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INTRODUCTION

The world’s marine ecosystems are under severe
pressure from habitat destruction, pollution, overfish-
ing and climate change (Lotze et al. 2006, Halpern et
al. 2008). Nature reserves, marine protected areas
(MPAs) and no-take areas are considered effective
instruments to mitigate the loss of biodiversity and to
restore overexploited stocks (Lester et al. 2009), al-
though there are worries that they may not be suffi-

cient to reverse the overall biodiversity loss (Mora &
Sale 2011). Nevertheless, it is important that networks
of MPAs are designed as efficiently as possible with
regard to persistence of target species. Classic ques-
tions in the design of nature reserves and protected
areas are location, size and number of selected areas
(e.g. Diamond 1975). Design of protected areas be-
comes particularly complex when target species
show long-distance dispersal, like many marine in-
vertebrates and fish (Kinlan & Gaines 2003).
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ABSTRACT: This study aims to improve estimates of dispersal by including information on larval
traits, and in particular to explore how larval depth distribution affects connectivity and MPA
(marine protected area) functionality in the Baltic Sea. A field survey showed that both inverte-
brates and fish differed in their larval depth distribution, ranging from surface waters to >100 m.
A biophysical model of larval dispersal in the Baltic Sea showed that decreased depth distribution
increased average dispersal distance 2.5-fold, decreased coastal retention and local recruitment,
and substantially increased connectivity. Together with pelagic larval duration (PLD), depth dis-
tribution explained 80% of total variation in dispersal distance, whereas spawning season, and
geographic and annual variations in circulation had only marginal effects. Median dispersal dis-
tances varied between 8 and 46 km, with 10% of simulated trajectories dispersing 30 to 160 km
depending on drift depth and PLD. In the Baltic Sea, the majority of shallow Natura 2000 MPAs
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for most larval trait combinations. Our simulations and the empirical data suggest that the MPA
size within the Natura 2000 system is considerably below what is required for local recruitment of
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Most sedentary marine macroorganisms form par-
tially open local populations (e.g. Caley et al. 1996,
Kritzer & Sale 2004) connected in metapopulations
through dispersal by planktonic spores and larvae.
Dispersal and connectivity are increasingly recog-
nised as key factors for local population dynamics
(Cowen et al. 2006) and population persistence (Han-
ski 1999, Carson et al. 2011). Understanding dispersal
and, in particular, the source-sink dynamics of meta -
populations are therefore considered critical for con-
servation and restoration of marine populations (Lip-
cius et al. 2008, Lipcius & Ralph 2011). There is also a
general call for including connectivity as an important
conservation criterion when selecting MPAs (Roberts
1997, Gaines et al. 2003, Almany et al. 2009). To date,
an often implicit assumption is that populations
within selected MPAs will persist through local sur-
vival, reproduction and recruitment (e.g. review by
Botsford et al. 2009). The validity of this assumption
critically depends on the relative scales of MPA size
and propagule dispersal distance (Kritzer & Sale
2004, Palumbi 2004, Moffitt et al. 2011). Most MPAs
in coastal areas tend to be rather small; the 298 MPAs
along the European Atlantic coast have a median
area of only 7.6 km2 (Johnson et al. 2008), and the 443
MPAs in the Baltic Sea have a median area of 15 km2

(HELCOM 2009). A crucial question is whether indi-
vidual MPAs or networks of MPAs are biologically
functional, i.e. whether they have the capacity to
 sustainably protect target populations. Clearly, life-
 history traits that influence dispersal distance and
connectivity should determine the efficiency of MPAs
depending on their size and location (Lockwood
2002, Shanks et al. 2003, Almany et al. 2009, Moffitt
et al. 2011).

The transport of larvae among local populations is
a complex function of ocean circulation, larval be -
haviour and the duration of the planktonic stage
(Shanks 1995). Recent empirical studies have de -
mon strated that most pelagic larvae are not passively
transported during larval development but rather
show vertical swimming behaviours that lead to spe-
cies-specific vertical distribution of larvae that may
change with ontogeny or with diel or tidal cycles
(Forward & Tankersley 2001, Morgan 2001, Sale &
Kritzer 2003, Queiroga & Blanton 2005). Because the
velocity and direction of coastal ocean currents often
vary with depth, the vertical position of pelagic
propagules may critically affect their dispersal. How-
ever, our understanding of larval behaviour and its
interaction with oceanographic processes is still lim-
ited to a handful of marine species, mainly decapod
crustaceans and a few fish species (Forward &

Tankersley 2001, Sale & Kritzer 2003, Queiroga &
Blanton 2005). For a large majority of species, the
vertical distribution of larvae is unknown, which
poses a serious impediment for understanding larval
dispersal and connectivity in marine populations.
The effect of larval behaviour on dispersal has yet to
be included in designs of marine reserves. Propag-
ules of most marine species are microscopic and may
disperse for days to several weeks, leading to low
concentrations in the water column. Dispersal dis-
tance and connectivity are thus difficult to estimate
empirically, and the methods are often costly and suf-
fer from limited spatial and temporal coverage;
therefore, marine connectivity is increasingly esti-
mated from biophysical models including ocean cir-
culation (Roberts 1997, Paris et al. 2007, Cowen &
Sponaugle 2009).

Several previous papers have modelled the disper-
sal and connectivity of single species, often with the
aim to understand recruitment dynamics of commer-
cial fish and shellfish (e.g. Bolle et al. 2009, Incze et
al. 2010, Savina et al. 2010). More general studies
have explored how dispersal distance is affected by
larval vertical behaviour (e.g. Fiksen et al. 2007, Paris
et al. 2007), spawning time (Edwards et al. 2007),
pelagic larval duration (Edwards et al. 2007, Mitarai
et al. 2008) and spawning location (Aiken et al. 2007,
Edwards et al. 2007). Only a few studies have mod-
elled how dispersal and connectivity may affect the
selection of MPAs (e.g. Stockhausen et al. 2000,
Hastings & Botsford 2003, Robinson et al. 2005, White
et al. 2010, Moffitt et al. 2011). However, to our
knowledge, there are no studies that have used spa-
tially explicit biophysical modelling to find relations
between larval depth distributions and minimum
MPA size.

