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At the latitudinal interval that encompasses Europe, due to the gradual seawater
warming imposed by climate change, there is now continuing evidence for a
widespread pattern of poleward range shifts, often translated by expansions in
the northern leading edges of distribution and contraction episodes at the
southern boundaries. As the distribution of biodiversity is far from static, it
seems imperative that we can predict changes in species’ geographic ranges
to potentially circumvent severe biodiversity losses in the near future. Here, we
focus on syngnathids, flagship species and umbrella taxa for coastal marine
ecosystems, and attempt to identify areas of environmental suitability in Europe
over the next century, according to distinct greenhouse gas concentration
trajectories. Our results seamlessly match the general and region-specific
impacts of climate change projections for European seas. Especially within the
Atlantic Coast, species are expected to continue poleward range shifts, with the
hotspot of syngnathid diversity remaining around the Celtic-Biscay Shelf, albeit
with slightly distinct species composition from that of present day. The most
dramatic changes are expected within semi-enclosed areas such as the Baltic,
the Mediterranean and the Black Sea, where present-day endemic species
diversity is likely to plunge, especially under a ‘business-as-usual’ scenario.
When looking at the potential protective role of ‘no-take’ marine protected
areas (MPAs) on European syngnathids, a clear latitudinal asymmetry emerged.
From the Atlantic diversity hotspot downwards, and especially in the
Mediterranean and Black Sea, the current 'no-take’ MPA layout, if it remains
static, will not be especially effective in either safeguarding syngnathid diversity
or delaying the expected gradual species disappearance. Europe needs to be
prepared to implement, at a continental scale, coordinated conservation
measures aimed at preventing (or delaying, at the very least) the loss of its
marine endemic species. As umbrella species, conservation efforts aimed at
syngnathids will surely have a positive impact on coastal ecosystems.
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1 Introduction

Climate change is impacting all studied ecosystems, terrestrial
and aquatic, with animals and plants alike forced to experience
environments swiftly diverging from the physiological tolerance
limits of the species they harbour (Parmesan, 2006; Doney et al.,
2012; Pecl et al,, 2017). As environmental change progresses faster
than species can adapt, a wave of range shifts and extinction
episodes ensues (Loarie et al, 2009; Burrows et al., 2011).
Especially noticeable at the latitudinal interval that encompasses
Europe, range shifts are being continuously documented in a broad
variety of taxa, from algae to mammals (Lenoir and Svenning,
2015). At these latitudes, there is now recurrent evidence for a
widespread pattern of poleward range shifts, often translated by
expansions in the leading edges of distribution and extinction
episodes at the trailing edges (e.g., Parmesan et al., 1999; Hickling
et al., 2006).

Given that - now probably more than ever - the distribution of
biodiversity is far from static, it seems imperative that we can
predict changes in species’ geographic ranges to minimize severe
biodiversity losses in the near future (Moritz and Agudo, 2013). It is
important to be mindful of two caveats when projecting species’
geographic ranges: (i) forecasts tend to predict severe declines, a
pattern that is often inconsistent with palaeoecological records that
show resilience to past climatic warming (e.g., Warren et al,, 2013),
and ii) forecasts largely ignore how adaptation to new
hypothetically suitable environments can be impacted by the eco-
evolutionary feedbacks mediated by selective forces which are
difficult to integrate in our models (e.g., sexual selection; Garcia-
Roa et al., 2020). Even so, there is still considerable value in
predicting scenarios for species distribution in the future. High on
the list is the opportunity to assess and adapt ongoing conservation
strategies - for instance, by simultaneously evaluating the efficacy of
existing protected areas (where species are) and deciding if new
areas are required (where species will be).

Detailed information on current and future species distribution is
vital in Europe, as elsewhere, to prepare robust conservation action
for a range of possible climatic scenarios. To uphold the health of its
seas, European Union (EU) initially committed to protect 10% of
their coastal and marine areas by 2020 (Aichi Target 11, Convention
on Biological Diversity), while recognizing that a larger area was
required (especially in the Macaronesia region and the Mediterranean
Sea). Now, the EU Biodiversity Strategy has set the goal of protecting
30% of its sea by 2030 (European Commission, Directorate-General
for Environment, 2021). However, even considering this notable
increase in coverage, there is concern that climate change may
weaken the protective value of marine protected areas (MPAs),
especially given the static boundaries of most (Cashion et al., 2020).
Moreover, there is growing concern that conservation objectives for
certain hotspots of climate change (e.g., semi-enclosed marine
regions, especially in the eastern Mediterranean Sea) are unrealistic
given the current trend of populations decline (Hermoso et al., 2022).

