by analysing spatio-temporal trends in modelled concentrations of
dissolved nutrients and chl @ and in the biomass of two species of bivalves (Mytilus edulis, Macoma
baltica) which dominate the overall zoobenthic biomass in the region. A steep decline (0.0085 mg/1
per year) in the concentration of dissolved inorganic nitrogen (DIN) and a moderate decline
(0.00015 mg/l per year) in the concentration of inorganic phosphorus (DIP) was predicted in the
BSAP scenario between 1990 and 2020. After 2020, the concentration of DIN stabilised, whereas
the concentration of DIP showed a weak but continuous downward trend. The decreasing trends in
nutrient concentrations during this period for the reference scenario were predicted to be
approximately 30% less steep than in the BSAP scenario. During the period between 1990 and
2020, a descending trend (0.075 mg/l per year) in the concentration of chl a was predicted for the
BSAP scenario and a slightly weaker downward trend (0.050 mg/1 per year) was predicted for the
reference scenario. In the BSAP scenario the downward trend in chl a concentrations continued
after 2020. The biomass of Mytilus bivalves was predicted to decline in the reference scenario over
the whole period, but intensified after 2050. During the BSAP scenario, the decline in predicted
Mpytilus biomass started earlier and amplified the trend in the reference scenario. By 2020, the level
of Mytilus biomass in the BSAP scenario was predicted to be 70% of the biomass in 2008. No clear
trend was identified in the predicted biomass of Macoma during the period. A spatial assessment of
the predicted dramatic decline in the carrying capacity of Mytilus revealed that the decline will be
focused on the Gulf of Riga rather than the Irbe Strait and the coastal areas west of the Gulf.

Introduction:

A fine-scale ecosystem model complex has been set up in BIO-C3 for the Gulf of Riga covering the
period between 1970 and 2100 (Rasmussen et al. 2015, Figure 1). Reconstruction of past ecosystem
changes in the Gulf (WP 4.2) revealed nutrient-driven localised decline in productivity affecting the
entire benthic food web after mid 1990es. One of the main aims of the study has been to project key
functional interactions in the benthic-pelagic food web to future scenarios based on large-scale
models developed and executed in the BONUS Ecosupport project (Meier et al. 2011). The climate
scenario A1B_1 with two eutrophication scenarios were used as meterological drivers and boundary
conditions with DHI’s ecosystem model. By comparing trends from a reference scenario with
nutrient loads from 2007 with trends from a scenario with the implementation of the BSAP we
anticipated to be able to determine the relative contribution of the BSAP to eutrophication control



and declining supply of nutrients during the 21* century. The model data covered the period
between 1970 and 2100.

Figure 1. The model area in the Gulf of Riga. Applied bathymetry and model grid are shown.

Progress and next steps:

Analyses completed. No deviations.

Methods and Results:

The ecosystem model complex for the Gulf of Riga consists of three interlinked components; an
eutrophication model based on a coupled local biophysical and ecosystem model (MIKE 3 FM &
ECOLAB), a mussel population model and a seaduck energetics module. The eutrophication model
describes the benthic ecosystem with phytoplankton, nitrogen (N) and phosphorus (P), chlorophyll-
a, zooplankton, detritus (C, N & P), inorganic nutrients (dissolved inorganic nitrogen—DINNH4 N,
NO3 N & PO4-P), total N and P nutrients (including dissolved organic N and P compounds) and
dissolved Oxygen.

Weekly estimates of concentrations of dissolved inorganic nitrogen, inorganic phosphorus and
chlorophyll ¢ and estimates of the biomass (g DW soft tissue/m?) of blue mussels (Mytilus edulis)
and Baltic clams (Macoma baltica) were extracted and the spatio-temporal trends analysed. As
benthic productivity patterns typically show seasonal trends superimposed on spatial gradients the
derivation of long-term trends in spatial structure and biomass was undertaken by analysing
temporal trends on deseasoned biomass values at the scale of each grid node (5 km). Deseasoning
was done by subtracting the long-term average from each weekly estimate and standardising the
resulting value to anomaly z-scores by dividing by the standard deviation. The non-parametric
Median Trend (Theil 1950, Hoaglin et al. 2000) test was used to compute the size and significance
of the trend for each of the 3040 grid nodes, which subsequently could be visualised to identify



zones with similar trends. This is a robust non-parametric trend operator, which is highly
recommended for assessing the rate of change in noisy time series, as it is less sensitive to outliers
than least-squares estimators . The trend is calculated by the median value of the slope between
every pairwise combination. The Median Trend test was applied for the entire 92-year time series
between 2008 and 2099.

Synchronous trends were predicted for both model scenarios across ecosystem components during
the century. A steep decline (0.0085 mg/l per year) in the concentration of dissolved inorganic
nitrogen (DIN) and a moderate decline (0.00015 mg/l per year) in the concentration of inorganic
phosphorus (DIP) was predicted in the BSAP scenario between 1990 and 2020 (Figure 2). The
predicted levels of nutrient concentrations in early 2000s are in line with measurements, as is the
predicted decline in the concentration of nitrogen (Skov 2017). After 2020, the concentration of
DIN stabilised, whereas the concentration of DIP showed a weak but continuous downward trend.
The decreasing trends in nutrient concentrations during this period for the reference scenario were
predicted to be approximately 30% less steep than in the BSAP scenario. During the period between
1990 and 2020, a descending trend (0.075 mg/I per year) in the concentration of chl a was predicted
for the BSAP scenario and a slightly weaker downward trend (0.050 mg/1 per year) was predicted
for the reference scenario. In the BSAP scenario the downward trend in chl a concentrations
continued after 2020. The biomass of Mytilus bivalves was predicted to decline in the reference
scenario over the whole period, but intensified after 2050 (Figure 3). During the BSAP scenario, the
decline in predicted Mytilus biomass started earlier and amplified the trend in the reference
scenario. By 2020, the level of Mytilus biomass in the BSAP scenario was predicted to be 70% of
the biomass in 2008. No clear trend was identified in the predicted biomass of Macoma during the
period. A spatial assessment of the predicted dramatic decline in the carrying capacity of Mytilus
revealed that the decline will be focused on the Gulf of Riga rather than the Irbe Strait and the
coastal areas west of the Gulf (Figure 4).