In the present paper, we explore with realistic
simulations of larval dispersal, in a fully factorial
design, how dispersal and local recruitment in
MPAs are expected to depend on the depth distri-
bution of drifting larvae. The effect of larval depth
distribution on dispersal is compared with effects of
spawning season and pelagic larval duration to -
gether with spatial and temporal variability in ocean
circulation patterns, using the Baltic Sea area as a
model system. Because information on critical larval
traits, such as the pelagic depth distribution, is lack-
ing for virtually all species in the study system, we
based our models on data from an extensive field-
sampling program. Simulated data on dispersal and
connectivity are then used to analyse the efficiency
of the present Natura 2000 network of MPAs in the
Baltic Sea.
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MATERIALS AND METHODS

Study area

The study area for our numerical experiments of
larval dispersal as well as the field sampling program
of larval traits is the Baltic Sea, which is a shallow,
brackish, intra-continental sea in northern Europe,
located between 9° and 30° E and between 54° and
66° N (Fig. 1). The Baltic Sea is the world’s second
largest brackish sea and consists of a number of sub-
basins, divided by sills and other morpho- and bathy-
metrical formations; 3 narrow straits limit water ex -
change with the Kattegat and the North Sea. Due to
their morphology and the proximity to the saline
inflow, the sub-basins differ in oceanographic fea-
tures. The circulation is to a large extent topographi-
cally bound in all basins, and the salinity varies from

brackish to almost fresh (Fig. 1). The seasonal ther-
mocline is far more influential for the overall environ-
ment than the halocline. The thermocline varies be -
tween 15 and 25 m in summer and is deeper and
weaker in winter. The halocline depth is be tween 40
and 80 m in most basins, apart from the Danish straits
and in Kattegat, where the thermocline and the halo-
cline coincide at 15 m depth in the summer (Lep-
päranta & Myrberg 2009). The Baltic tides are very
small (<10 cm) and can be neglected in all parts of
the sea except the Danish Straits (Magaard & Rhein-
heimer 1974).

In this study, the Baltic Sea is divided into 3 regions
based on distribution of species, circulation patterns
and regional climate. Because of the salinity gradi-
ent, the distribution of many organisms ends at the
border of these regions. The biodiversity de crea ses
from the marine-species-dominated Danish Straits,

through the Baltic Proper, with brack-
ish and marine species, to the Gulf of
Bothnia, where the fauna is dominated
by freshwater species.

The Gulf of Bothnia is strongly influ-
enced by a large freshwater runoff
causing a distinct north-south gradient
in salinity from 2–4‰ in the northern
part to 6‰ in the southern part. The
Baltic Proper, containing more than
half of the Baltic Sea water mass, has a
surface water salinity varying be -
tween 6.5 and 8.5‰. The Danish
Straits, consisting of the Belt Sea and
the Sound, is a shallow area of furrows
between the Danish mainland and
islands and the Swedish mainland,
where all of the water exchange with
the North Sea takes place. The surface
water here is the outflow from the
Baltic, with salinity between 8 and
12‰, and the water below the pycno-
cline is the inflow water from the Kat-
tegat, with a salinity reaching up to
34‰ (Leppäranta & Myrberg 2009)
(Fig. 1).

Larval plankton survey

Prior to the present study, essentially
no information about depth distri -
bution of larvae was available for the
Baltic Sea. To obtain empirical data on
larval dispersal depth and spawning
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Bothnian Bay
Average depth 50 m
Thermocline depth ~20 m
Salinity 2–6 ‰

Baltic Proper
Average depth 60 m
Thermocline depth ~25 m
Salinity 6.5–8.5 ‰

Danish Straits
Average depth 20 m, Thermocline depth ~15 m
Salinity: surface 8–12 ‰, bottom 34 ‰
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Fig. 1. The study area. Squares: start positions for the larval trajectories; num-
bers 1 to 7: field sites where the plankton survey collected monthly samples for
1 yr; red circles: centre position of the 161 MPAs in the Baltic Sea and Kattegat
with a mean depth of ≤12 m. The light and dark blue arrows are surface circula-
tion and saline inflow, respectively, taken from Elken & Matthäus (2008; their

Fig. A7). Oceanographic data are from Leppäranta & Myrberg (2009)
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season, samples from an extensive plankton survey
were analysed for meroplankton. The main aim of the
analysis was to obtain essential information for the
parameterization of larval traits in the model. The
present study fo cused on invertebrate and fish larvae
for benthic, shallow water species (<12 m) because a
majority of the present Natura 2000 MPAs in the
Baltic Sea are located in shallow, coastal waters. The
survey,  carried out in collaboration with the EU-pro-
ject BAZOOCA (Baltic zooplankton cascades) and
the Swedish Meteorological and Hydrological Insti-
tute, consisted of 13 separate 5 d cruises from 11 May
2009 to 16 April 2010, sampling 7 sites from Anholt in
the Kattegat to the Island of Gotland in the Baltic
Proper (Fig. 1, Table 1). At each site, plankton sam-
ples were taken from 5 discrete depths, ranging from
close to the bottom up to the surface, using a multinet
plankton sampler (type Midi; Hydro-bios) with a 0.5 ×
0.5 m opening fitted with 5 separate nets equipped
with 300 µm mesh. The maximal depth at the sites
varied from ~20 m at Site 7 to >200 m at Sites 5 and 6,
and the depth strata sampled with the 5 nets varied
according to the depth at each site, with the exception
of the 2 most shallow nets that sampled 0–10 m and
10–20 m depth at all sites (Table 1). Samples were
taken at all 24 h of the day, including both day- and
night-time sampling. The samples were immediately
fixed in formaldehyde and later transferred to ethanol
before identification and measurement un der a
stereo-micro scope. All identifications of fish  larvae
were carried out by the Swedish Board of Fisheries at
Lysekil, and invertebrate larvae were identified at
the Department of Marine Ecology, University of
Gothenburg. Marine taxa that were only found at
Site 1 in Kattegat were not included in the analysis.

Because vertical movements by larvae on diel
schedules are a common phenomenon in nature (For-
ward 1988, Queiroga & Blanton 2005) that may affect

larval dispersal (Shanks 1995), we initially carried
out an analysis of the effect of light intensity on the
vertical distribution of larvae to assess if diel vertical
migration behaviour should be included in the
model. To obtain an estimate of the surface light
intensity during each multinet tow, we calculated the
cosine of the solar zenith angle at each sample site
and time, using the NOAA’s Solar Position Calculator
(www.srrb.noaa.gov/highlights/sunrise/azel.html).
This estimate is an approximation of the vertical
component of direct sunlight shining on the horizon-
tal surface at the sample sites and was used as the
independent variable in a series of linear regression
analyses using the mean depth of each dominant lar-
val taxa per multinet tow as the dependent variable.
Multinet tows that did not collect any larvae of the
targeted species were excluded from the analysis.
We did not assess the effect of tides on the vertical
distribution of larvae because of the negligible tidal
effects on ocean circulation in the Baltic Sea and
because larvae from the Swedish west coast do not
appear to migrate in phase with local tides (Queiroga
et al. 2002).

To test if the depth distribution of larvae differed
significantly from a random pattern, 1-factor ANOVA
models were carried out on the most abundant taxa,
using sampling depth (net samples 1 to 5) as fixed in-
dependent variables and the samples from all sites
and dates as replicates (46 to 84 replicates dependent
on sampling depth). Prior to the analyses, data were
tested for homoscedasticity with Cochran’s C test (Un-
derwood 1996) and square root transformed if found
heteroscedastic before the ANOVAs were performed.
A posteriori multiple comparisons were carried out
with the Student-Newman-Keuls (SNK) procedure.

The hydrodynamic model

To explore the dispersal of planktonic larvae in the
present experiment, 2 different computer models
were used. First, an ocean circulation model pro-
duced fields of velocity, density, salinity and temper-
ature to describe the environment in all parts of the
model domain for the modelled time period. Second,
an off-line trajectory model calculated the individual
paths of the larvae.

