
1 of 22Ecology and Evolution, 2026; 16:e73147
https://doi.org/10.1002/ece3.73147

Ecology and Evolution

RESEARCH ARTICLE OPEN ACCESS

Primary Productivity and Habitat Depth Shape 
Developmental Mode in European Marine Gastropods
Nicolás Weidberg1   |  Juan Bueno-Pardo2   |  Ainhoa de Diego1  |  José Luis Acuña1

1Department of Organisms and Systems Biology, University of Oviedo, Oviedo, Spain  |  2Marine Research Centre (CIM), Future Oceans Lab, University of 
Vigo, Vigo, Spain

Correspondence: Nicolás Weidberg (weidbergnicolas@uniovi.es)

Received: 10 October 2025  |  Revised: 29 January 2026  |  Accepted: 3 February 2026

Keywords: dispersal | larval development | marine biogeography | metabolic theory of ecology | primary productivity | Thorson's rule

ABSTRACT
Prolonged larval development in marine gastropods is less frequent in high latitudes, with non-pelagic larval development much 
more common in these regions. This pattern has been historically referred to in biogeography as the Thorson's rule. The most 
invoked theoretical explanation for this pattern is that pelagic larval duration becomes too long as temperatures decrease, thus 
increasing exposure to predators and transport towards habitats not suitable for recruitment. However, more factors rather than 
only water temperature could influence pelagic duration and overall larval performance, like initial embryo and juvenile sizes, 
currents and phytoplankton fluctuations. On the other hand, phylogeny and environmental conditions affecting the adults, like 
the stability of benthic habitats in time, could also play an important role in the evolution of developmental modes. Besides, 
Thorson's latitudinal pattern could be an artefact arising from insufficient, incomplete and uneven sampling. In this work, we 
gathered an up-to-date dataset for 94 species of European gastropods from the literature, including developmental mode and 
other life history traits together with variables related to bottom habitat, water column and primary productivity. Thorson's rule 
was not recovered when the proportion of species with non-pelagic development was analysed with fine spatial resolution at 
regions with at least 20 gastropod species present. Moreover, temperature and phylogeny played a negligible role in determining 
developmental mode, while greater depths and marked chlorophyll-a seasonality significantly favoured non-pelagic develop-
ment. Thus, we infer that the increased temporal shifts in bottom habitats at shallow waters in regions with a non-seasonal and 
more constant phytoplankton availability drive the evolution of pelagic larval forms in gastropods.

1   |   Introduction

Species distributions in the marine realm and the environmen-
tal forcing behind them have become a hot topic in recent years 
(Barange et al. 2010; Torossian et al. 2016; Davies et al. 2023). 
Pervasive and accelerated climate change has put into question 
the ability of marine organisms to cope with the rapid rates 
of change, especially concerning key eco-physiological vari-
ables like temperature and primary productivity (Brierley and 
Kingsford  2009; Lima and Wethey  2012; González Taboada 
and Anadón  2014). Among the possible responses to these 
challenging new conditions, bathymetric and latitudinal shifts 

in spatial distributions are frequently regarded as plausible for 
nektonic, benthonic and planktonic components of the ecosys-
tem, as they have already been recorded worldwide (Kortsch 
et al. 2015; Chapman et al. 2020; Djeghri et al. 2023). A cue to 
predict such distribution rearrangements can be provided by 
biogeographical rules (Tian and Benton 2020). The Island and 
the Bergmann's rule, among others, summarise the distribution 
of many different species across a wide range of lineages using a 
single common trait which they link with a key environmental 
determinant that varies across a spatial gradient (Welch 2010; 
Campbell et  al.  2021). Because the environmental rates of 
change can be predicted under different global change scenarios 
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with some confidence, at least on regional scales (Giorgi and 
Francisco 2000; O'Neill et al. 2020; IPCC 2023), one could simu-
late the expansion or contraction of a given species distribution 
by tracking latitudinal shifts of isolines for that environmental 
variable (Weiss et  al.  2018; Lenoir et  al.  2020). However, the 
extent, magnitude, timescale and periodicity of these displace-
ments are very difficult to forecast for any particular species, 
even when its environmental niche is well understood (Reeve 
et al. 2014; Seabra et al. 2015; Davies et al. 2023). Furthermore, 
the spatial patterns from which a given rule was derived may be 
the result of processes that occurred on evolutionary time scales 
that are not compatible with the shorter time spans at which 
anthropogenic global change is affecting biological communi-
ties, although there are attempts to reconcile both scales with 
hybrid species distribution models (Diamond 2018). Finally, be-
cause a given spatial pattern can be based on incomplete and/
or inconsistent sampling in space and time, the reliability of a 
biogeographical rule has to be continuously re-assessed as new 
methodologies and observations arise, especially if it is to be used 
to predict future distribution shifts (Tian and Benton 2020).