Known to act as umbrella taxa for coastal marine ecosystems
(Shokri et al., 2009), seahorses and their close relatives recently
evolved into powerful ambassadors for marine conservation
(Vincent et al., 2011). Syngnathids (i.e., seahorses, pipefish,
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pipehorses and seadragons) belong to a large family of teleost fish
(Syngnathidae), with 57 genera and approximately 300 species
(Hamilton et al., 2017), that primarily inhabit shallow marine,
brackish and freshwater habitats. Their extraordinary life histories
(Ahnesjo and Craig, 2011), and particularly their truly unique mode
of reproduction (male pregnancy), have long made syngnathids
model organisms to address a diverse array of questions related to
sexual selection (Berglund and Rosenqvist, 2003; Monteiro et al.,
2017) and the evolution of reproductive complexity (Roth et al.,
2020; Parker et al., 2023).

Even though syngnathids are iconic flagship species, they face
numerous threats, including tremendous fishing pressure (Lawson
et al, 2017) and notable habitat degradation and loss (e.g.,
Tiralongo and Baldacconi, 2014), not least from climate change
(Pollom et al., 2021). Such global problems are certainly bearing on
Europe’s 19 syngnathid species: 15 pipefish (Cosmocampus
retropinnis, Entelurus aequoreus, Minyichthys sentus, Nerophis
lumbriciformis, Nerophis maculatus, Nerophis ophidion,
Syngnathus abaster, Syngnathus acus, Syngnathus phlegon,
Syngnathus rostellatus, Syngnathus schmidti, Syngnathus
taenionotus, Syngnathus tenuirostris, Syngnathus typhle and
Syngnathus variegatus) and 4 seahorse species (Hippocampus
algiricus, Hippocampus erectus, Hippocampus guttulatus and
Hippocampus hippocampus). From these, the International Union
for Conservation of Nature (IUCN) lists 53% of the European
syngnathids as Data Deficient, with current population status is
unknown for 79% of the species (IUCN, 2022). These numbers
showcase the knowledge gap on the health of European coastal
ecosystems which severely restricts our ability to detect, reverse or
avoid hypothetical perturbations, namely those imposed by
climate change.

Evidence shows that European syngnathids are responding to
the gradual warming of seawater imposed by climate change. The
worm pipefish, Nerophis lumbriciformis, can now be found mid
Norway (Monteiro et al., 2017), several kilometres north of the
geographical limit described by Dawson (1986). The West African
seahorse, Hippocampus algiricus, is also expanding its distribution
northwards, and can now be found in the Canary Islands (Otero-
Ferrer et al., 2015). Having recently crossed the Atlantic, the lined
seahorse, Hippocampus erectus, has currently reached the Azores
(Woodall et al,, 2009). The black-striped pipefish, Syngnathus
abaster, is gradually moving north, either through the Eastern
Atlantic Coast or by colonising freshwater ecosystems in the east
of the Mediterranean (Monteiro and Vieira, 2017). Although
expansions have been more frequently reported, contractions in
European syngnathid distributions are also occurring. For instance,
current warming scenarios are raising concern for at least one
population of the worm pipefish in the coldest part of the
Mediterranean (Iglesias et al., 2021).

Here, using species distribution modelling, we attempt to
identify areas of environmental suitability for European
syngnathids over the next century, according to four scenarios
representing distinct Representative Concentration Pathways
(RCPs - greenhouse gas concentration trajectories adopted by the
Intergovernmental Panel on Climate Change). Attempting precise
estimates of the area of future syngnathid distributions would
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require detailed information that we lack, on habitat suitability,
species interactions, limits for phenotypic plasticity or potential for
adaptation. Instead, our primary aim was to uncover indications of
possible contractions, expansions, and distributional shifts. To this
extent, we based our work on the invaluable aggregated expert
knowledge amassed by TUCN which provides curated expert range
maps (ERMs; hand-drawn polygons that illustrate the geographic
limits of species) and biological information on syngnathids (TUCN,
2022). Having projected future distributions, we then consider the
possible conservation value of current European TUCN category I
and II MPAs (Strict Nature Reserves, Wilderness Areas, and
National Parks; all no-take areas) for syngnathids, now and in
the future.