The ocean transport data were produced with the
Rossby Centre Ocean circulation model (RCO). The
RCO is a Bryan-Cox-Semtner hydrodynamic 3D
ocean model for the Baltic Sea and Kattegat in which
the conservation equations for momentum, mass,
potential temperature and salinity are discretised in
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Site      Site name              Approximate opening 
no.                                       depth of each net (m)
                                          1           2           3           4          5

1          SO Anholt             –          40         30         20        10
2           N Arkona             –          40         30         20        10
3      Bornholm Deep       75         50         30         20        10
4     N Gulf of Danzig      75         50         30         20        10
5       Gotland Deep        200        90         50         20        10
6         NW Gotland         180        90         50         20        10
7       Kalmar Sound          –           –           –           –         10

Table 1. Sampling depth ranges of the multinet’s 5 nets at the
7 sampling sites of the plankton survey. The 5th net closed at
the surface. The 13 cruises were carried out approximately 

every 4 wk between 11 May 2009 and 16 April 2010
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spherical coordinates and solved on an Arakawa B-
grid (Meier 1999, Meier et al. 2003). The spatial reso-
lution is 2 nautical miles (3.7 km) in the horizontal
and 41 levels in the vertical, ranging from 3 m at the
surface to 12 m in the deepest parts. The model
depths are based on a realistic bathymetry from
Seifert & Kayser (1995). It has an open boundary to
the North Sea just south of 58° N and is forced by
hourly sea level data and climatological mean tem-
perature and salinity profiles from observations. The
atmospheric forcing is based on the ERA40 data set,
which has been downscaled with the help of a re -
gional atmospheric circulation model to fit the higher
resolution grid (Döscher et al. 2002). The accumu-
lated precipitation is added every 12 h, and monthly
river runoff data are used. The model has a pseudo-
free surface, i.e. non-rigid lid approximation sensu
Pacanowski & Griffies (2000), and is coupled with a
multi-layer dynamic-thermodynamic ice model of
Hibler type (Hibler 1979). A turbulence scheme of
the κ-ε type is used to parameterise the subgrid scale
mixing (Meier 2001). The RCO model has been thor-
oughly validated and reproduces velocities, sea sur-
face temperatures, salinity and temperature profiles
and ice cover in a satisfactory way (Meier 1999,
2001).

The trajectory model

To calculate larval trajectories, fields of velocity,
density and temperature from the RCO model are
saved every 6 h and then used as input data to the
Lagrangian trajectory model TRACMASS (Döös
1995, Blanke & Raynaud 1997, De Vries & Döös
2001). TRACMASS makes it possible to determine
trajectories both forwards and backwards in time
between any sections or regions in the ocean, and the
off-line working mode enables calculation of a vast
number of trajectories with a small computational
cost. The model calculates exact solutions for the tra-
jectory paths for a given stationary velocity field. For
a time-dependent field, such as this one, the veloci-
ties are assumed to be constant over successive peri-
ods less than or equal to the sampling time. Thus, in
the present study, the velocity fields are updated
every 6 h, but the trajectory calculations are done
with a 1 h time step. The velocities from RCO are
given at the sides of each grid box, and to determine
the trajectory of a given particle, they are interpo-
lated to the particle’s position, and the successive
transportation of the particle within the box is calcu-
lated analytically. For a technical/mathematical de -

scription of the TRACMASS model, see for example
Döös (1995). In the present study, only the start and
end points of the larval trajectories were saved, but
the method enables storing of the full dispersal path
of every larva. Although we model the dispersal of
larvae, we intend to use this information to infer
recruitment of larvae to MPAs. Recruitment encom-
passes more processes than dispersal, but to simplify
the presentation and discussion of results, we use the
term recruitment for successful dispersal from a
spawning site to a destination site at the end of the
trajectory. We also use the term local recruitment to
indicate dispersal trajectories from a spawning site or
a specific MPA that also end in the same site or MPA.

Experimental design

The focus group of the present study is organisms
residing at shallow depths (<12 m) after their pelagic
larval phase. To assess how their dispersal is affected
by different combinations of larval traits and regional
differences in circulation, the effects of dispersal
depth (swimming/drifting depths), spawning season,
pelagic larval duration (PLD), region and year were
tested in a fully orthogonal factorial experiment. The
larval traits consisted of 4 different spawning sea-
sons — spring (February to April), summer (May to
July), autumn (August to October) and winter
(November to January), 3 PLDs (10, 20 and 40 d) —
and 3 fixed dispersal depths (0.5, 10 and 30 m), based
on the results of the field survey (Fig. 2). Each of the
36 combinations of larval traits was tested in each of
the 3 regions (Gulf of Bothnia, Baltic Proper and Dan-
ish Straits) during 2 different years (1989 and 1996),
with 216 treatment combinations in total.

For each treatment combination, 49 larval trajecto-
ries (7 × 7, evenly spread out within the grid box)
were released to be advected by the flow field from
each of 100 randomly selected grid boxes with a
mean depth of ≤12 m within each of the 3 regions
(Fig. 1). The mean net dispersal distance of these
4900 trajectories was used as a dependent variable in
the analysis. Replicates were obtained by releasing
larval trajectories at 3 separate dates within each
spawning season, for each treatment combination
(n = 3). In total, ~3.2 million trajectories were mod-
elled in the whole experiment. Upon release, the lar-
val trajectories moved to the designated dispersal
depth as soon as possible. If the bottom depth was
smaller than the assigned depth during parts of the
dispersal time, the larvae dispersed in the depth
layer closest to the bottom.
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The selection of larval traits was
based on the results from the plankton
survey and the literature (see Table S1
in the supplement at www.int-res. com/
articles/ suppl/ m467p029 _ supp . pdf for
a summary) to represent the dominant
shallow water benthic taxa in the
study region. Although the pycnocline
differs among regions, the dispersal
depth of 10 m was above the thermo-
cline and the dispersal depth of 30 m
was below the thermocline in all re -
gions. The 0.5 m dispersal depth was
included to represent larval taxa that
accumulate close to the surface (see
‘Results’) and are more subjected to
wind-driven circulation. The modelled
years, 1989 and 1996, were chosen for
representing 2 extremes in the North-
Atlantic oscillation cycle NAO: 1989
had a strong positive anomaly, while
1996 had a strong negative NAO
anomaly (Hurrell & Deser 2009), and
thus, their use includes as much clima-
tological variability as possible. The
Gulf of Finland, the Gulf of Riga and
Kattegat were not included in the
areas where larvae were released, but
these waters were included in the
domain of the circulation model, and
the larvae were free to move within
these regions if the currents brought
them there.