One of the most invoked biogeographical patterns in marine 
environments is the so-called Thorson's rule. In an extensive 
report, Gunnar Thorson presented a bar graph where the rela-
tive proportion of prosobranch gastropod species with pelagic 
development decreased with respect to those with non-pelagic 
development with latitude, by looking at 7 different locations 
in the North Atlantic (Figure 5 in Thorson 1950). He supported 
such latitudinal trend with other available observations in-
cluded in his report and in previous works but not in the bar 
graph (Thorson  1936, 1940, 1946; Lebour  1945). This pattern 
was broadly accepted by researchers in the field of marine 
biogeography, who gave it the status of a rule (Fretter and 
Graham 1962; Mileikovsky 1971, 1975). Certainly, explanations 
for the rule were compelling and aligned with the environ-
mental characteristics of the Nordic seas described by marine 
scientists in the 19th and 20th centuries (Helland-Hansen and 
Nansen 1909; Hurdle 1986). Essentially, Thorson explained the 
prevalence of non-pelagic gastropod larvae in arctic and sub-
arctic environments because of their poor food conditions and 
cold temperatures which would hinder pelagic development 
(Thorson  1950). Further observations along large-scale lat-
itudinal transects led to an accumulation of exceptions to the 
rule, especially in the southern hemisphere. In fact, those new 
surveys and reviews suggested that lecithotrophic rather than 
non–pelagic larvae prevailed in cold Patagonian and Antarctic 
waters (Pearse et  al.  1991; Pearse  1994; Dayton et  al.  2016). 
Furthermore, non-pelagic developers were dominant even at 
low latitudes at the Atlantic coast of South America in marked 
contrast with the pattern along the Pacific coast, consistent with 
Thorson's rule (Gallardo and Penchaszadeh 2001). Such contrast 
between ocean basins has been attributed to a difference in the 
type of bottom habitats, although the causal link between bot-
tom type and developmental mode was not clarified (Gallardo 
and Penchaszadeh  2001). Later on, non-pelagic development 
was associated with soft bottoms regardless of latitude possi-
bly because of the variations in disturbance rates (Pappalardo 
et al. 2014). On the other hand, as Thorson (1950) highlighted, 
those observations did not take into account depth as a basic de-
scriptor of adult habitat, although the same environmental con-
ditions responsible for the prevalence of non-pelagic developers 

in Nordic seas (lack of food, cold temperatures) most certainly 
apply to deep marine regions. Thus, despite contrasting trends 
in developmental mode with increasing depths found across 
and off continental shelves (Rex and Waren 1982; Jablonski and 
Lutz 1983), no attempts were made to disentangle the relative 
effects of depth and latitude in the global analyses that would 
follow (Marshall et al. 2012; Pringle et al. 2014).