2 Materials and methods

2.1 Ocean data

In this study, to forecast the impact of climate change on
European syngnathid distributions, we examined changes in SST
(sea surface temperature), SSS (sea surface salinity) and SSV (sea
surface current velocity) over the next century. From the available
environmental data layers of Bio-Oracle (Tyberghein et al., 2012;
Assis et al., 2018), we selected eight variables that were simultaneously
available for the “present” (2000-2014) and projected for future
climate scenarios (2040-2050 and 2090-2100) according to four
distinct representative concentration pathways (RCP: 2.6, 4.5, 6.0
and 8.5) (Moss et al,, 2010). Specifically, we selected SST (mean,
minimum, maximum, range), SSS (minimum, maximum), and SSV
(minimum, maximum). These variables, single or in combination, are
well known to impact syngnathid reproduction (e.g., Monteiro et al,
2005; Silva et al., 2007; Monteiro et al., 2017), development (e.g.,
Hilomen-Garcia et al., 2003; Martinez-Cardenas et al., 2014), feeding
and swimming (e.g., Qin et al., 2014), or even immunity (Birrer et al.,
2012), and should be incorporated when attempting to understand
current or future syngnathid distributions. Data consisted of rasters
with a spatial resolution of 5arcmin (i.e., approximately 0.08° or
9.2 km at the Equator).

2.2 Species range maps

Instead of trying to, once again, delimit the range of each
European syngnathid, we opted to follow the information
contained on the curated expert range maps provided by IUCN
(IUCN, 2022). ERMs for syngnathids were downloaded as ESRI
shapefiles. Where there was more than one record, we merged them
into a single entry (e.g., Hippocampus erectus has two entries, the
first depicting its distribution in the Atlantic American coast and
the second considering solely the Azores). The exceptions were
those species represented by records portraying distributions in
different ecosystems. Since Bio-Oracle data are limited to the
oceans, we did not consider freshwater and estuarine syngnathid
distributions in our analysis. Thus, we discarded records exclusively
depicting rivers, lakes, or estuaries. For example, Syngnathus abaster
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has three entries, each displaying a distinct type of distribution
(marine, freshwater, or estuarine); we retained only marine.
Simultaneously, also from the IUCN Red List of Threatened
Species website (www.iucnredlist.org), we recorded information
on species upper and lower depth limits. In two instances where
depth distribution data was missing from the IUCN database
(Syngnathus phlegon and Syngnathus variegatus), we used
information from Fishbase (Froese and Pauly, 2021) and
Akimova (2009). Given our current knowledge on syngnathid
distributions, three ERMs were slightly modified: 1) Syngnathus
acus range was trimmed to eliminate southern Africa distribution
(where the local species is recognised as Syngnathus temminckii); 2)
Nerophis lumbriciformis range was trimmed to eliminate Canary
Islands (while the species was once present up to Western Sahara,
the southern limit of distribution is currently continental Portugal);
and 3) Nerophis maculatus range was trimmed to remove Azores
and the continental Portuguese coast (the species presence has
previously been questioned; see ICN, 1993).

2.3 Modelling procedures

For each syngnathid species, we refined the IUCN ERM, which
exaggerate depth range, to create trimmed IUCN ERMs (tERMs).
We constricted depth range by using ocean bathymetric
information extracted from ETOPO1 (Amante and Eakins, 2009)
with the R package “marmap” (Pante and Simon-Bouhet, 2013). We
then profiled species’ environments by defining a climate envelope
constrained by the minimum and maximum values of all selected
environmental variables within the tERM. Based on IUCN ERMs,
we also calculated the maximum distance from the coast using a
global dataset of distances from the nearest coastline (OBPG and
Stumpf, 2022). This value was used when forecasting potential
distributions (i.e., all projected distributions are below the
maximum distance to the coast reported in IUCN ERMs).