Recommendations:

The model predictions for the development of the benthic ecosystem in the Gulf of Riga indicated
significant impacts of the continued control of eutrophication and derived reductions in nutrient
concentrations. With the implementation of the mitigation measures through the BSAP these
impacts will be amplified with a knock-on effect on the carrying capacity of bivalves, most notably
blue mussels in the part of the model area focused on the Gulf of Riga. Obviously, local ecosystem
models like this one for the Gulf of Riga may provide useful decision support tools in order to
achieve future synergies between targets for water quality and biodiversity conservation in many
coastal areas of the Baltic Sea.
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Figure 2. Trends in modelled concentrations (mg/l) of dissolved inorganic nitrogen and

phosphorus and Chlorophyll a in the Gulf of Riga during the period 1970-2100 — both the BSAP
and the reference (noBSA) scenarios.
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Figure 3. Modelled trends in biomass of Macoma baltica and Mytilus edulis during the period
2008-2100 for the BSAP and the reference scenarios. Biomass values (g AFDW/m°) have been
transformed to standardised anomalies.
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Abstract

Identifying resource use and functional traits of non-indigenous species are promising means to increase the ability to predict ecological
consequences of invasions. One of the most widely spread brachyuran crab species, and a recent invader in the northern Baltic Sea, is the North
American Harris mud crab, Rhithropanopeus harrisii (Gould, 1841). Although spread, establishment, and population structure have been studied
for this species, little is known about its role and impact in a new environment. We investigated the position and role of R. harrisii in the coastal
food web by combining spatial and temporal estimates of trophic position using stable isotopes (8'*C and §'°N), with short-term food- and
habitat-choice experiments. We observed a stable pattern in the trophic position between two environmentally different locations in the Archipelago
Sea over the production season. The identification of a natural breakpoint in carbon stable isotopes at the size of 12 mm carapace width suggested a
presence of an ontogenetic diet shift, which was confirmed by isotope signatures positioning large R. harrisii among secondary consumers and
small individuals with primary consumers. The generalist consumer nature of R. harrisii and preference for structured habitat was supported by an
active habitat and food choice, revealing no preference for prey species (polychaetes versus amphipod), but selection of brown algae over bare mud.
To broaden the understanding of the functional role of R. harrisii, we combined our findings with other known biological and ecological traits of
the species and qualitatively compared these to characteristics of other benthic organisms in the northern Baltic Sea, suggesting a general similarity

in traits.

Key words: introduced species, feeding, habitat choice, stable isotopes, biological traits, experiment

Introduction

Human-mediated species introductions are a
continuing threat to both terrestrial and marine
biodiversity and thus an important part of global
change (Strayer 2012; Simberloff et al. 2013;
Jeschke et al. 2014). To increase our ability to
predict ecological changes due to non-native species
introductions, invasion ecology needs to move
beyond descriptive cataloguing of establishment
and impact studies and to a more mechanistic
understanding and quantification of invader effects
(Dick et al. 2014; Paterson et al. 2015). The most
promising efforts to generalise mechanisms have
focused on how non-indigenous species alter
communities and ecosystems through resource
use (Vitousek 1990; Parker et al. 1999; Dick et al.
2014). Differences in resource use, such as food
or habitat, are reflected in practically all of the

29 hypotheses designed to explain invasion
success summarised by Catford et al. (2009). For
many of these hypothesis, a major factor that
influence invasion success is related to the
biological characteristics of the invading species
and/or species in the recipient community
(Catford et al. 2009; Dick et al. 2014). Recent
progress in comparisons of species traits between
invaders and natives is encouraging in assessing
establishment and spread of invaders (Dick et al.
2014), particularly for terrestrial plant species
(Van Kleunen et al. 2010) and to some degree
for fish (Marchetti et al. 2004), but still remains
patchy (Hayes and Barry 2008; Dick et al. 2014).
Moreover, characterising and quantifying traits
of non-native species to specifically assess impact is
also emerging (Dobb et al. 2014; Paterson et al.
2015). In one study, a comparison between marine
invasive invertebrates in only one trait, size,
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revealed effects on the invading species itself
(Grosholz and Ruiz 2003). Gribben et al. (2013)
examined several traits in a biogeographic
evaluation of the porcelain crab Petrolisthes
elongatus (H. Milne-Edwards, 1837) while Gothland
et al. (2014) described biological traits related to
colonisation and distribution Asian shore crab
Hemigrapsus takanoi Asakura and Watanabe, 2005.
The current gap in the use of species’ ecological
knowledge between invasion ecology and other
ecological fields is interesting because trait-based
approaches have proven successful for disentangling
marine biodiversity-ecosystem functional linkages
(Solan et al. 2006), macroecological patterns (Webb
et al. 2009), and anthropogenic impacts (Bremner
et al. 2006; de Juan et al. 2007; Villéger et al.
2010).

Some mesohaline habitats, particularly in higher
latitude areas, are characterized by relatively low
species numbers and relatively weak interspecific
competition interactions, which provides the
opportunity for colonization by non-indigenous
species (Cohen and Carlton 1998; Stachowicz et
al. 2002). The Baltic Sea has abiotic and biotic
conditions seemingly ideal for establishment of
introduced species (Paavola et al. 2005; Gollash
and Leppékoski 2007; Leppidkoski et al. 2009).
This mainly brackish (salinity 0.5-20) water body
is geologically young (< 10,000 years), with a biota
consisting of post-glacial immigrants (Bonsdorff
2006; Leppéranta and Myrberg 2009). Native species
diversity is low, which results in simple food
webs with relatively few links (Bonsdorff and
Blomqvist 1993; Elmgren and Hill 1997). To date,
119 non-indigenous species have been found in
the Baltic Sea, of which 20 species have been
reported in the northern Baltic Sea and the
Archipelago Sea area (David et al. 2013), which
is the region of focus in this study. One of the
more recent invaders in the northern Baltic Sea
is the North American Harris mud crab, Rhithro-
panopeus harrisii (Gould, 1841). The species is
a small (adult maximum carapace width 25 mm)
brachyuran crab that tolerates a wide range of
temperatures (4—35°C) and salinities (0.5 to >40)
(Costlow et al. 1966; Forward 2009). The native
range of R. harrisii extends along the Atlantic
coast of North America from the Gulf of St
Lawrence in Canada to Veracruz in the Gulf of
Mexico, where it occupies a wide variety of
substrates and habitats in river mouths and estuaries
(Williams 1984; Fowler et al. 2013). The species
was already known in Europe in 1874, probably
arriving in ballast water. R. harrisii was first
found in the southern Baltic Sea in the 1950s,
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where it has since become established (Turoboyski
1973; Hegele-Drywa and Normant 2014). In the
Archipelago Sea, R. harrisii was first recorded in
2009, and it has since established reproducing
populations in more than 80 locations within a
30 km radius of the site of initial colonization
(Fowler et al. 2013). Apart from the occasional
adult Chinese mitten crab (Eriocheir sinensis H.
Milne-Edwards, 1853) (Anger 1991), there were
no other crab species in the northern Baltic Sea
prior to the arrival of R. harrisii (Ojaveer et al.
2007).

The establishment and spread of Rhithropanopeus
harrisii globally and in the Baltic Sea is well
catalogued, but few studies have assessed the
impact of this species on the recipient community
and ecosystem. Similar to other non-indigenous
crab species (e.g., Goodenough 2010; Brockernhoff
and McLay 2011), there is clear evidence of
competition between R. harrisii and native crabs
and benthivorous fishes at sites in Europe and on
the west coast of North America (Cohen and
Carlton 1995; Zaitsev and Oztiirk 2001). The
species also alters the local food webs because R.
harrisii is both a predator on, and prey for, native
species (Turoboyski 1973; Cohen and Carlton 1995;
Zaitsev and Oztiirk 2001; Fowler et al. 2013). R.
harrisii is an opportunistic omnivore that feeds
on a mixture of animals, vegetation, and detritus
(Turoboyski 1973; Czerniejewski and Rybczyk
2008; Hegele-Drywa and Normant 2009). As in
its native range, the species occupies a diverse
array of substrates in the northern Baltic Sea,
including: bare soft sediment, stones, decaying
reeds (Phragmites australis (Cav.) Trin. ex Steud.),
brown algae (Fucus vesiculosus Linnaeus, 1753)
and other vegetation that provide both protection
and a high density and rich variety of prey
(Fowler et al. 2013; Nurkse et al. 2015).