Analysis of data

To assess the relative importance of
dispersal depth, PLD, spawning sea-
son, region and year for the dispersal
distance of the modelled trajectories,
we estimated the magnitude of effects
of the variance sources using a 5-factor
analysis of variance (ANOVA), with
mean net dispersal distance as de -
pendent variable. Net dispersal dis-
tances between the starting and end
points of simulated trajectories were
calculated from the great-circle dis-
tance (Sinnott 1984). Dispersal dis-
tance was loge-transformed prior to
analysis. The variance components
were calculated according to Under-
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Fig. 2. Mean larval abundance (no. 100 m−3; +1 SE) of Gobiidae (dominated by
benthic Gobiinae species), Cirripedia (both nauplii and cyprid larvae), bi-
valves, gastropods and scale worms (polynoid polychaetes) as a function of
sampling depth (net 1 to 5, n = 46 to 84) and sampling month (January to
 December, n = 7). Data are pooled from all sites. Different letters above bars 

indicate significantly different means (p < 0.05, SNK test)

http://www.int-res.com/articles/suppl/m467p029_supp.pdf
http://www.int-res.com/articles/suppl/m467p029_supp.pdf


Corell et al.: Larval traits and MPAs

wood (1996), and all effects were normalised to sum
to unity.

To explore how the connectivity between sites
depended on dispersal depth and geographic loca-
tion, the pairwise connectivity (number of trajectories
released at site i and ending in site j) was calculated
between all pairs of the 300 randomly selected sites
(single grid cells) in Fig. 1. The mean pairwise con-
nectivity was normalised against mean local recruit-
ment and plotted against pairwise distance in 1 km
bins. Local recruitment in this case was defined as
trajectories starting and ending in the same site (grid
cell). Local recruitment obviously depends on the
scale that is considered to be local (e.g. Kritzer & Sale
2004). In the present study, the scale of individual
model grid cells (3.7 km) well matches the median
size of Natura 2000 MPAs in the northeast Atlantic
(3 km), in the Baltic Sea (4 km) and the subset in the
shallow Baltic Sea (7 km). Estimated dispersal dis-
tances and scales of local recruitment were com-
pared to the present MPA network in the shallow
Baltic Sea within the European Union Natura 2000
network (Fig. 1). The analysis of how the Natura 2000
MPA size matches local recruitment, as estimated
from the biophysical model, was compared for each
of 152 individual MPA within the area investigated.
The required local recruitment for population per-
sistence is poorly known and depends on context-
specific demography in addition to dispersal. In
 fisheries management, it is often assumed that a per-
sistent population requires that 20 to 50% of the
unfished, life-time production of larvae survives to
recruitment (e.g. Mace 1994). For MPAs in a ‘scor -
ched earth’ scenario (Kaplan et al. 2006), a similar
requirement of local recruitment may be as sumed.
Models using simple dispersal kernels show that
local population persistence occurs if the standard
deviation of dispersal distance is of the order of MPA
width (Kaplan et al. 2006, Botsford et al. 2009), which
implies a local recruitment of ~40% if a Gaussian or
Laplacian dispersal distribution is assumed and inte-
grated across the MPA. Where MPAs rely only on
local recruitment, we assumed a critical level of 50%
to ensure population persistence. Thus, the median
dispersal distance indicates the necessary radius of a
circular MPA that allows for 50% local recruitment.
This may be a slight overestimation but is a pre -
cautionary choice in the absence of better informa-
tion about necessary rates of local recruitment. GIS
data for all Baltic MPAs were compiled from the
HELCOM data source (www. helcom. fi/ GIS/ en_ GB/
Helcom GIS/), and MPA area and nearest neighbour
distance (NND) were calculated as centroid to cen-

troid distance with ESRI ArcMap. Size of MPAs was
estimated as the diameter of the circle with the same
area as the MPA polygon.

RESULTS

Larval plankton survey

Field samples of invertebrate and fish larvae in the
Baltic Proper and in the Kattegat identified 5 taxa of
fish and 7 taxa of invertebrates that are common in
shallow waters as adults within the study region.
Most taxa displayed a distinct larval season and a
non-random depth distribution of larvae in which dif-
ferent taxa aggregated at different depth strata (for a
summary, see Table S1 in the supplement). We found
little support of diel vertical migration or ontogenetic
shifts in depth distribution among the collected taxa,
suggesting that their dispersal could be accurately
modelled using fixed larval depths.

The correlation between the estimated light inten-
sity and the vertical distribution of larvae was very
low for 6 of the 7 taxa that were abundant enough
to assess statistically (p > 0.25; r2 < 0.09 for all taxa;
Table 2, Fig. S1 in the supplement). The only excep-
tion was for bryozoan larvae that showed a signifi-
cant positive correlation between depth and light
intensity, indicating a nocturnal diel vertical migra-
tion. For all other taxa, the lack of correlation sug-
gests that diel vertical movements should not affect
dispersal and could be excluded from the model. In
Cirripedia, we initially analysed nauplii and cyprid
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Dependent variable        df       SS        F          p          r2

Gobiinae                         1,16     250     1.10     0.310   0.064
Cirripedia nauplii         1,17      22      0.33     0.575   0.021
Cirripedia cyprids         1,19      61      0.14      0.71    0.008
Bivalvia                          1,24     944     1.37     0.251   0.054
Gastropoda                    1,12    2163    1.17     0.301   0.089
Spionidae                       1,19      26      0.09     0.763   0.005
Polynoidae                     1,24    1871    0.75     0.396   0.030
Bryozoa                           1,5      180     14.0     0.013    0.74

Table 2. Light dependent distribution of planktonic larvae.
Simple linear regression analyses using the mean depth dis-
tribution (average depth per multinet sample) of benthic
 gobids (Gobiinae), Cirripedia (nauplii and cyprid larvae), bi-
valves, gastropods, spionid and polynoid polychaetes and
bryozoans as a function of estimated light intensity (mean
cosine solar zenith angle per multinet sample) using data
from multinet samples where the larval type was present.
SS: sums of squares of the regression in the linear regression 

analyses. Significant values (p < 0.05) in bold
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larvae in a 2-factor ANOVA, using depth and larval
stage as independent variables to assess if depth
distribution changed during ontogeny. The depth
distribution of nauplii and cyprid larvae did not dif-
fer, as the depth × larval stage interaction effect was
not significant (df = 4,634; F = 0.55; p = 0.70), sug-
gesting that the larval stages could be analysed
together. Both larval stages showed a similar depth
distribution, with a large majority of larvae above
the pycnoclines, and the average depth of cyprid
larvae (15 m) was slightly deeper than that for nau-
plii larvae (12 m). Neither larval stage changed
depth distribution in response to the light intensity
(Table 2).

Five families of fish larvae were identified: gobids
(Gobiinae), cottids (Cottidae), pipefish (Syngnathi-
nae), liparids (Liparidae) and the rock gunnel Pholis
gunnelus L. (Pholidae), which showed distinct pat-
terns in swimming depth and recruitment periods.
Benthic gobid larvae (cf. Pomatoschistus spp. and
Gobius niger L.), which were the only fish taxon
abundant enough to assess statistically, were signifi-
cantly more abundant close to the surface (0–10 m
depth) than below 20 m depth. They also showed a
clear larval recruitment period during the summer
months, with a peak in June to August (Table 3,
Fig. 2). Similarly, the straight-nose pipe fish Nerophis
ophidion L. was also found only during the summer
months and exclusively in the top 10 m of the water
column. In contrast, the larvae of the rock gunnel and
the seasnail Liparis spp. were found during winter
and spring months and were most abundant at the
10–30 m and 20–50 m depths, respectively (see
Table S1 in the supplement).