To forecast distributions into the next century, we had to
assume that syngnathids will persist primarily within present-day
ranges of temperature, salinity, and water currents (i.e., similar
climate niche or envelope). Using R (R Development Core Team,
2022) and the package “raster” (Hijmans and van Etten, 2012), we
used i) the depth-corrected distribution, ii) maximum distance to
the coast, and iii) present-day environmental variable ranges (i.e.,
between the maximum and minimum values recorded for each
variable in present-day) to crop each of the selected environmental
variables projected for each of the four RCP scenarios in the two
time intervals (eight combinations). For each combination, the
resulting eight environmental variable rasters were stacked, and a
consensus area (i.e., the projected range) was extracted embracing
only locations where all environmental conditions simultaneously
fell between present-day limits (homoclime areas). As a way of
validating the performance of our method, we also projected
suitable areas in the current conditions (2000-2014), analysing
how well the obtained distribution reflected that currently
reported by IUCN, after correcting to tERM.

Given the low dispersal potential of most syngnathids (Mendes
et al., 2020), we opted to use a partial-dispersal scenario (Bateman
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et al, 2013) by discarding seemingly suitable areas if they were
either very distant or separated by known geographical barriers
from current distributions. For instance, Hippocampus erectus is
currently found on the Atlantic coast of America but not in the
Pacific coast (despite the existence of similar temperature, salinity,
and sea current areas right across the Panama Isthmus), so we
omitted (i.e., masked) the Pacific for this specific seahorse.
Nevertheless, as some syngnathid species have proven able in the
past, we allowed for possible ‘migrations’ between the
Mediterranean and Atlantic, or the Atlantic and the Baltic. We
also indicated hypothetical future presence in Iceland even though
today’s currents would hardly allow for the colonisation of the
Icelandic Coast (as we are especially interested in describing macro-
geographical patterns, the inclusion/exclusion of the Icelandic Coast
will not greatly impact our results).

We calculated the extension of the present distributions (IUCN
ERMs and tERMs), as well as those of the hypothetically suitable
distribution areas (in km?). It is important to stress that our
analysis, much like ITUCN ERMs, does not take habitat into
account (e.g., some species require the existence of seagrass
meadows, which are only sparsely available within the
distributional area) or species interactions (e.g., some species
depend on the occurrence of specific prey or absence of certain
predators). Even though range maps aim at defining edges of
distribution, they have limited ability to detect gaps within the
projected areas (Marsh et al., 2022). Thus, our distribution maps are
designed to highlight areas where, if appropriate abiotic conditions
are available within its borders, the species can potentially be found
with greater probability (i.e., they are not a guarantee of presence).
From this perspective, our area estimates, although likely more
precise than those suggested by IUCN ERMs (which do not account
for species depth distribution and distance to the coast), should still
be interpreted with care, as they will necessarily overestimate
the distribution.

Once range maps were available for the marine distribution of
European syngnathid species (present and future scenarios), we
were able to produce spatial descriptors of the European species
diversity. With these data, we calculated alpha (i.e., species richness)
and beta diversity (Sorenson dissimilarity index, ranging from 0,
most similar, to 1, most dissimilar). The beta diversity was
calculated per latitude comparing current predictions to the
different time frames of the projections and RCPs. European
MPAs shapefiles (containing individual polygons for each MPA,
with information on its geographical coordinates, area and ITUCN
protection category) were obtained from UNEP-WCMC-IUCN
(2022). After choosing IUCN category Ia, Ib and IT MPAs (‘no-
take MPAs’), we calculated the number of syngnathid species per
selected MPA.

Statistical analysis were conducted in R (R Development Core
Team, 2022). Wilcoxon signed rank tests were conducted to
evaluate differences in i) the area of [IUCN ERMs and tERMS and
ii) the % of species present in selected MPAs in the present versus
future projections for all RCPs. After assessing data linearity,
checking for normality of residuals (Kolmogorov-Smirnov test),
homoscedasticity (Breusch-Pagan test) and autocorrelation
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(Durbin Watson Test), linear regressions were used to examine
the relationship between i) tERMS and that our projections for the
present areas, ii) Common and merged areas (of tERMS and our
projections for the present), iii) species range minimum SST and
area contraction for the four projected 2090-2100 RCP scenarios.

3 Results

By simultaneously considering species depth distribution and
maximum distance to the coast, tERMs significantly contracted
(-83.28 + 13.70%; average + standard deviation), when compared
with the IUCN ERMS, due to the exclusion of large theoretically
unsuitable areas (Wilcoxon signed rank test: V=190, P<0.001). With
these newly redefined ranges (Supplementary Figures S1-S19), it
was possible to observe with increased clarity that, as for the
majority of syngnathids (Hamilton et al., 2017), European
seahorses and pipefishes predominantly exist in shallow waters
(N=19 species; mean minimum depth -0.79 + 2.51 m; mean
maximum depth: -52.52 * 44.86 m; range: -170 to 0 m) and,
consequently, essentially have coastal distributions (Figure 1).