The overall aim of this study was to
investigate the trophic position and role of
Rhithropanopeus harrisii in the coastal food web
of the northern Baltic Sea. We addressed this by
combining spatial and temporal estimates of
trophic position of R. harrisii with short-term
habitat- and food choice experiments. More
specifically, we wanted to: i) determine ontogenetic
differences in trophic position of R. harrisii; ii)
assess temporal variability of the species’ consumer
characteristics; and iii) identify whether R. harrisii
displays an active choice for selected substrates
and prey species. We then qualitatively compared
the known biological and ecological traits of R.
harrisii to other benthic organisms in the
northern Baltic Sea as a means of evaluating the
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effects of introduction of R. harrisii on ecosystem
structure and functioning.

Acknowledging that the diet of generalist
predators rely on the spatial and temporal availability
of food items (Evans 1983), we assessed trophic
position of Harris mud crab by investigating
variability in stable isotopes ratios ('3C:!>C and
ISN:1N, expressed as 8'3C and §'°N) (Peterson
and Fry 1987). Earlier studies (e.g. Nordstrom et
al. 2009, 2010; Karlson et al. 2015) demonstrated
spatial and temporal differences in food web
structure between various shallow coastal
habitats in the northern Baltic Sea. Therefore, we
focused our work on two habitats that differed
with respect to wave exposure and substrate. To
accommodate potential temporal differences
during the productive season, we conducted field
sampling in both early and late summer. We
hypothesized that the two populations of R.
harrisii would experience somewhat different
food availability, which could reveal the plasticity
of the species in their food web positioning. In
accordance with present knowledge about the
species’ use of resources, we hypothesised that
R. harrisii individuals would actively choose
prey and favour a structurally more complex and
potentially more sheltering habitat over bare
substrate.

Methods

Trophic positioning through stable isotope analysis

To assess trophic position, we collected Rhithro-
panopeus harrisii individuals, fish, benthic
infauna and epifauna, vascular plants, algae, and
detritus from two localities in the Archipelago
Sea in June and August 2012. Sampling sites were
located 30 km apart in the inner archipelago zone,
with a salinity of 5-6 and depth of 1-2 m. The
two sites differed markedly in terms of wind and
wave exposure as well as the composition of the
bottom substrate. Sampling station 1 (Tuorla:
60°40'77"N; 22°44'29"E) was situated in a narrow
and shallow strait in the inner archipelago, where
vegetation along the shores were dominated by
the European common reed Phragmites australis.
The bottom consisted of mud, which was covered
by decaying reeds, and the sediment was sometimes
hypoxic under the overlying vegetation. Sampling
station 2 (Lempisaari: 60°49'04"N; 21°77'90"E)
was situated further out in the archipelago, still
surrounded by islands but leaving it more exposed
to wind and wave action. Perennial brown algae
(Fucus vesiculosus) and common reed dominated

the vegetation in the area. The bottom consisted
of mud and clay, covered by a layer of loose
drifting F. vesiculosus.

Sampling of R. harrisii was accomplished
using wire traps filled with shells or pieces of
clay pots that allowed crabs to move in and out
freely (Fowler et al. 2013). Some of the crabs at
station 2 were collected by hand from drifting
stands of F. vesiculosus. Fish were collected from
some of the crab traps, and additional fish samples
were collected with a wire fish-trap (20 mm mesh
size). Epi- and in-faunal benthic invertebrates
were sampled using an Ekman-Birge grab and
push-nets. Plant material and algae were sampled
with push-nets and rakes. Thirty two taxa
(plants, invertebrates, and fish) were sampled in
this study: 26 taxa from station 1 and 24 taxa at
station 2, with 18 taxa in common (Table 1).

All samples were frozen as soon as possible
and stored at -20 °C for subsequent analyses. In
the laboratory, crabs were measured (carapace
width, CW in mm), and the sex was determined
if possible. The smallest crab for which we could
determine to sex was 7 mm CW. However, sex
was not determined for many crabs collected in
June (station 1: 40 individuals; station 2: 50 indi-
viduals). These crabs were mostly 4-10 mm CW.

Depending on the size of the crab, claw muscle
tissue, whole claws, or the whole individual was
used for analysis of carbon ('*C/'2C) and nitrogen
(’N/!N) stable isotopes. Muscle tissue was used
from fish and the Baltic prawn Palaemon adspersus
Rathke, 1837. Specimens of epi- and in-faunal
benthic invertebrates were analysed whole, except
bivalves and gastropods for which shell-free soft
tissues were used. Three to five individuals were
sampled from each species. All samples were
treated with 1 M HCI to remove carbonates. The
animal material was dried at 60 °C for 48 h,
crushed to a powder in a mortar, and 1 (£ 0.2)
mg of the sample put into tin capsules for
analysis. Plant material was dried, crushed to a
powder, and 2-3 mg of the powder was put into
tin capsules for analysis. The samples were sent
to the Stable Isotope Facility of the University of
California, Davis (California, USA) for analysis
of carbon and nitrogen stable isotope ratios.

Habitat- and food choice experiments

The individuals of R. harrisii used in the
laboratory experiments were collected two weeks
prior to the experiments and were kept in 30 L
aquaria filled with seawater (15 °C, salinity 5.5)
and equipped with an aerating system. Pieces of
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Table 1. List of sampled foodweb components found on Station 1
and Station 2 in 2012. A species/food web component found in only
one station is indicated in bold.

Secondary consumers: Station 1~ Station 2

Rhithropanopeus harrisii X
Palaemon adspersus
Perca fluviatilis
Gymnocephalus cernuus
Gobius niger
Pomatoschistus minutus
Pungitus pungitus
Rutilus rutilus

X
X

Tinca tinca

Abramis brama

Blicca bjoerkna

Scardinius erythrophthalmus

L T T T R T - T T

Primary consumers:

Asellus aquaticus
Gammarus sp. X
Marenczelleria sp.