As the number of observations increased with the years for 
different regions and taxa, studies focussed on global analy-
ses and started to include the environmental drivers invoked 
by Thorson in the first place: chlorophyll and temperature. 
Marshall et  al.  (2012) observed an increase in planktotrophic 
species as mean concentrations of chlorophyll-a increase, sug-
gesting that the apparent lower primary productivity polewards 
cannot sustain planktotrophic larvae. However, Thorson's orig-
inal statement was more related to the seasonality of the phyto-
plankton bloom than to its grand mean, as the main constraint 
to larval life would be the ‘very limited periods of continuous 
phytoplankton production’ (Thorson 1936, 1950). On the other 
hand, Thorson inferred that cold temperatures may result in 
long larval periods that could negatively affect larval survival 
(Thorson 1950). Consistently, Marshall et al. (2012) also found a 
significant decrease of the pelagic mode at lower temperatures 
worldwide. By the time of these global analyses, the metaboli-
cally driven effects of temperature on larval development had 
already been studied. Specifically, an empirical formulation 
describing the decrease in developmental times with increas-
ing temperature valid across a wide range of species was tested 
successfully (O'Connor et  al.  2007). In turn, prolonged devel-
opmental times in the plankton caused by cold temperatures 
were linked with high mortality rates caused by predation and 
larval losses due to offshore transport to unsuitable habitats 
where settlement cannot take place (Vance 1973; Morgan 1995; 
Pechenik  1999). Implicitly, this mechanism had to involve 
another important environmental driver: ocean circulation. 
Intuitively, for the same larval duration, weaker currents may 
remove fewer larvae from their settlement sites than strong cur-
rents. Such effect was included in different mathematical mod-
els describing larval transport and connectivity along coastal 
stretches (Largier  2003; White et  al.  2009). Eventually, it was 
proposed that, for a local population to persist in time, the num-
ber of recruits has to overpass a minimum retention criterion, 
that is, the ratio between the advective and diffusive transport 
distances which are in turn a function of current mean veloc-
ity and its standard deviation, respectively, averaged over the 
pelagic life (Byers and Pringle 2006). For the first time, it was 
possible to assess where the combination of strong water flows 
and cold temperatures would make connectivity of coastal pop-
ulations non-viable along a given poleward-oriented coastline, 
thus favouring non-pelagic developers. Therefore, a mechanis-
tic framework was provided for Thorsón's rule and apparently 
confirmed by the next global analyses that follow (Marshall 
et  al.  2012; Pringle et  al.  2014). The effect of circulation was 
evaluated this time and a significant decrease in planktonic de-
velopers was found as mean current velocity increased (Pringle 
et al. 2014).

Despite the apparent match between Thorson's rule and the 
thermally driven constraints captured by the minimum reten-
tion criteria, there are alternative evolutionary pathways that 
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could keep the viability of larvae in cold waters. In particular, 
an increase in fecundity would in turn increase the recruitment 
rates well above the retention criteria (Byers and Pringle 2006). 
Moreover, because of the trade-offs in between the number of 
offspring and their size, larvae would become more numerous 
and smaller in this scenario (Gillooly et  al.  2002; Bueno and 
López-Urrutia  2012; Bueno  2014). Such smaller young larvae 
would live much less in the water column if the final larval 
size also decreases, what would be translated in shorter ad-
vective distances and in turn in lower values for the retention 
criteria (Bueno and López-Urrutia 2012; Bueno 2014). Because 
growth rates are higher within smaller size ranges, planktonic 
duration would shorten drastically with a reduction in larval 
size (Vance 1973; West 2001; Bueno 2014). These concatenated 
changes can be more or less limited by morphological character-
istics in both larvae and adults that could prevent or accelerate 
the intercalation of pelagic larvae in the life cycles of marine 
invertebrates (Anderson 1994; Pechenik 1999). Such effects vary 
depending on the taxonomic clade under study, thus making 
phylogenetic corrections unavoidable when inspecting shifts in 
developmental mode and other life history traits (Pappalardo 
et al. 2014; Pappalardo and Fernández 2013; Ewers-Saucedo and 
Pappalardo 2019). Despite the need for considering the effect of 
shared evolutionary histories in this kind of studies, some re-
search works did not include such corrections in their statistical 
analyses (Pringle et al. 2014).

Besides morphological adaptations, a wide panoply of larvae 
display behaviours on different spatiotemporal scales to reduce 
advective distances and enhance settlement. In essence they 
swim vertically, thus remaining at water layers that move shore-
wards or, at least, not offshore (Pineda 1999; Fuchs 2005; Genin 
et al. 2005; Pringle 2007; Shanks and Shearman 2009, Miller and 
Morgan 2013; Weidberg et al. 2019). Such depth regulation can 
only be effective in reducing advection if ocean circulation is 
strongly stratified, that is, if there are different layers across the 
water columns flowing in opposing directions with different ve-
locities (Pineda 1999; Weidberg et al. 2015; Hagerty et al. 2018). 
This dynamic stratification becomes crucial in order to infer the 
real potential of larvae to escape undesired offshore transport, 
but it is not captured in the simple retention criteria based on 
mean velocities and standard deviations and has not been in-
cluded in any biogeographical study for marine invertebrates.