Two analyses revealed that our climate envelope approach (i.e.,
projecting theoretically suitable areas based on sea surface
temperature, salinity, and current velocity) closely mapped onto
tERMs, thus validating the former. First, a linear regression revealed
that our distributional area projections explained nearly 98% of the
variation in tERMs (Y = 6742 + 1.179 X, R* = 0.978, F(1.1) = 766, P <
0.001), with our projections never producing smaller areas than
those in tERMS (median = 15% larger). Second, another linear
regression showed that the overlapping area of our projections and
tERMs also explained approximately 98% of the merged area
between both range maps (Y = -3002 + 0.823 X, R®> = 0978, F
(L17) = 7884, P < 0.001).

In projecting hypothetically suitable areas across Europe, we
found that a progressive range contraction is to be expected for
most European syngnathids under all four selected RCP scenarios
(2.6, 4.5, 6.0 and 8.5) in each of the two future periods (2040-2050
and 2090-2100) (Table 1). Across all 19 species, nearly a century
from now, the forecasted ranges will have shrunk to 70.99 + 29.27%
of their current area in the mildest RCP 2.6. Mean contraction is
expected to be even more severe (reduced to 53.78 + 43.13% of the
current area) in the most hostile RCP 8.5 scenario.

As climate change progresses, more northerly species will likely
have an increased opportunity to expand their ranges while
relatively more southerly species will tend to experience range
contractions (Table 1). The most southerly species Hippocampus
algiricus, Syngnathus schmidti and Syngnathus variegatus are
expected to withstand the most drastic range reductions,
especially under the ‘business-as-usual’ scenario (Table 1).

We found noticeable exceptions to the general pattern of range
contraction, for five species that are all located at higher latitudes,
where water temperature is cooler. Nerophis ophidion and
Syngnathus typhle might experience no real range change; they
will apparently expand north but may simultaneously lose areas in
the enclosed Mediterranean and Black Sea (where northward
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FIGURE 1

Present-day syngnathid diversity along the European coast, resulting from the sum of all nineteen syngnathid ranges (individual ranges derive from
IUCN ERMs that were individually corrected for each species’ depth distribution and maximum distance to the coast; colour scale highlights the
number of sympatric species).

TABLE 1 Change in potentially suitable areas for European syngnathids (as % of retained present range), in two time periods (2040-2050, 2090-2100)
and according to the four selected RCPs (2.6, 4.5, 6.0, 8.5).

Species 2050 2.6 2050 4.5 2050 6.0 5 2100 2.6 2100 4.5 PALVOXX0) 2100 8.5
Cosmocampus retropinnis 38.5 51.1 62.4 54.9 60.7 23.8 18.2 47.4
Entelurus aequoreus 93.8 96.7 92.4 97.4 95.7 98.9 107.0 122.0
Hippocampus algiricus 10.3 5.4 153 1.9 332 2.0 2.7 2.9
Hippocampus erectus 91.0 88.0 93.6 82.9 97.4 81.6 60.6 48.8
Hippocampus guttulatus 87.3 82.6 84.8 86.1 87.2 82.8 80.7 68.8
Hippocampus hippocampus 87.7 82.2 89.1 80.8 87.3 78.4 75.1 71.6
Minyichthys sentus 125.0 173.7 109.2 1314 111.5 55.6 114.5 19.5
Nerophis lumbriciformis 100.8 103.4 100.7 102.6 101.9 102.0 103.5 111.4
Nerophis maculatus 483 429 54.3 382 46.4 34.0 219 16.3
Nerophis ophidion 88.4 86.6 88.1 91.0 91.5 86.7 87.6 93.2
Syngnathus abaster 63.2 54.5 64.4 60.2 59.6 50.7 50.8 69.6
Syngnathus acus 93.0 89.3 93.7 88.0 91.0 853 83.1 82.9
Syngnathus phlegon 67.2 54.5 67.4 524 58.8 46.9 39.9 20.1
Syngnathus rostellatus 102.1 104.9 99.8 104.8 104.9 108.7 1185 124.0
Syngnathus schmidti 31.1 25 39.5 4.4 31.4 0.2 0.0 0.0
Syngnathus taenionotus 41.8 21.1 47.3 20.5 32,6 17.5 10.5 15.6
Syngnathus tenuirostris 37.8 15.1 50.1 21.7 37.9 13.8 10.9 10.4
Syngnathus typhle 91.8 88.9 89.6 92.6 93.2 89.8 91.8 97.4
Syngnathus variegatus 23.3 0.0 37.1 5.8 26.7 0.0 0.0 0.0