Hediste diversicolor

Macoma balthica X
Mpya arenaria
Mpytilus edulis
Theodoxus fluviatilis
Lymnea stagnalis
Bithynia tentaculata
Chironomidae
Ephemeroptera
Odonata

Tricoptera

>

Ea o T TR I T B I I IS

[T T T R

Primary producers:

Ceratophyllym demersum
Mpyriophyllum sp.
Cladophora glomerata
Enteromorpha intestinalis
Fucus vesiculosus (apikal and X
basal) X
Epiphytes (on F. vesiculosus)

Detritus X X
Decaying Phragmites australis X

L ]

clay-pots were added to the aquaria to provide
shelter for the crabs, and the individuals were
fed frozen chironomids and clams (Macoma
balthica (Linnaeus, 1758)) during this time.
Individuals were fasted for 24 hours prior to the
experiments. Both male and female crabs (mean
+ SE CW: 16.1 + 0.32 mm; range: 8.4 to 21.4
mm; n = 60) were used in the experiments but no
distinction was made between the two sexes in
experiments.

The habitat- and food-choice experiments
were conducted in Y-shaped aquaria, which
allows for a combination of two resources to be
presented to the individual crab simultaneously
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(Bonsdorff and Vahl 1982). We used two experi-
mental aquaria (basal area: 40 x 16 cm; each arm
area: 33 x 10 cm; water height: 8 cm; water
volume: 6 L) to conduct trials. A trial consisted
of a combination of either two resources or a
resource and a control (three possible combinations),
and was repeated 15 times. Experimental trials
were randomised between the two aquaria, and
new individuals were used every trial to avoid
any bias in individual crab behaviour or related
to the experimental conditions. The aquaria was
scrubbed and carefully rinsed with fresh water
between trials to remove all traces of the resources.
The placement of a resource (habitat or food) or
control (seawater, no substrate) in the end of
either of the two “arms” was randomised for
each trial. The water temperature was kept at 15 °C,
salinity at 5.5, and a flow-through system allowed
water to flow from each “arm” to the basal area
at a rate of 0.15 L/minute, resulting in 100 %
water exchange every 40 minutes.

Prior to the start of the experiment, a crab was
placed at the basal area, where it was allowed to
acclimatize for 10 minutes. A perforated wall
between the base and the “arms” prevented the
crab from leaving the basal area, but exposed the
individual to the water from the “arms” and
thereby the potential odour from the resources.
When an experimental trial started, the perforated
wall was lifted, and we noted the initial choice of
the crab and then documented the position of the
crab every five minutes for 30 minutes, providing
six observations per trial.

In the habitat choice experiment, crabs could
choose between soft sediment (clay) and brown
algae (Fucus vesiculosus). In the food choice
experiment, we used the vegetation-associated
amphipod Gammarus spp. and the sediment-
dwelling polychaete Hediste diversicolor O. F.
Miiller, 1776 as food resources. Both prey species
were placed inside a transparent net-bag that
allowed the crabs to see and smell the prey without
consuming it. The control in both the food- and
habitat experiment was seawater, no substrate.

Statistical analyses

As a first step, to evaluate if there were any
natural breakpoints in carbon isotope values in
relation to size of the crab, we conducted a piece-
wise linear regression analysis using the package
Segmented (Muggeo 2008) in R (R Development
Core Team 2014). The results showed that there
were two breakpoints, one at 11.53 = 0.36 mm CW
and another at 12.32 £ 0.11 mm CW (mean + SE)
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Figure 1. Piecewise regression plot
of Rhithropanopeus harrisii size (x-
axis) versus §'*C —values (y-axis) of
all crabs sampled in June and August
2012. Two breakpoints are identified
at around 12 mm carapace width
size. Slopes of the lines are 0.2163
(for size up to 11.53 mm), -6.529

(11.53 - 12.32 mm) and -0.00271

(>12.32 mm).
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Table 2. Number, sex, and size (carapace width range and mean size, mm) of Rhithropanopeus harrisii sampled at Station 1 and Station 2 in June

and August 2012.
June August
n range mean + SE n range mean + SE

a) Station 1

Male 17 143 -22.0 18.45 +0.60 26 7.45 -22.75 15.04 +£0.96
Female 10 13.5-16.2 14.97 £ 0.30 15 7-13.55 10.32 £ 0.49
Not sexed 40 4.0-12.0 7.52+£0.28 0

Total 67 41

b) Station 2

Male 6 11.7-19.3 16.60 £ 1.16 16 10 -20.5 15.78 £ 0.87
Female 13 10.0-17.5 12.45+0.77 0

Not sexed 50 4.0-10.0 6.70 + 0.24 8 10-15 11.49 £ 0.76
Total 69 24

(Figure 1). Thus, for all subsequent analysis, we
divided crabs into small (< 12 mm CW) and
large (> 12 mm CW) size classes.

To assess spatial differences in stable isotope
values of small and large size classes of R. harrisii
and food web components (detritus, primary
producers, primary and secondary consumers),
separate t-tests were used. If the variances were
not homogenous, a ¢-test with Welch correction
was performed.

In order to assess temporal differences in
isotope values between the two size classes, we
conducted separate Two-way ANOVAs for
station 1 and station 2 for both §'*C and §'°N. A
comparison of isotopic differences between male
and female crabs was analysed with ¢-tests for
the large sized crabs (> 12mm CW) in June only,
as not enough data were available for comparison in
August.

To analyse the first-choice (resources or control)
of crabs in the aquarium experiments, we used
Chi-square statistics. One-way ANOVA was used
to analyse the choice of crabs made every 5 minutes

(i.e. the position of the crabs in the aquaria), during
the 30 min trial. No data transformations were
required as the data were normally distributed and
the variances homogeneous.

Results

Trophic position and spatial variability

We collected 108 (48 large, 60 small) individuals
of R. harrisii at station 1 and 93 (26 large and 67
small) at station 2 (Table 2). The largest number
of individuals was sampled in June at both
stations, and the majority were smaller than 12
mm CW (60 % at station 1 and 84 % at station
2). In August, the small size group accounted for
50 % of the individuals from station 1 and 38 %
of those from station 2. The sex ratio was skewed
toward more males at both sampling sites.
However, in June, sex was not determined for
most crabs due the small individual sizes of the
animals. Five ovigerous females (38% of all female
crabs, 10.7-13.6 mm CW) were obtained from
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Figure 2. Isotope values (8'°C & §'°N) for organisms sampled in
June and August 2012, at A. Station 1 (Tuorla) and B. Station 2
(Lempisaari). Large (> 12 mm) and small (< 12 mm) Rhithro-
panopeus harrisii are indicated by larger and smaller symbol (¢),
respectively. Secondary consumers: Abramis brama', Blicca
bjoerkna', Gobius niger, Gymnocephalus cernuus', Palaemon
adspersus, Perca fluviatilis, Pomatoschistus minutus, Pungitus
pungitus’', Rutilus rutilus, Scardinius erythrophthalmus', Tinca
tinca. Primary consumers: Asellus aquaticus, Bithynia
tentaculata, Chironomidae, Ephemeroptera, Gammarus sp,
Lymnea stagnalis, Macoma balthica, Marenzelleria sp*, Mya
arenaria®, Mytilus edulis*, Hediste diversicolor’, Odonata,
Theodoxus  fluviatilis, Tricoptera!. Primary  producers:
Ceratophyllym demersum, Cladophora glomerata, Enteromorpha
intestinalis', Epiphytes (on Fucus) 2, Fucus vesiculosus (apical)?, F.
vesiculosus (basal)®, Myriophyllum sp. '= species were found on
station 1 only, > = species were found on station 2 only.

station 1 in August, while only males were found
at station 2 at that time.