In summary, the apparent restrictions to larval life arising in 
cold seas with strong currents can be bypassed on evolutionary 
time scales by shifts in life history traits and behaviours enhanc-
ing larval retention and recruitment. Regardless of the support 
provided to Thorson's rule by metabolically driven temperature 
effects, the numerous exceptions found, the limited spatial cov-
erage of the surveys on which it was built, and the exclusion of 
critical potential environmental determinants of developmental 
mode (like depth, seasonality of primary productivity and dy-
namic stratification), never taken into account together, call for 
a re-evaluation of this biogeographical paradigm. In this work 
we took advantage of new bottom habitat and 3D hydrograph-
ical models with unprecedented high spatial resolutions cou-
pled with a detailed bibliographic search to revisit the rule for 
the same taxonomic group at the same ecoregion where it was 
first enunciated. In particular, we followed four different proce-
dures to evaluate the rule: (1) we re-built Thorson's latitudinal 

bar-graphs based on our new spatially explicit potential species 
distributions using different methodologies to maximise the re-
liability of the distribution pattern; (2) we looked for the environ-
mental drivers behind that developmental mode spatial pattern; 
(3) we addressed the phylogenetic and environmental effects on 
the multivariate interspecific assemblage which incorporated 
developmental mode and its associated life history and morpho-
logical traits; and (4) we analysed the taxa specific probability 
of developmental mode occurrence in light of phylogeny and 
environmental variables. Our results allow us to infer the valid-
ity of the rule and delimit the ultimate hydrographical determi-
nants behind the emergence and loss of larval forms in marine 
gastropods.

2   |   Materials and Methods

2.1   |   Environmental Dataset

A bathymetric raster layer was downloaded from the General 
Bathymetric Chart of the Oceans (GEBCO, https://​www.​gebco.​
net/​data_​and_​produ​cts/​gridd​ed_​bathy​metry_​data/​) for the 
European seas (25°-70° N; 25° W-37° E) with a spatial resolu-
tion of 15 arc-seconds (450 m). Temperature and currents were 
extracted for the same area from the NRL HYCOM+NCODA 
GLBu0.08/expt 91.2 (https://​www.​hycom.​org/​data/​glbu0​pt08/​
expt-​91pt2​) with a spatial resolution of 1/12 degree (10 km 
aprox.), an uneven depth resolution with 40 different levels 
(every 2 m from 0 to 12 m; every 5 m from 15 to 50 m; every 10 m 
from 50 to 100 m; every 50 m from 150 to 400 m; every 100 m 
from 400 to 1000 m; every 500 m from 1500 to 3000 m; and every 
1000 m from 3000 to 5000 m, plus 125 and 1250 m) and a time 
resolution of 3 h from 18 April 2016 to 20 November 2018. This 
model is based on a complex data assimilation system that incor-
porates altimetry and sea surface temperatures from satellites 
together with in  situ vertical temperature profiles from XBTs, 
ARGO floats and moored buoys (Cummings 2005; Cummings 
and Smedstad 2013). Mean temperatures (T) were obtained as 
pixel averages for the whole period across all depths. The same 
procedure was followed to calculate mean currents, but first 
total currents (U) were obtained as the vector sum of the merid-
ional and zonal components provided by the model. Finally, the 
dynamic stratification of the water column (DS) was computed 
as the vector sum of the standard deviations of both meridional 
and zonal currents. This metric was preferred over just the stan-
dard deviation of U as the latter does not capture the vertical 
variability of the currents because changes in direction are not 
considered in U. These calculations were carried out in R with 
libraries vctrs, dplyr and stringr (Wickham et al. 2022, 2023) to 
obtain data grids for T, U and DS that were interpolated in QGIS 
3.4.15 to get the corresponding raster layers with a resolution of 
0.1° (11 km aprox).