Data are based on the full geographical distribution of each species as the range of some syngnathids occurs essentially outside Europe (Hippocampus algiricus and Hippocampus erectus).
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migration is not possible). Meanwhile, the northerly species found
only in the Atlantic - Entelurus aequoreus, Nerophis lumbriciformis
and Syngnathus rostellatus — should experience range increases as
they expand north into newly suitable areas without losing area in
the south. Present day ranges and hypothetical future distributions
(i.e., forecasted suitable areas for all combinations of the two periods
and four RCP scenarios), for all nineteen European syngnathid
species, can be viewed in Supplementary Figures $20-5190.

In general, linear regressions show that the present-day species
experience with water temperatures (here, we used minimum SST)
appropriately explain future range area reductions in the 2090-2100
interval (RCP 8.5: Y = 16.99 -0.09 X, R* = 0.72, F(1.,7) = 44.06, P <
0.001; RCP 6.0: Y = 16.43 -0.07 X, R® = 049, Fy 17 = 16.12. P <
0.001; RCP 4.5: Y = 17.65 -0.10 X. R* = 0.67, Fa17) = 3437, P <
0.001; RCP 2.6: Y = 19.26 -0.10 X, R* = 0.42, F;17 = 12.20. P
< 0.005).

Assuming no invasions by non-indigenous syngnathids, loss of

species diversity will be especially apparent in the Mediterranean
and Black Sea (Figure 2). Climate change-induced alteration of
biotic conditions (e.g., warmer waters) linked to the lack of cooler
areas that could allow substantial range shifts, might leave only a
handful of refugia for the remaining Mediterranean syngnathids
(Supplementary Figures S191-5198). Curiously, one of those refugia
(Southern France), among the coolest sections of the
Mediterranean, is the same currently occupied by what seems to
be the last Mediterranean population of the worm pipefish,
Nerophis lumbriciformis.

The forecasted progressive poleward expansions, together with
the projected range contractions in the south can be summarised by
looking at the latitudinal variation in both alpha diversity (species
richness) and beta diversity (Sorensen dissimilarity index). While
species richness will remain relatively constant between
approximately 50 and 60°N (green bands in Figure 3), progressive

10.3389/fmars.2023.1138657

alteration of abiotic conditions, according to emission scenarios,
will affect species composition at both European latitudinal
extremes (Figure 3). Due to range contractions (and possible
extinctions) and poleward range shifts, we can predict an increase
in the number of species at higher latitudes that contrasts with a
decrease in species richness in the South. This generates areas that
are predicted to have highly dissimilar composition in relation to
the present as a result of increasing species richness in the north and
decreasing richness in the south (orange to red bands, Figure 3).

For no-take MPAs in Europe between -40° to 70° longitude and
20° to 80° latitude, we found a strong latitudinal asymmetry, with
most concentrated in northern Europe (Figure 4, top panels and
bottom left panel). With rare exceptions, these MPAs are generally
small (N= 849, median = 0.83 Km?, range: 0.002- 86,971.92 Km?;
Figure 4, centre panel). In the north, the number and spatial
distribution of MPAs covers most syngnathid species richness
(and will probably continue to do so in the future, even under the
most undesirable RCP scenario). In the south, however, the very few
MPAs do not currently cover syngnathid diversity (Figure 4, top
panels). Areas with high diversity (i.e., more cooccurring species)
are not currently captured by any MPA and probably will continue
that way in the future unless new MPAs are designated.