The stable isotope values (June and August
combined) of R. harrisii at station 1 varied
between -24.90 and -17.58 %o for &'!3C and
between 10.59 and 15.47 %o for 3N (Figure
2A). Crab individuals at station 2 were enriched

404

K. Aarnio et al.

in carbon compared to the other station (-22.69
and -15.19 %o for 8'*C) and depleted in nitrogen
(between 9.07 and 14.31 %o for 5'°N) (Figure 2B).
This pattern was confirmed for both the large
and small size class of crabs when we compared
mean values of 8'C of R. harrisii between stations
(large: t = 13.60, df = 31, p < 0.0001, and small:
t = 3.646, df = 35, p = 0.0009). Similarly, both
size classes differed significantly in terms of
35N between stations (large: ¢t = 5.733, df = 63,
p < 0.0001, and small: r = 4.383, df = 38, p <
0.0001).

The same spatial variability in carbon and
nitrogen signatures was also found within the
other food web components except detritus,
which did not vary between stations (Figure 2).
At station 1, the values for all sampled food web
components ranged between -15.4 and -27.7 for
313C and between 3.4 and 17.3 for 3'°N. At
station 2, the corresponding values were -10.7 to
-26.5 for 8'3C and 3.6 to 15.8 for 8'°N. Both
secondary and primary consumers were significantly
enriched in §'3C at station 2 compared to station
1 (secondary consumers: ¢t = 3.251, df = 51, p =
0.0020, primary consumers: ¢ = 6.099, df = 64, p
< 0.0001). Carbon stable isotope values of primary
producers did not differ significantly between
sites. Similarly, a significantly higher §'°N value
was found at station 1 for secondary (¢t = 7.207,
df =51, p < 0.0001) and primary consumers (¢ =
5.800, df = 65, p < 0.0001), as well as primary
producers (¢t =3.994, df =9, p =0.0031).

In terms of the spatial variability in trophic
position of the two size classes, the same pattern
was seen at both stations. The large size class of
R. harrisii was located at the same trophic level
as fish and other secondary consumers, while
small individuals were positioned together with
primary consumers, in this case invertebrates
(Figure 2). This result supports the clear evidence
of an ontogenetic diet change, as initially suggested
in the piece-wise linear regression (Figure 1).

Temporal variability of isotope signatures

Carbon and nitrogen stable isotopes of the two
size-classes varied over time but the general
difference between large and small crabs were
constant at both stations. At station 1, a significant
interaction between crab size and month was
detected for both §'°C and §'°N values (Table 3).
The average §'3C value at station 1 in June was 4
%o higher in large crabs than small ones (Figure
3), i.e., large crabs were more enriched in carbon.
In August, the difference was almost 5 %o between
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Figure 3. 5'°C and §'°N for large (> 12 225 1
mm carapace width) and small (< 12 mm 15 1
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Table 3. Two-factor ANOVA results of a) §'°C and b) 8'°N in Rhithropanopeus harrisii of different sizes (small, large) and sampled in
different months (June, August) at Station 1. Significant differences are shown in bold.

Treatment df MS F p

a) 813C

Size 1 248.5 831.0 <0.0001
Month 1 6.279 21.00 <0.0001
Size x Month 1 2.600 8.694 0.0046
Error 57 0.2990

b) 8'°N

Size 1 52.58 119.6 <0.0001
Month 1 10.36 23.56 <0.0001
Size x Month 1 3.041 6.918 0.0110
Error 57 0.4396

Table 4. Two-factor ANOVA results of a) §'*C and b) 8'°N in Rhithropanopeus harrisii of different sizes (small, large) and sampled in different
months (June, August) at Station 2. Significant differences are shown in bold.

Treatment df MS F p

a) 813C

Size 1 159.5 135.0 <0.0001
Month 1 0.9287 0.7862 0.3806
Size x Month 1 8.387 7.100 0.0111
Error 40 1.181

b) 8'°N

Size 1 64.80 88.79 <0.0001
Month 1 0.1559 0.2136 0.6464
Size x Month 1 0.02149 0.02945 0.8646
Error 40 0.7298
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the size categories at the same station. The mean
3N was 1.57 %o higher in large sized crabs
compared to small ones in June and 2.57 %o higher
in August (Figure 3). The 3!3C values of large (>
12 mm) crabs did not differ significantly (p =
0.7630) between males and females in June, whereas
85N values were significantly higher in females
than in males (¢ = 2.563, df = 25, p = 0.0154).

A slightly different pattern was observed at
station 2, where a significant interaction between
crab size and month was detected for 3'3C but
not for 8'°N (Table 4). In parallel to station 1,
large crabs were more enriched in carbon
compared to small ones and this increased over
time (average value of 8'3C in June was 3 %o
higher for the larger size class and increased to
4.8 %o in August) (Figure 3). Concerning 8'°N,
values differed significantly between the two
size classes but not over time (between June and
August). The 3N values were about 2.5 %o
higher in large sized crabs compared to the small
ones in both months (Figure 3). The isotope
values of large crabs did not differ significantly
between the sexes (8'*C p=0.1017; 8N p=0.1312).

Habitat and food choices

The laboratory experiments showed that
Rhithropanopeus harrisii actively choose both
habitat and prey. There was no significant difference
in the initial choice of substrate, whether the
crabs were presented with Fucus vesiculosus and
control (p = 0.80), clay and control (p = 0.80), or
between the two substrates (p = 0.45). Over the
30-minute period, however, individuals preferred
F. vesiculosus to both control and clay (One-way
ANOVAs: Fi 25 =32.02, p <0.0001 and F; »5 = 3.85,
p = 0.01, respectively). No significant difference
(p > 0.05) was found between clay and control.
The initial food choice of R. harrisii varied
depending on the prey species presented. Crab
individuals chose the worm H, diversicolor over
the control with seawater (y 2= 9.320,df=1,p =
0.0023), but showed no significant preference
between Gammarus sp. and control (p = 0.44), or
between H. diversicolor and Gammarus sp (p =
0.80). When observing the crabs for 30 minutes,
however, the individuals spent significantly more
time in the area of the aquaria with a food source
than in the area with a control (Gammarus sp.:
One-way ANOVA. Fs=4.31, p=0.05; H. diversi-
color: Fi23 =11.48, p=0.0001). Similarly to the
results of the initial choices, no clear preference
of R. harrisii between H. diversicolor and
Gammarus sp. was observed over time.
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Discussion

We determined the trophic position of Harris mud
crab using stable isotope ratios, and identified
consistent size-specific differences over time and
space. The presence of an ontogenetic diet shift
was confirmed through the combination of: i) a
natural breakpoint in carbon stable isotopes
identified at the size of 12 mm CW; and ii) the
positioning of large Rhithropanopeus harrisii among
the secondary consumers and small individuals
with primary consumers. The generalist nature of
R. harrisii described by the stable isotope ratios
was supported by an active food choice but no
specific preference for the prey species presented
in laboratory experiments. Our hypothesis about
substrate preferences of R. harrisii was confirmed
experimentally by the choice of the structurally
more complex bladderack, Fucus vesiculosus, over
bare mud.