Most invertebrate taxa assessed also showed a
non-random larval depth distribution in which differ-
ent taxa aggregated at different depth strata. The
depth distribution of bryozoan larvae was similar to
that of gobid fish larvae, with 94% of the larvae
above 20 m depth. However, no significant differ-
ence was found among sampling depths (Table 3).
The abundance of unidentified Cirripedia larvae,
likely dominated by the acorn barnacle Balanus im -
pro visus Darwin (nauplii and cyprid larvae analysed
together), also decreased with depth, with signifi-
cantly higher densities at 0–30 m compared to
deeper samples (Fig. 2, Table 3). Larvae of unidenti-
fied bivalves (likely dominated by the blue mussel
Mytilus edulis/trossulus L./Gould) and spionid poly-
chaete larvae (Spionidae) showed high abundance in
the top 30 m of the water column, with highest abun-
dance around 20 m depth and very few larvae below
40 m (Fig. 2). Both taxa showed a significant effect of

sampling depth (Table 3), but the SNK test only
detected a significant difference between means for
the spionids, which showed significantly higher
abundance at 20–30 m depth compared to deeper
sampling depths. The abundance of unidentified
gastropod larvae increased from the surface down to
20–30 m depth, where the abundance was signifi-
cantly higher compared to deeper sampling depths
(Fig. 2, Table 3). In contrast, the larval abundance of
polychaete scale worms (Polynoidae) showed signi -
ficantly higher abundance at 30–190 m depth com-
pared to the shallower sampling depth (Fig. 2,
Table 3). The larval abundance of most invertebrate
taxa showed distinct seasonal patterns. Spionid poly-
chaetes showed highest abundance in winter and
early spring (January to May), scale worms were
most abundant in early summer (May to July), bi val -
ves and gastropods showed a distinct peak in abun-
dance in late summer (August), and bryozoans
peaked in mid-winter (November to January). Nau-
plii and cyprid larvae of Cirripedia were present dur-
ing most months, with a dip in abundance during the
summer months (June to September). The extended
recruitment period for Cirripedia may indicate that
more than one dominant species was included in the
group (Fig. 2).

The main aim of the plankton survey was to
assess the average vertical distribution of different
larval taxa. The low abundance of larvae at many
stations and sampling times prevented analyses of
the interactive effect between depth and station and
sampling time, which may have obscured regional
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Dependent variable            SS                  F                   p

Gobiinae                            8.64              3.72             0.002
Bryozoa                             0.363             1.85             0.119
Cirripedia                           2.75              4.14             0.003
Bivalvia                             0.981             2.44             0.047
Spionidae                          0.706             2.59             0.037
Gastropoda                        1.11              3.57             0.007
Polynoidae                         2.07              7.18            0.0001

Table 3. Depth distribution of planktonic larvae. One-factor
ANOVA models testing the larval abundance (no. m−3) of
benthic gobids (Gobiinae), bryozoans, barnacles (Cirri-
pedia), bivalves, gastropods and spionid and polynoid poly-
chaetes as a function of sampling depth (nets 1 to 5) using
data from all cruises and stations (df = 4,317 in all tests). The
number of replicates varied from 46 for the deepest
 sampling strata (50–190 m) to 84 replicates for the shallow-
est strata (0–10 m). SS: sums of squares of the factor
 sampling depth. All data was sqrt(sqrt(x))-transformed to
meet assumptions of homogenous variance. Significant 

values in bold
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and temporal variation in depth distribution. How-
ever, although certain taxa were more abundant at
certain stations (e.g. bryozoa and gastropods were
more abundant at Stn 1; polynoid polychaetes were
more abundant at Stns 4 to 7), the vertical distribu-
tion of each taxa was very consistent among sta-
tions, suggesting that this problem was minor. Still,
it is important to note that the present study was not
designed to assess vertical migration on diel or
ontogenetic schedules, and the pooling of data
across sampling times and sites may have decreased
our ability to detect vertical migration in the larvae.
The low taxonomic resolution of the Cirripedia lar-
vae may also have prevented us from detecting
ontogenetic changes. Thus, more studies are needed
before any conclusion can be drawn regarding the
prevalence of vertical migration among larvae in
the Baltic Sea.

Analysis of existing MPAs in the Baltic Sea

In order to compare critical MPA size and spac-
ing based on our simulations of larval dispersal
and local recruitment, we compiled information
from the existing Natura 2000 MPA network in the
Baltic Sea. There are 161 MPAs in the HELCOM
area that include shallow waters (mean depth ≤12
m), and 152 MPAs are within the area that we
included in the dispersal experiments. The centroid
positions of all of these are shown in Fig. 1, and
their size, assumed to be circular, is shown in Fig.
3. The mean diameter of the MPAs is 10.9 km, and
50% of the MPAs are <8 km in diameter, while
90% are <22 km. The mean centroid NND for the
Baltic Sea MPAs is 24 km, 50% of the NND are
<17 km, and 90% are <40 km. We also calculated
the mean distance that includes 5 neighbouring
MPAs, which is 63 km.

Dispersal distance and MPA size

The multi-factorial design of the present study
allowed a formal test of how the modelled dispersal
distance depended on the tested factors, i.e. dispersal
depth, PLD, spawning season, region and annual
variation in regional climate. A comparison of the rel-
ative magnitude of effects showed that dispersal
depth and PLD together accounted for as much as
78% of the explained variation, whereas seasonal,
annual and regional variation had surprisingly small
effects on dispersal distance (Table 4).

Mean dispersal averaged over regions and time
ranged from 10 to 70 km. The distances increased
with PLD and decreased with swimming depth, with
the greatest reduction from the surface to 10 m
(Fig. 4, Table 5). The small difference between 10
and 30 m depth may partly be explained by the
bathymetry, as many trajectories during part of the
dispersal traversed shallow areas with maximum
depths <30 m, especially in the relatively shallow
Danish Straits region. The effect of PLD was stronger
on larvae dispersing close to the surface compared to
larvae at deeper depths. This effect was largely con-
sistent across seasons, years and regions, although
there were slightly larger seasonal differences for
longer PLDs in the Baltic Proper and Gulf of Bothnia
(Fig. 4, Table 4).

Spawning season, region and year had, in contrast
to PLD and dispersal depth, surprisingly small effects
on the dispersal distance and together explained
<9% of the variability in the data as single factors
(Table 4). The 2-factor interaction between season
and region explained ~5% of the variability and was
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Fig. 3. Median dispersal distance, plotted as radius, for a
larva in summer/autumn with a pelagic larval phase of 20 d,
swimming at the surface (green) and at 30 m (blue). The fig-
ure highlights the regional variation in dispersal pattern.
Also shown is the network of shallow MPAs within the
Natura 2000, where the circle diameters indicate the size of 

individual MPAs (assumed to be circular)



Mar Ecol Prog Ser 467: 29–46, 2012

caused by longer trajectories in the Danish Straits in
the spring and summer, while trajectories were
longer in the Baltic regions in the autumn and winter
(Fig. 4, Table 4). An interaction effect between sea-
son and year accounted for ~7% of the variation in
dispersal distance and was possibly caused by the
autumn of 1996 being more windy, leading to longer
dispersal distances that year.