2.2   |   Primary Productivity Variables

Monthly composites of surface chlorophyll-a were retrieved 
as a raster layer from the NPP Aqua Modis L3SMI satellite 
dataset with a pixel resolution of 4 km from 16-05-2003 to 16-
05-2022 (https://​coast​watch.​pfeg.​noaa.​gov/​erddap/​gridd​ap/​
erdMH​1chla​mday.​html). Mean (CHLA_mean) and maximal 
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(CHLA_max) chlorophyll-a concentration were computed for 
each pixel. To characterise the seasonality in phytoplankton 
biomass, we calculated the predictability, constancy and con-
tingency for the time series of chlorophyll-a concentration 
extracted from each raster pixel (Colwell 1974). Predictability 
(P_CHLA) is the repeatability of values of the same magnitude 
in the same period of the year (e.g., months) across multiple 
years. Constancy (C_CHLA) is the repeatability of values in 
the same magnitude class along the whole year. It is maximum 
if all values fall in the same magnitude class so the variable is 
constant. Contingency (M_CHLA) is the amount of predict-
able change that the variable experiences during the year. It 
is maximum when all values for each time period fall within 
a unique magnitude class specific for each time period so the 
variable becomes seasonal. Overall predictability P is the sum 
of C and M. All three indexes vary between 0 and 1 and were 
calculated with the function Colwells from the R package hy-
drostats (Bond 2022) with 11 default equal magnitude classes. 
Rasters for CHLA_mean, CHLA_max, P_CHLA, M_CHLA y 
C_CHLA were created in R with packages raster and lubridate 
(Grolemund and Wickham 2011; Hijmans 2022) and then vi-
sualised in QGIS 3.4.15.

2.3   |   Bottom Habitats

The EUSeaMap 2023 Broad-Scale Predictive Map for Europe 
was downloaded (ICES Metadata Catalogue) as a shape file with 
28 different categories that arise from combinations between 
bottom vertical zones (infralittoral, circalittoral, bathyal and 
abyssal) and substrata morphology (sand, mud, rock, coarse 
sediment and biogenic reef). This product was created by the 
EMODnet Seabed habitats from its Geology Seabed Substrate 
data product in conjunction with multiple data sources (Vasquez 
et al. 2023). The shapefile was re-projected in a raster layer with 
a resolution of 300 m approx. in QGIS 3.4.15.

2.4   |   Gastropod Dataset

A bibliographic search was carried out for morphological, hab-
itat and life history traits of European gastropod species. Mode 
of development was categorised as non-pelagic if the whole em-
bryonic period occurred within the egg mass/capsules in the 
benthos; pelagic-planktotrophic if larvae develops in the plank-
ton actively feeding, mainly on phytoplankton; and pelagic-
lecithotrophic if the planktonic larvae does not feed but lives on 
the nutritious reserves initially allocated in the egg. Most of the 
studies found in this search derived developmental mode by per-
forming rearing experiments from plankton trawls and egg col-
lections, but protoconch morphology was also employed. Adult 
diet was also considered and categorised as carnivorous, omniv-
orous and herbivorous. Sizes of initial larvae/embryo (IS), first 
post metamorphic stages or juveniles (JS) and adults (AS) were 
also considered and used to calculate three different growth ra-
tios: between juvenile and initial sizes (Gr1); between adult and 
juvenile sizes (Gr2); and between adult and initial sizes (Gr 3). 
Sizes were assimilated to volumes that were calculated as spher-
ical for IS and JS and cylindrical (Figure  S1 in Appendix S1), 
conical (Figure S2 in Appendix S1), parallelepipedal (Figure S3 
in Appendix S1), or semi-spheroidal (Figure S4 in Appendix S1) 

for AS, depending on the specific shape of the adult shell for 
each species. When size ranges were provided from the avail-
able literature, then the average was considered a good proxy 
of mean size. On the other hand, the spatial distribution, depth 
range and habitat bottom type for each species were also gath-
ered from the literature.

Distribution maps for each species were built in QGIS 3.4.15 from 
the latitudinal ranges and geographical boundaries extracted from 
the literature. Within those distribution areas, a grid with a resolu-
tion of 0.1° was used to extract all the environmental and primary 
productivity variables. Then, averages for all these variables were 
computed within the given taxa-specific depth range, thus obtain-
ing mean environmental conditions for each species across its dis-
tribution range in Europe at their preferred depths. In addition, by 
using the EUSeaMap 2023, the total distribution area was filtered 
by the bottom type that constitutes the known habitat of each spe-
cies. In this way, a proxy of the total potential habitat surface in 
km2 was calculated for all gastropod species.