The trophic role(s) resulting from ontogenetic diet shift

Depending on the diet, species may contribute to
different trophic pathways and thus, express
different trophic roles in an ecosystem (Blondel
2003). Moreover, ontogenetic diet shifts can result
in differing juvenile and adult resource use and
thus their ecological roles (Werner and Gilliam
1984). Ontogenetic changes in diet are a very common
occurrence among invertebrates and fishes (Werner
and Gilliam 1984) and are a means to decrease
intraspecific competition for food (Aarnio et al.
1998; Arim et al. 2010; Toscano and Griffen 2012).
The natural breakpoint in carbon stable isotopes
of Harris mud crab at 12 mm CW suggested that
large and small R. harrisii used different carbon
sources and thus there was an ontogenetic diet
shift. The analysis of R. harrisii stable isotope
ratios in bivariate § -space further supported this
observation with small individuals acting as primary
consumers while large crabs grouped with fish
and other secondary consumers. The enriched §'*C
values of the individuals in the small size class
showed that these had predominately fed on plant
material, such as detritus, algae and/or macrophytes.
Large crabs appeared to have fed mainly upon
invertebrate fauna, which had a carbon signature
about 2 %o lower than the signature of the crabs
themselves.

Previous studies have classified the Harris mud
crab as an omnivore feeding on detritus and a
large variety of macrofaunal species (Turoboyski
1973). Studies based on stomach contents have
had the same conclusion (Czerniejewski and Rybczyk
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2008; Hegele-Drywa and Normant 2009). However,
previous studies either did not take size into account
(Czerniejewski and Rybczyk 2008) or focussed on
crabs > 12 mm CW (Hegele-Drywa and Normant
2009). While the species per se can be classed as
an omnivore (Pimm and Lawton 1978), our findings
indicate this to be an over-simplification. The
demonstrated ontogenetic switch between feeding
as a primary consumer to feeding as a secondary
consumer illustrates two distinct trophic roles of
R. harrisii. In addition, ovigerous females as
small as 8.4 mm CW can be found (Fowler et al.
2013; this study), which would mean that the smaller
size class (<12 mm CW) includes reproductive
individuals and thus is not strictly comprised of
juveniles. This makes the ontogenetic diet change
and the role as primary consumer interesting
because it cannot be explained solely as behaviour
linked to the juvenile stage.

The clear difference in trophic position with
size is perhaps not surprising in the light of general
invertebrate and crab ecology (Werner and Gilliam
1984; Boudreau and Worm 2012). For the invasive
crab Hemigrapsus sanguineus (De Haan, 1835),
Griffen et al. (2012) showed that herbivory
decreased with increasing size for females. The
shift to more animal tissue in the diet with an
increase in crab age/size was assumed to reflect
changes in size-specific nutritional requirements
(related to molting and growth), and reflected the
greater capability of larger individuals to find
and handle animal prey (Griffen et al. 2012).
These are also possible mechanisms for the
observed shift in R. harrisii in this study, as are
the potential need for an animal-based food
source to facilitate energy need for reproduction
(Kang and Poulet 2000). Nevertheless, with the
existence of mature individuals < 12 mm CW,
reproduction clearly occurs on a diet of detritus
and other plant material. The lower consumption
of animal prey by small crabs could potentially
also be linked to differences in habitat usage,
and thus food availability, by small and large
crabs because of intra-specific competition or
predation (Dittel et al. 1995; Nurkse et al. 2015).

When interpreting stable isotope signatures,
nature of the tissue analysed needs to be taken
into account especially for nitrogen stable isotope
analysis. The lower 8'°N values in the small size
class could be partly due to small crabs being
analysed as whole organisms while only soft
claw tissues were analysed for large crabs. This
methodological discrepancy was inevitable because
of the small amount of soft tissue material in
small crabs. Sereide and Nygard (2012) showed

in their study that 8'°N values in arctic amphipods
were significantly lower in the exoskeleton than
in soft tissue, and whole organism signatures
were in between the two. Also, §!°N values of the
whole animals were 1-2 %o lower than those of
soft tissue, while 8'*C values were not significantly
different between whole-animal and exoskeleton
samples.

Spatial and temporal consistency in trophic position

Variability in isotopic signatures in space and
time is common. In this study, the trophic structure
of the assemblages sampled and the position of
both size-classes of Rhithropanopeus harrisii were
consistent in space (i.e. between two different
locations, about 30 km a part). Although &'°N
and 8'3C values differed significantly between
the two stations studied, both regarding the whole
consumer assemblage and R. harrisii in particular,
we perceived these as resulting from local nitrogen
and carbon dynamics, rather than changes in trophic
level. A similar pattern in spatial variability was
identified by Nordstrom et al. (2010) in a study
of nine shallow sandy sediment food webs in the
northern Baltic Sea where the basic food web
components remained the same but the trophic
positioning of each varied depending on the local
conditions and the local species composition.
Furthermore, slight differences in trophic structure
and/or positioning of individual species do not
necessarily indicate altered or different functional
properties of the systems (Tornroos et al. 2013).
Moreover, influx of freshwater can affect the
natural abundances of 3'°N in plant tissue as
allochthonous nitrogen differs in isotopic signature
from autochthonous nitrogen (Peterson and Fry
1987; McClelland and Valiela 1998), while
enrichment of 8'>N in primary producers is known
to indicate denitrification, e.g., during hypoxia
(Fourqurean et al. 1997). These mechanisms may
explain the higher §'°N values at station 1, which
is a sheltered narrow strait in the inner archipelago
close to the coast with a higher volume of fresh
water runoff. Additionally, we noted that the
sediment at station 1 occasionally experienced
hypoxic conditions during the field sampling.

To be able to extrapolate results from stable
isotope analysis, it is also important to assess
temporal variability in isotope signatures (Akin
and Winemiller 2006; Nordstrom et al. 2009). In
this study, we were interested in the intra-seasonal
variation in the trophic role of Harris mud crab,
and the consistent temporal variability in signatures
of large and small R. harrisii over the production
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period (June to August) strengthened the size-
specific difference in trophic position. Temporal
fluctuations in stable isotope signatures is common
as primary producers often vary in isotope values
several times per year (Rolff 2000), which will
after a potential lag time be reflected in higher
trophic levels (Goering et al. 1990; Nordstrom et
al. 2009). Our results show that the pattern was
stable over time although the difference in §'3C
between small and large crabs increased from
June to August at both locations, possibly due to
changing isotope values at the base of the food
web or changes in food sources, or both (Nordstrom
et al. 2009).