Fig. 5 shows the frequency distributions for se -
lected combinations of PLD and dispersal depth and
reveals a marked skew toward longer distances. In
surface waters, ~50% of all larvae with a PLD of
40 d dispersed >45 km, and 10% dispersed
>160 km. At the other end of the scale, with disper-
sal at 30 m and a PLD of 10 d, only 10% of all larvae
dispersed >30 km, and 50% dispersed <8 km
(Fig. 5). Note that larvae dispersing 40 d at 30 m
depth showed about the same cumulative dispersal
frequency distribution as larvae dispersing in sur-
face waters for 10 d. This is a pronounced reduction
of the dispersal distance for the 40 d larvae; chang-
ing drifting depth from the surface to 30 m is com-
parable to a reduction in PLD of 30 d (75%), in this
case. Although dispersal distance differed little
among the 3 regions, the variability on smaller spa-
tial scales was larger, as seen from Fig. 3.

Assuming that an MPA is circular and that disper-
sal starts from the centre, the median dispersal dis-
tance for different combinations of dispersal depths
and PLDs approximates the radius of a MPA that
receives 50% local recruitment for that larval type.
Table 5 shows the dispersal distances ex pected for 50
and 90% of all released larvae as a function of PLD
and drift depth. If the origin is placed within a circu-
lar MPA, Table 5 indicates that for 50% local recruit-
ment to occur, the MPA has to be at least 15 to 92 km
in diameter, depending on dispersal depth and PLD.
A summary of local recruitment as a function of MPA
size for all combinations of dispersal depth and PLD
is given in Fig. S2 in the supplement. Plotting the
median dispersal distances for each release site and
the size of the present MPAs in the study area on the
same scale shows that local oceanographic condi-
tions and dispersal distances also have a large influ-
ence on the degree of local recruitment of an MPA
(Fig. 3). Fig. 6 more clearly shows how the majority of
individual MPAs in the Natura 2000 network are
smaller than the local median dispersal distance.
Only in the Danish Straits for the most stationary lar-
val traits (PLD: 10 d, drift depth: 30 m) were most of
the MPA sufficiently large. In the Gulf of Bothnia,
MPAs were generally far too small compared to local
dispersal distance.
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Sources                                               df      MS       Relative
                                                                                  effects (%)

PLD                                                      2 43.1 41.8
Depth                                                  2 36.7 35.6
Season                                                 3 3.05 4.3
Region                                                 2 2.53 2.4
Year                                                     1 3.25 1.5
PLD × Depth                                       4 0.41 0.6
PLD × Season                                     6 0.29 0.6
PLD × Region                                      4 0.14 <0.1
PLD × Year                                          2 0.19 <0.1
Depth × Season                                  6 0.072 <0.1
Depth × Region                                  4 0.07 <0.1
Depth × Year                                      2 0.018 <0.1
Season × Region                                 6 1.78 4.9
Season × Year                                     3 4.78 6.8
Region × Year                                     2 0.27 <0.1
PLD × Depth × Season                      12 0.026 <0.1
PLD × Depth × Region                       8 0.022 <0.1
PLD × Depth × Year                           4 0.01 <0.1
PLD × Season × Region                    12 0.042 <0.1
PLD × Season × Year                         6 0.099 <0.1
PLD × Region × Year                          4 0.062 <0.1
Depth × Season × Region                 12 0.012 <0.1
Depth × Season × Year                      6 0.45 <0.1
Depth × Region × Year                      4 0.009 <0.1
Season × Region × Year                     6 0.64 1.6
PLD × Depth × Season × Region      24 0.007 <0.1
PLD × Depth × Season × Year          12 0.01 <0.1
PLD × Depth × Region × Year           8 0.026 <0.1
PLD × Season × Region × Year        12 0.066 <0.1
Depth × Season × Region × Year     12 0.018 <0.1
PLD × Depth × Season × Region 
  × Year                                               24 0.01 <0.1
Residual                                            432 0.098

Table 4. Effect of pelagic larval duration (PLD), dispersal
depth, spawning season, region (basin) and year on the dis-
persal distance. Multifactorial ANOVA. The relative effects
in % are from the magnitude of effects calculated according 

to Underwood (1996)

Depth and PLD                              Dispersal distance (km)
                                                              50%           90%

10 d surface                                          15.9            64.3
10 d 10 m                                               7.6             34.1
10 d 30 m                                               7.9             30.4
20 d surface                                          27.8           100.8
20 d 10 m                                              11.6            54.6
20 d 30 m                                              11.3            43.5
40 d surface                                          46.2           161.4
40 d 10 m                                              17.0            87.0
40 d 30 m                                              15.9            64.5

Table 5. Dispersal distance (50th and 90th percentiles) for all
combinations of dispersal depth and planktonic larval dura-
tion. Values are averaged over areas, years, seasons and
times within season (n = 352 800). (The data are also shown 
graphically in Fig. 5B for a selection of the combinations)
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Dispersal direction

As expected, the direction of the modelled dispersal
was constrained by bathymetry and the general cy-
clonic circulation in the regions (seen in Fig. 1), partic-
ularly along the Swedish and Finnish coasts in the
Gulf of Bothnia. Because we used a mean value of dis-
persal from 100 sites within each region and modelled
basins rather than a straight coastline, the mean dis-
persal direction within each region provided limited
information of treatment effects on the spread of lar-
vae in the constrained regions. However, plotting the
end points of each trajectory and colour-coding them
after the net direction travelled revealed dramatic ef-
fects of larval swimming depth on both dispersal di-
rection and the resulting distribution of larvae (Fig. 7).
In the Danish Straits, a majority of the larvae dispers-
ing in surface waters received a strong northward
transport (on average, 41 km north in 40 d), whereas a
large proportion of the larvae swimming at 10 m or
deeper followed the saline inflow in a south-easterly
direction. This depth-specific dispersal in the Danish
Straits was consistent over seasons and years. In the

Baltic Proper and in the Gulf of Bothnia, swimming
depth had a strong effect on cross-shelf transport and
the distribution of larvae. Surface swimming larvae
were transported more offshore, resulting in a wider
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distribution of larvae compared to larvae swimming at
30 m depth, which remained close to the coastline
(Fig. 7). Note that the larvae at 30 m depth dispersed
25 km on average (Fig. 4B,C), so the coastal retention
is an effect of along-shore travel and not of larvae be-
ing stuck at their release site. Thus, coastal retention
increased with swimming depth in all regions.

Analysis of connectivity

Fig. 8 shows how the pairwise inter-site con nect -
ivity between the 300 starting positions for the larval
trajectories declines with distance for 4 combinations
of dispersal depth (0 and 30 m) and PLD (10 and
40 d). The median NND for the 300 sites was 8 km.
The connectivity rapidly declines with distance and
was generally <1% of local recruitment beyond a
distance of 50 km. The exception was for a PLD of
40 d in surface waters, where the tail was much fatter

and showed connectivities above 5% of local recruit-
ment (intra-site connectivity) even at a distance of
50 km. The rate of decline increased with dispersal
depth.