The skewed latitudinal distribution of MPAs, together with
their generally small individual area, means that most European
syngnathid species, especially those with a more southerly
distribution, will really not benefit from its protection. For
instance, eleven species are currently present in fewer than 1% of
the ‘no-take’ MPAs (three of which are absent from all; Figure 4,
right panel), and only four species are found in more than 10% of
27.79%). The relatively small
coverage of syngnathid ranges by existing ‘no-take’ MPAs will not

‘no-take’ MPAs (maximum

significantly change in the future, irrespectively of the RCP scenario
(Wilcoxon signed rank test on the % presence in MPAs in the

FIGURE 2

Longitude

Difference in species richness from the present to the 2090-2100 time period, under RCP 8.5 (blue shows areas with loss of species, and red shows

areas of increased diversity)
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FIGURE 3

Latitudinal variation in alpha (species richness; solid black line graphs) and beta diversity (Sorensen dissimilarity index; coloured scale), for the present
and the 2090-2100 time period, according to the four selected RCP scenarios. Dashed red lines indicate present latitudinal means weighted by
species richness and solid red lines considers the same but for each RCP scenario.
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4 Discussion

This first dual assessment of current and forecasted distribution,
under different climate change scenarios, for the full marine

diversity of European syngnathids, reveals results that closely
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FIGURE 4

Latitudinal distribution of ‘no-take’ MPAs (black open circles), highlighting the number of sympatric syngnathid species, at the present and in all four
considered RCP scenarios for the 2090-2100 time period (top row graphs). Latitudinal distribution of all 'no-take’ MPAs (bottom left), their area
distribution (histogram, log Y axis, bottom centre), and the percentage of 'no-take’ MPAs where each of the nineteen European syngnathids is
currently found or could potentially be found in the 2090-2100 tine-period, according to the four selected RCP scenarios (bottom right).
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match general and region-specific impacts of climate change
projections in Europe (Philippart et al., 2011). Following their
climate niche, syngnathids will move north where they can,
especially on the Atlantic coast, with some pipefishes, and
perhaps even seahorses, extending their ranges beyond Norway,
into the Barents Sea. However, in semi-enclosed areas, without real
room for manoeuvre, syngnathid populations will most likely
decline. Worryingly, the present-day distribution of ‘no-take’
MPAs throughout Europe will provide little support, especially
for southern syngnathid species.

Our work has significance for regional understanding and
assessment. While the Atlantic hotspot of syngnathid diversity is
expected to remain around the Celtic-Biscay Shelf, its exact
composition will probably slightly vary from that of present day
due to the poleward movement of cold-water species and the
progressive substitution by subtropical and Mediterranean species.
Semi-enclosed systems such as the Baltic (especially in its southern
section, together with the adjacent Kattegat), are expected to
experience a considerable diversity loss. Specifically in the Baltic, in
addition to the forecasted progressive drop in salinity and increased
water temperatures, eutrophication (Skogen et al., 2014) could pose
additional challenges to syngnathids, whose reproductive patterns are
known to be impacted by turbidity (Sundin et al., 2010). But probably
the most dramatic changes are expected within the Mediterranean
and the Black Sea, where present-day endemic species diversity is
likely to plunge. For instance, the diversity hotspot that is currently
observed in the Adriatic Sea, is estimated to stop gathering suitable
conditions for most of its syngnathids by 2100, under the ‘business-
as-usual’ scenario. Together, the Black Sea and Sea of Azov are
expected to experience a similar fate to that of the Mediterranean (i.e.,
significant loss of species).

Our work can also be significant at a continental level, highlighting
the need for concerted action in Europe. The worldwide active
legislation for syngnathids was recently reviewed, revealing that
most European countries do not have syngnathid-specific
regulations (Stanton et al, 2021). Even if currently poorly
safeguarded by legislation, European syngnathids still experience
some degree of protection, for instance by the action of MPAs
whose number is expected to increase in the near future.
Nevertheless, even though the EU Biodiversity Strategy has set the
goal of significantly increasing the protection of its seas, there is
concern that climate change may weaken the protective value of
MPAs. As some European syngnathids are shifting their ranges (e.g.,
Monteiro et al., 2017), and will predictably continue to do so, adaptive
management approaches will be increasingly essential (Wilson et al.,
2020). Here, when focusing on ‘no-take’ MPAs, areas with stricter
controls on fisheries and where conservation of biodiversity should be
more extensive (Costello and Ballantine, 2015), the first emerging
pattern retained is that there is a clear latitudinal asymmetry in
Europe. Although the higher density of ‘no-take’ MPAs in the north
(especially above 60° N) will help support connectivity, the panorama
becomes quite different towards the south of Europe. From the
Atlantic diversity hotspot downwards, and especially in the
Mediterranean and Black Sea, ‘no-take’ MPAs are rare and far
apart. As a result, syngnathids from southern Europe, those
experiencing higher risk of population collapse, are currently much
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less protected by these MPAs than those from higher latitudes, and the
situation will not change in the future, at least according to our
distributional projections.