The implication of an active habitat and food choice

Investigating both habitat and feeding choices is
important for disentangling invasion impacts and
success (Marchetti et al. 2004). As discussed above,
trophic patterns may reflect differences in habitat
occupancy linked to local food availability and
community interactions (Dittel 1995; Nurkse et al.
2015). The results from the laboratory experiments
showed that R. harrisii preferred the brown alga
Fucus vesiculosus as habitat over clay or the control
(no substrate), and that the crabs were strongly
attracted to the odour of both prey organisms offered
as food. Crabs in general have well-developed
olfactory senses (Weissburg and Zimmer-Faust 1993),
and R. harrisii uses this trait in search for both
suitable habitat and food (Kidawa et al. 2004).
Surprisingly, there was no difference between the
choice of clay and bare substrate as alternative
habitats, although clay naturally had a stronger
odour than plain seawater. The burying behaviour
of Harris mud crab is well known (Petersen 2006;
Fowler et al. 2013) and females in particular need
access to suitable sediments when they are about
to lay their eggs (Turoboyski 1973). During other
periods, crabs are observed to search for shelter
under shells, stones, or in vegetation (Ryan 1956;
Fowler et al. 2013). We used both male and female
individuals in our experiments, and both were
primarily attracted to the habitat that provided
overhead shelter over clay and the structure-free
control. These findings are consistent with other
experiments (Nurkse et al. 2015) in which R.
harrisii chose habitats with boulders covered
with F. vesiculosus over all other habitats provided
(Cladophora, unvegetated boulder, silty sand).

In the food choice experiment, both prey
species were chosen over the control, but no
preference was found between the offered prey
types. Our experimental results support previous
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findings that the species chooses prey according to
availability (Czerniejewski and Rybczyk 2008;
Hegele-Drywa and Normant 2009). The preferred
first choice was the polychaete Hediste diversicolor,
however, no statistical differences in overall choice
were found. It is possible that H. diversicolor
left a stronger chemical cue in the water than the
amphipods (Velez et al. 2007) and was thus
detected more easily by the crabs. In line with
studies of olfactory senses in other crab species
(Rittschof 1992; Keller et al. 2003) and crustaceans
(Weissburg and Zimmer-Faust 1993; Lee and
Meyers 2006), the strength of a food signal may
be a significant factor modifying food-search
behaviour of R. harrisii. Kidawa et al. (2004)
demonstrated that R. harrisii uses the stimulus
concentration as a source of information about
their distance to a food item. Furthermore,
avoidance behaviour of weak food signals may
decrease the risk of encountering predators or
cannibalistic conspecifics (Kidawa et al. 2004; Tran
2014). Additionally, crabs exposed to food odour
repeatedly may lose their motivation to locate
the food if they cannot find its source and begin
feeding (Ristvey and Rebach 1999; Kidawa et al.
2004). The crabs in our experiments may have
lost interest in the prey because they could not
reach it through the net-bags, which could
explain why there was no difference between
choices of prey species over the 30 min period.

Understanding of the trophic and functional roles
of non-indigenous species

Recent studies on the role of non-indigenous
species in the marine environment underlines the
importance of knowing their biology and ecology
as a basis for legislation and marine management
(Lehtiniemi et al. 2015; Ojaveer et al. 2015), as
well as impact prediction (Kolar and Lodge 2001;
Dick et al. 2014). We therefore gathered the current
biological and ecological trait knowledge of this
species worldwide (Table 5) and qualitatively
compared a number of traits with those of the native
macrofaunal community (from Valanko et al. 2010;
Villnés et al. 2011; Tornroos and Bonsdorff 2012;
Toérnroos et al. 2015). Tornroos and Bonsdorff
(2012) described 12 trait categories expressed by
the macrofaunal community along the entire Finnish
coastline, i.e., represented the typical functional
characteristics of the northern Baltic Sea benthic
species. Rhithropanopeus harrisii shares eight of
these traits with this “type organism” because R.
harrisii is: of medium size (1-3 cm); reproduces
sexually and has separate sexes; is mobile; and
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Table 5. Compilation of traits and ecologically important information of Rhithropanopeus harrisii .

Trait

Value/category

Reference

Size

Size of maturity

Time to maturity
Reproductive type
Developmental type
Larval type

Larval duration
Larval migration
Reproductive season
Egg production
*Trophic level

*Stable isotope values

*Diet
(include ontogenetic
shift)

Resource capture method

Living habit
Mobility
Movement type
Migration

Ecological information

Introduced areas:
Max*: 3 22.8 mm, ¢ 20.2 mm
Range: & 1.8-22.9, ? 1.8-20.2 mm

Native areas: &' 4.1-14.6 mm, Q 4.4-12.6 mm
Introduced areas: 8.4mm’, 4-5mm

Native areas: & 4-5 mm, @ 4.4-5.5 mm

0.5 yr.

Sexual repr. (Gonochoristic)

Ovoviviparous

Lecitotrophic (actively feeding)

16 days (~ 30d in fully marine areas), 4 stages

Vertical migration

June — August (temp. dependent)

1200-4800 eggs (environmental-dependent)

Primary consumers: ind. < 12mm

Secondary consumers: ind.>12mm

Average(sd) APC: -18.4 £ 1.64 (ind.<12mm)
-22.8 + 1.4 (ind. >12mm)

Average(sd) APN: 11.4 + 1.2 (ind. <12mm)
-14.0 + 0.8 (ind. >12mm)

Polychaetes (e.g. Hediste sp.)

Crustaceans (e.g. Gammarus spp.)
Molluscs (e.g. Macoma balthica)
Detritus

Maxillipeds, maxillae, mandibles (adult), suspension feeder

(larvae)

Epibenthic, Infauna

Mobile

Crawler, Burrower

Potentially to deeper waters in winter

*This study

Fowler et al. 2013, Turoboyski 1973
Ryan 1956
*This study, Turoboyski 1973, Williams

1984
Ryan 1956

Williams 1984

Derived

Derived

Williams 1984

Williams 1984

Petersen 2006

Fowler et al. 2013, *This study
Turoboyski 1973, *This study
*This study

*This study
*This study

*This study, Turoboyski 1973,
Czerniejewski and Rybczyk 2008,

Hegele-Drywa and Normant 2009
Derived, Williams 1984

Derived

Derived

Derived, *This study
Turoboyski 1973

Salinity tolerance

Temperature tolerance

Depth range

0.5—->20 psu

2.5 —40 psu (larvae lab)
15 —35 °C (larvae lab)
at least +4 °C (adult)

0—-20m (max 37m)

Boyle et al. 2010, Ryan 1956

Costlow et al. 1966

Costlow et al. 1966

Derived from Finnish water temperatures in
winter

Hegele-Drywa and Normant 2014,

Habitat preferences

Various: e.g. debris on seafloor, canopy-forming algae such
as bladder-rack, mud, gravel, oyster and mussel reefs.