DISCUSSION

Possingham & Roughgarden (1990) previously
pointed out that populations of marine sessile inverte-
brates face the risk of local extinction if their plank-
tonic larvae are continuously advected down-stream
by along-shore currents. Advection and turbulent dif-
fusion leading to reduced local recruitment can also
be a serious functional constraint when designing
MPAs (Roberts 1997). Gaines et al. (2003) concluded
that the location of MPAs in relation to spatial and
temporal variation in ocean circulation patterns
should determine the recruitment success and long-
term persistence of marine sessile populations with
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planktonic larvae. For almost a decade, many reports
have emphasised the importance of including disper-
sal and connectivity in the selection of MPAs (e.g.
Hastings & Botsford 2003, Palumbi 2004, Jones et al.
2007, Almany et al. 2009), but in only a few cases (e.g.
Gleason et al. 2010) has it been explicitly in cor po -
rated in the selection of MPA networks. This neglect
is likely a consequence of both the difficulties in-
volved in estimating marine dispersal and connectiv-
ity (e.g. Jones et al. 2009) but also the lack of a frame-
work of how to include connectivity in MPA selection.
There are still relatively few studies of how to use

connectivity information to guide practical MPA se-
lection (Stockhausen et al. 2000, Lockwood 2002,
Moffitt et al. 2011, Nilsson Jacobi & Jonsson 2011).

A major objective of the present study is to improve
estimates of dispersal by including information on
where in the water column planktonic larvae are
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Fig. 8. Pairwise inter-site connectivities plotted against pair-
wise distance for 300 randomly selected sites (3.7 × 3.7 km2).
Connectivities are expressed as proportion of mean intra-site
connectivity for the drift depths 0 and 30 m for PLD of (A)
10 d and (B) 40 d. Also shown are fits to power regressions
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being dispersed and to explore how the dispersal
depth and other larval traits, such as PLD and spawn-
ing season, affect connectivity and MPA functional-
ity. In a field survey, we found that taxonomic groups
differed significantly in their depth distribution,
ranging from surface waters to >100 m depth, well
below the thermocline. These results are consistent
with other field studies that have found taxonomic
differences in the depth distribution of larvae, e.g.
fish larvae (Munk & Nielsen 2005), decapod crus-
taceans (Queiroga & Blanton 2005, Yoshinaga et al.
2010) and bivalves (Ma et al. 2006). Based on empir-
ically found dispersal depths, we then simulated lar-
val dispersal trajectories along realistic coastlines in
the Baltic Sea. The results show that dispersal depth
was as important as PLD in determining net dispersal
distance and that they together explained almost
80% of the total variation in dispersal distance. Sur-
face-drifting larvae were on average transported
more than twice the distance of larvae at 30 m depth.
This strong effect of depth was consistent across
regions, seasons and years, although we had selected
2 contrasting years from the North Atlantic Oscilla-
tion. In addition, dispersal direction changed with
larval swimming depth, and the net transport was in
some regions (the Danish Straits) in opposite direc-
tions at the surface and at 30 m depth. In the Baltic
regions, coastal retention increased strongly with
dispersal depth. Dispersal depth and PLD are influ-
enced by biological factors on both ecological and
evolutionary time scales. Depth may be controlled by
behaviour, and PLD depends on temperature and
food availability (e.g. O’Connor et al. 2007). Rela-
tively rapid evolutionary change of PLD is supported
by large differences between phylogenetically close
taxa (e.g. McHugh & Rouse 1998). This suggests that
dispersal distance may be under strong biological
control through changes in drift depth and PLD. It
further shows that knowledge about species-specific
vertical distribution and development time is critical
when assessing the functionality of MPA networks
for specific communities. We did not model more
complex larval vertical behaviours, e.g. diel or tidal
migration and ontogenetic shifts, which have been
described for several decapod crustacean and fish
species, predominantly in macro-tidal areas (For-
ward & Tankersley 2001, Queiroga & Blanton 2005).
However, with the exception of bryozoan larvae,
which were found deeper at higher light intensities,
we did not detect any diurnal shifts with light regime,
suggesting that diel vertical migration was rare
among the assessed larval taxa. We also did not
detect any ontogenetic changes in depth distribution,

although low abundances and lack of taxonomic res-
olution only allowed for a test of cirriped larvae.
Moreover, because of the micro-tidal conditions in
the study area, selective tidal migration is unlikely
and would only have negligible effects on dispersal
(Queiroga et al. 2002). Thus, the empirical data sug-
gest that fixed dispersal depths can be used to accu-
rately model most larval taxa in this region.

Other similar studies have also found a clear effect
of PLD on dispersal distance (e.g. Lefebvre et al. 2003,
Siegel et al. 2003, Paris et al. 2007). However, effects
of larval vertical swimming behaviour have been
more varied (Metaxas & Saunders 2009). Most bio-
physical models have focused on larval depth distri-
butions or ontogenetic depth shifts characteristic of
some target species (e.g. Paris et al. 2007, Xue et al.
2008, Bolle et al. 2009), and few studies have in cluded
generic variations in dispersal depth. Ed wards et al.
(2007) explored generic larval dispersal off the south-
east coast of North America but only found a slight
difference among 3 dispersal depths. Also, Savina et
al. (2010) found little effects of 3 different vertical be-
haviours in lemon sole larvae in the North Sea. In con-
trast, biophysical models of scallop larvae around
Georges Bank showed strongly re duced dispersal for
larvae drifting at deeper depths (e.g. Tremblay et al.
1994). North et al. (2008) found that simulated vertical
migration behaviour in oyster larvae had greater in-
fluence on dispersal than did interannual differences
in circulation patterns, similar to the present results.
In a biophysical model of dispersal in the Caribbean
Sea, Cowen et al. (2000) concluded that larvae were
retained closer to spawning sites when drifting
deeper down in the water column. This reduced dis-
persal to offshore waters at greater depths is consistent
with our findings in the Baltic Sea (Fig. 7).

The frequency distribution of modelled dispersal
distance for the different larval types showed modes
at 2 to 5 km with relatively low frequencies (2 to 8%)
and with fat tails towards longer distances. For trajec-
tories in surface waters, 10% dispersed 30 to 160 km,
depending on PLD (Table 5). These distributions are
similar to well-studied distributions of wind-dispersed
seeds (e.g. Nathan et al. 2002) and are characterised
by non-exponential declines in dispersal probability
typical of multi-scale dispersal mechanisms (Shaw
1995). An important aspect is that such dispersal ker-
nels may lead to both strong local recruitment and
significant connectivity with more distant areas.