Our analysis on MPAs serves the specific purpose of
highlighting the fact that, especially under the dynamic
conditions imposed by climate change, the management for
biodiversity conservation must be proactive. Especially in
southern Europe, the current ‘no-take’ MPA layout, if it remains
static, will not be especially effective in either safeguarding
syngnathid diversity or delaying the expected gradual species
disappearance. As MPAs are warming at roughly the same rate as
unprotected areas (Bruno et al., 2018), one could naively conceive
that there would be little value in repositioning MPAs or creating
new protected areas. However, the establishment of effective
corridors that could assist range shifts or the purposeful
conservation of climatic refugia could support species persistence.
Responses to paleoclimatic change show how refugia can be key
landscapes worth protecting (Ashcroft, 2010). Thus, forecasting
species distributions under distinct climate scenarios can be a
valuable tool for conservation (of syngnathids and other taxa) by
informing which MPAs will hold most diversity under climate
change scenarios, where MPAs can act as climate refugia, and how
MPAS can jointly serve as potential corridors that assist range shifts.

Especially if considered as a group, European syngnathids
satisfy the most relevant criteria proposed for selection as
umbrella species (Branton and Richardson, 2011). Firstly, they are
reasonably common and well distributed around Europe (i.e., most
European countries with access to the sea have one or more
syngnathid species as part of their national fauna listing), thus
covering wide areas that, if adequately preserved, would translate
into effective conservation of cooccurring species. Secondly,
syngnathids have considerable spatial range overlap with other
species of conservation concern. Seagrass meadows, as an
example, are hotspots of diversity that are critical for syngnathids
and vulnerable early life stages of many marine species. Severely
threatened in several European regions (Turschwell et al., 2021),
and classified as Vulnerable by the EU, seagrass meadows and all
their inhabitants would gain from effective syngnathid protection.
Thirdly, we can now see a tight correspondence between the
theoretical future scenarios for European coastal ecosystems and
those of pipefishes and seahorses. Thus, the implementation of
adequate conservation strategies for syngnathids, aimed at
mitigating the effects of climate change, would certainly find echo
on numerous coastal habitats (Pollom et al., 2021).

Besides the potential to act as umbrella species, syngnathids
(especially seahorses) have also the ability to serve as flagship
species. These fish are taxonomically distinctive, charismatic, and
have successfully proven to be powerful ambassadors for marine
conservation and promoters of ocean literacy. Since syngnathids are
so easily recognized, and seahorses are historically embedded into
European mythology (e.g., as offspring of Poseidon’s steeds or
protectors of dead sailors’ souls transitioning into the underworld),
their use as flagship species seems like a unique opportunity to better
engage with the general European public, thinning potential conflicts
with several socioeconomic activities and easing the implementation
of conservation measures directed to coastal ecosystems.
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5 Conclusion

Predicting the effects of climate change on ecosystems is now,
probably more than ever, a fundamental challenge and an
unavoidable requirement (Moritz and Agudo, 2013). Even
considering that our selection of modelling technique (climate
envelope) has limitations (see Hijmans and Graham, 2006), the
resulting overall pattern of syngnathid potential distributions
throughout the next century is very plausible, unsurprisingly
reflecting, at both general and regional levels, the expected
climate change impacts on European marine ecosystems
(Philippart et al.,, 2011). At this point in time, a steep decline in
European marine endemic species richness, especially in southern
Europe, is no longer a question of “if” but rather of “how soon”.
Knowing that changes began many decades ago, the results of our
species distribution modelling on European syngnathids suggests
that the swiftness of the foreseeable diversity decline is inversely
linked to our ability to curb emissions. As such, Europe needs to be
prepared to implement, at a continental scale, coordinated
conservation measures aimed at preventing (or delaying, at the
very least) the loss of its marine endemic species. Acting as umbrella
species, conservation efforts aimed at syngnathids will surely have a
positive impact on coastal ecosystems. Moreover, given syngnathid
potential to act as flagship species, these charismatic fish could help
decisively enrol the general public into marine ecosystem
preservation, leading a much-needed movement aimed at
opposing climate change impacts.
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