*This study, Fowler et al. 2013

lives in or on the top 1 cm of the sediment; and
smaller crabs consume both detritus and plant
material (Table 5). Furthermore, another trait
that was found among the typical benthic species
characteristics was diffusive mixing as a
bioturbation mode (Térnroos and Bonsdorff 2012).
While bioturbation by Harris mud crab at the
sediment-water interface has not been investigated
directly, the normal movements and feeding on
the surface (Turoboyski 1973; Nurkse et al. 2015)
most certainly moves sediments around (Kristensen
et al. 2012). On the other hand, the burrowing

behavior of R. harrisii (Turoboyski 1973; Peterson
2006; Fowler et al. 2013) may represent more
elaborate bioturbation effect similar to regenerator
or gallery-diffusers that aid bio-irrigation (Kristen-
sen et al. 2012) such as fiddler crabs (Huang et
al. 2007). R. harrisii matures in about half a year
in the Baltic Sea (Turoboyski 1973) and has
lecitotrophic larval development (Table 5), which
are some of the less common characteristics of the
northern Baltic Sea macrofauna (Valanko et al.
2010; Tornroos and Bonsdorff 2012), and may in
part explain its success in its new environment.
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Bentho-pelagic coupling

- The lecitotrophic larvae of the crab have the
potential to migrate and are actively feeding on

K. Aarnio et al.

Secondary production

- The crab constitute food source for higher trophic levels (e.g.
Eurasian Perch) and represent two different pathways of
organic matter in the food web due to an ontogenetic shift:
Small ind. (<12 mm CW) — primary consumers
Large ind. (>12 mm CW) — secondary consumers

other plankton, while also being a prey item

themselves.

Decomposition

- The small crab individuals (<12mm
CW) feed on detritus and other plant
material and may contribute to the break

down of organic material.

Max size: &' 22.8 mm, @ 20.2mm

Figure 4. Conceptual figure showing
ecosystem functions, to which the non-
indigenous Rhithropanopeus harrisii
potentially could contribute, based on
its species-specific traits.

Sharing these traits with the natural macrofaunal
community does not mean that the effect of R.
harrisii on the functioning of the benthic ecosystem
could not substantially differ from other benthic
species (e.g. in terms of rates). However, it does
suggest that the Harris mud crab qualitatively adds
to the already present functional (trait) diversity,
rather than bringing in something completely
new. Disentangling this type of trait information
further, in relation to ecosystem functions (Symstad
et al. 2003; Violle et al. 2007; Reiss et al. 2009)
will help broaden our understanding of the many
roles of species in ecosystems (Hooper et al.
2005). Using the species-specific traits (Table 5),
it is possible to conceptually illustrate the ecosystem
functions of the non-indigenous R. harrisii (Figure
4). It is consumed by common predators, e.g.,
Eurasian perch (Perca fluviatilis Linnaeus, 1758),
pikeperch (Sander lucioperca (Linnaeus, 1758)),
and fourhourned sculpin (Myoxocephalus quadri-
cornis (Linnaeus, 1758)) (Fowler et al. 2013), and
thus contributes to secondary production. It has a
role in bioturbation of the surface layer of the
sediment. Due to its lecitotrophic larval mode, it
would be involved in benthic-pelagic coupling as
larvae both consume other zooplankton and are
prey for both benthic and pelagic organisms
(Marcus and Boero 1998; Raffaelli et al. 2003).
Finally, the consumption of detritus and other plant
material results in a breakdown and excretion of
organic matter, which subsequently is available
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Bioturbation

- The burrowing behavior of the crabs may
affect mixing of the sediment surface and
deeper down.

to the meiofaunal and bacterial community.
Whether the net effect of R. harrisii on these
ecosystem functions is positive and/or negative,
remains to be investigated. Non-indigenous species
can affect ecological processes positively and
negatively (Thomsen et al. 2015). For example,
modelling work (Norkko et al. 2012) suggests the
introduced spionid polychaete Marenzelleria spp.
may enhance phosphorus retention in sediments
and thus reduce phosphorus release from bottom
waters. This could be interpreted as positive
driver of change influencing the function of the
system (Norkko et al. 2012; Kauppi et al. 2015).
Previously work on R. harrisii have stressed
potential negative effects, such as the species
possibility to displace native organisms (Zaitsev
and Oztiirk 2001; Fowler et al. 2013; Nurkse et
al. 2015). As demonstrated in this study, R. harrisii
may also contribute positively to the ecosystem
functioning, especially in a species-poor system
such as the Baltic Sea.
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APPENDIX 7:

Inter-annual and spatial variability in the abundance and distribution of a benthic trophic
connector species, Saduria entomon, in the Baltic Sea
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Abstract:

The isopod Saduria entomon has a key functional role in Baltic food webs because it is both a
predator of other benthic animals and is a prey for higher trophic level species including cod
Gadus morhua. S. entomon is relatively widely distributed and common in large areas of the
Baltic Sea. Consequently, it has an important connective role in Baltic food webs because it
mediates the flow of carbon and energy from primarily detritivores, scavengers and smaller
predators in the benthos back into higher, larger-sized trophic levels where it can contribute to
increased production of biomass. Knowledge of the magnitude of variations in its abundance
and spatial distribution over time is therefore needed in order to understand and predict how
food webs might react when S. entomon abundance changes. We have compiled a large
database of abundance and distributional data from monitoring and dedicated field studies to
estimate the time-space variations at inter-annual and regional scales. The results help define
new baselines of abundance and range that can be used in Baltic food web models, and
compared with impacts of future climate and nutrient loading changes.

Keywords: Saduria entomon, abundance, distribution, variability, Baltic Sea
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Background: Results:

Saduria entomon is a key benthic
invertebrate in Baltic food webs. It is
both a major predator of other benthic
invertebrates and an important prey for
numerous fish species, including cod.

Given its important functional role in
the foodweb, we wished to quantify
time-space variations in its abundance
using available sampling data. New
studies are needed to better
understand the relative role of benthos
on cod condition, reproduction and
population dynamics.

Objectives:

« Compile abundance and distribution

data for S. entomon in the Baltic
Sea and organize data in database

« Conduct statistical analyses to
investigate and quantify magnitude
of time-space variations across
major sub-areas

Methods:

Standardized benthic sampling has
been conducted in the Baltic Sea since
many decades (e. g., Helcom).

S. entomon abundances have been
extracted from existing datasets and
compiled into a new database.

Abundances and distributions have
been analysed statistically for specific
sub-areas, depths and seasons
according to data availability.

A database has been created con-
taining > 28,000 sampling events
throughout the Baltic and since the
1950s.

Figure 2. Absence (+) and

abundance (no./m?)

of S. entomonatlocations

sampled during 1980-2009
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Figure 3. Seasonal distribution of sampling effortfor S. entomoninICES
Subdivisions 20-32 during 1900-2015. N = 24875,
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Figure 4. Means (2 SE) of In nos S. entormon/m2for three sub-
areas of the Baltic Sea (ICES SD 25, 25, and 28.2).

Conclusions:

» A large database of S. entomon
abundance and distribution has been
constructed which can be used to
quantify variability in a key benthic
species and links to other species.
Some preliminary analyses show
large spatial differences and some
temporal variations

Available sampling is concentrated
in summer and not able to address
seasonal variations. New sampling
is required.

Contact for further information:
brm@aqua.dtu.dk
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