For the persistence of species in a MPA, the repro-
duction must either take place through local recruit-
ment within a single MPA or through network persist-
ence, in which larvae are imported from other MPAs
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(Hastings & Botsford 2006). The median size of Natura
2000 MPAs in the shallow parts of the Baltic Sea is
8 km, and 90% are <22 km in diameter. In the present
study, none of the modelled larval types would reach
a local recruitment of 50% within these MPAs, and of
all the larval taxa collected in the field study, only Bry-
ozoa would have a local recruitment >10% within
these MPAs, based on their depth distribution and
PLD (see Table S1 in the supplement). There was sig-
nificant local variation in both estimated dispersal dis-
tances and MPA size. Generally, the correlation be-
tween MPA size and the expected median dispersal
distance was low (Figs. 3 & 6), and the overall per-
centage of sufficiently large MPAs also remains low
when local variation is accounted for. About 10% of
the Natura 2000 MPAs are >20 km, but these are still
too small to offer local recruitment over 50% to any of
the larval types except for species with a PLD of ≤10 d
and a dispersal depth of ≥10 m. Since we did not in-
clude any mortality in the biophysical model, the pro-
portion of local recruitment is expected to be even
lower for larvae with longer PLD. The small size of
MPAs in the Baltic Sea is not unique. Johnson et al.
(2008) calculated that the 298 MPAs within the Natura
2000 system along the northeast Atlantic have a me-
dian size of only 3 km. The conclusion is that the pres-
ent size of individual MPAs within Natura 2000 is con-
siderably below what is required for local persistence
of most sessile invertebrates and sedentary fish.

When the dispersal distance is much greater than
the practical size of MPAs, the solution generally pro-
posed is to select networks of appropriately spaced
MPAs to allow connectivity of protected species with
long larval PLDs (e.g. Roberts et al. 2003, Moffitt et al.
2011). In the Baltic Sea, the median nearest neighbour
distance for the shallow MPAs is 15 km, which is very
similar to the median of 21 km calculated for the
northeast Atlantic MPAs (Johnson et al. 2008). This
scale is more compatible with our modelled dispersal
distances, and the potential for connectivity between
nearest neighbours is expected to be high (Fig. 5).
This is supported by a more detailed analysis of the
pairwise connectivity between 300 sites (with the
same size as median MPAs) where connectivities of at
least 5% of local recruitment were found for inter-site
distances of 15 km and even up to 50 km for the
longest PLD (40 d) in surface waters (Fig. 8). These
distances correspond well to the median of MPA near-
est neighbour distance in the Baltic Sea. The power
regressions of connectivity against distance suggest
that connectivity declines faster with shorter PLD and
with greater depths, which correspond to a shorter
mean dispersal distance. Note that there is consider-

able scatter of connectivities with distance, especially
for drift in surface waters (Fig. 8), and this is even
clearer if data is not binned (data not shown). For
many pairs of sites showing similar distances, the con-
nectivity may differ many-fold. This demonstrates
that there is no single adequate spacing distance, but
rather, this distance will differ throughout the study
area, likely caused by local circulation patterns. Suc-
cessful network persistence may, however, require
connectivity between more sites than only nearest
neighbours. For the shallow Natura 2000 MPAs, there
are on average 5 MPAs within a radius of 63 km in the
Baltic Sea. This indicates that the inter-site connectiv-
ity found in Fig. 8 is probably too low for efficient dis-
persal to multiple sites, and the opportunity for net-
work persistence may be low. It is also important to
point out that this assessment of dispersal distances
and MPA size assumes isotropic dispersal. As is evi-
dent from the modelled trajectories, dispersal may be
highly directional (Fig. 7). It is also evident from the
bubble graph in Fig. 3 that there are meso-scale geo-
graphic differences in dispersal distance as well as
bathymetric limitations for deep-water dispersal. The
spatial variability in circulation makes general predic-
tions of optimal MPA size and spacing difficult, in-
creasing the risk of non-functional MPAs. This is also
the conclusion of Nilsson Jacobi & Jonsson (2011),
who proposed a framework for selecting optimal net-
works of MPAs based on detailed connectivity infor-
mation. They found that simulated networks of MPAs
in the Baltic Sea differed in their efficiency by up to an
order of magnitude depending on the geographic lo-
cation of individual MPAs. Nevertheless, based on the
frequency distribution of dispersal distance (Fig. 5)
and pairwise connectivities (Fig. 8), the recruitment
within MPAs ought to be higher with few larger MPAs
than with several smaller. To also allow 50% local re-
cruitment of surface-drifting larvae with PLDs >20 d,
e.g. typical of many fish, an MPA must be at least
55 km in diameter. Only ~1% of the Natura 2000
MPAs meet this criterion.

A potential problem with large-scale dispersal
models, including the present one, is that they do not
accurately resolve complex small-scale circulation
along the coast (e.g. wave-dominated flow) that may
retain larvae (Werner et al. 2007), resulting in an
overestimation of dispersal distance. However, the
mean dispersal distances found in the present paper
are similar to empirical estimates and shorter than
estimates from genetic models (Shanks 2009). The
median dispersal distances estimated in our simula-
tions (11 to 46 km for PLDs of 20 and 40 d) are similar
to the 11 to 82 km (mean 28 km) for a PLD of 30 d
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found by Edwards et al. (2007) modelling dispersal
off the coast of south-east USA. Significantly longer
dispersal distances, ~150 km, were found for mod-
elled larval dispersal in offshore waters in the tropi-
cal Pacific (Treml et al. 2008). Our empirical data also
support that long-distance dispersal is common in the
study system. Many of the collected larval taxa in the
field survey spawn exclusively in shallow water habi-
tats, including the blue mussel, barnacles, the sand
and common goby, rock gunnel and straight-nose
pipe fish (Muus & Nielsen 1999). Still, they were
found at several of the offshore sampling sites, 50 to
100 km away from the closest shallow water habitat.
These species all have larvae in surface water (Fig. 2,
Table S1 in the supplement ), and the offshore dis-
persal is consistent with our model results for surface
swimming larvae (Fig. 7).

In summary, our study suggests that empirically
found dispersal depths of invertebrate and fish larvae
together with PLD are expected to strongly affect dis-
persal distance. Information about these larval traits
for targeted organisms is therefore critical for the
design of functional MPA networks. More empirical
field studies are needed to overcome the present lack
of information of most marine organisms’ larval
swimming behaviour. An alarming conclusion is that
existing MPAs in Europe seem generally too small to
allow local recruitment above 50% for most sessile
invertebrates and sedentary fish. If local recruitment
is too low to allow persistence of populations within
single MPAs, sufficient connectivity between MPAs
is required to provide import of recruits. Although
MPA spacing is on a scale similar to larval dispersal
distance, connectivity within the network is expected
to be low and critically depends on the spatial loca-
tion of MPAs. The challenge is to find MPA network
topologies that can be functional for a number of tar-
get species with diverse life-history traits and differ-
ent dispersal capacities. In future work, this network
selection should include spatially explicit biophysical
models that consider connectivities for complex cir-
culation patterns and informed larval traits and are
coupled to models of population dynamics (e.g. Mof-
fitt et al. 2011, Nilsson Jacobi & Jonsson 2011). How-
ever, a dominating factor that directly affects the per-
sistence of MPA networks is the total area protected,
which is mainly a social-economic issue. The ulti-
mate test for the MPA approach is if loss of biodiver-
sity and critical ecological services can be reversed. If
this limitation of MPAs, e.g. due to poor local recruit-
ment, cannot be addressed because of political con-
straints, this calls for other approaches (Mora & Sale
2011).
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