From the estimated sizes and the mean temperatures represen-
tative of each specific distribution, two relevant life history traits 
were derived: developmental time and fecundity. Developmental 
time (DT) was inferred from the model presented by (Gillooly 
et al. 2002) as:

where(4/a0) is a constant, E is the activation energy (0.65 eV ap-
prox.), k stands for the Boltzmann constant, T is temperature 
in Kelvin degrees, α is the allometric exponent (0.25) and ΔS is 
the difference in size between the initial stages and the juve-
nile in mm3. A second bibliographic compilation (Table S1 in 
Appendix S2) was used to gather DT data obtained at known 
temperatures for gastropod species worldwide to perform a 
calibration where the value of the constant 4/a0 could be in-
ferred, thus enabling the calculation of DT for the targeted 
European species.

Fecundity (C) was obtained using the model described by Bueno 
and López-Urrutia (2012):

where Cx is fecundity per gram of female per day and corrected 
by temperature and m0 is the mass of the initial embryonic stage 
calculated from IS assuming a density of 1 g/L. This model 
yielded an extremely good fit (R2 = 0.98) for a wide range of ani-
mals (Bueno and López-Urrutia 2012). Accordingly, the number 
of offspring per an entire female per day at a representative envi-
ronmental temperature is:

where M is the mass of the adult obtained from AS with the 
same density.

Log transformed sizes, their ratios, DT and C were all submitted 
to analyses of variance (ANOVAs) with mode of development as 
a factor with 3 levels (non-pelagic, pelagic planktotrophic and 
pelagic lecithotrophic). Sums of squares of type III were used in 
these ANOVAs to account for the imbalance in the number of 

(1)DT =
(

4∕a0
)

∗eE∕kT ∗ (ΔS)α

(2)ln(Cx) = − 0. 99∗ ln
(

m0

)

+ 19.15

(3)C = Cx ∗M0.75 ∗ e−E∕kT
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species within each developmental mode. Kolmogorov Smirnov 
and Levene's tests were used to check the assumptions of nor-
mality and homogeneity of variances prior to ANOVAs. For those 
variables showing significant differences between developmental 
modes, Tukey post hoc pairwise comparisons were carried out.

2.5   |   Taxonomic Tree

A taxonomic tree was built for all the European species in the 
gastropod dataset. The tree was built in R using the as.phylo func-
tion from the package ape that produces a classification based on 
taxonomic hierarchical ranks (Chamberlain et al. 2020). It was 
built from a species classification based on the World Register 
of Marine Species (WoRMS, https://​www.​marin​espec​ies.​org/​). 
Libraries ape and taxize were employed to represent and visualise 
the tree (Paradis and Schliep 2019; Chamberlain et al. 2020). As 
this tree does not contain real evolutionary distances, it cannot be 
used in any statistical procedure to correct the effect of phylogeny 
on the evolution of gastropod life history traits, but it provides a 
useful overlook of the diversity of the taxa used in this work.

2.6   |   Latitudinal Patterns in Developmental 
Modes and SAR Models

To obtain distribution maps for the total number of taxa and 
the proportion of each type of development all over Europe on a 
scale of 300 m, the individual species-specific raster layers were 
added together for all the species and then separately for each 
developmental mode (non-pelagic, lecithotrophic and plank-
totrophic). Then, the proportions for each one of these 3 modes 
were split in 5° latitudinal bands from 25° to 70° N to look for 
any latitudinal trend. Representative estimates of these propor-
tions for every latitudinal band were calculated with 3 differ-
ent methodologies in ascending order of detail and reliability: 
(1) a single proportion pooling all the species present within 
each band; (2) a mean proportion calculated as the average of all 
pixels within each band; and (3) a mean proportion calculated 
as the average of only those pixels with a minimum number of 
species to get reliable proportions (Nmin) and within regions that 
have been well surveyed in search of gastropod species accord-
ing to an independent geographical database. Standard devia-
tions were also calculated for the means obtained from the 2nd 
and 3rd methodologies to evaluate variability in proportions 
within each band. To estimate Nmin using the 3rd approach, we 
designed a test capable of detecting at least a ±30% deviation 
(ΔP) from the reference mean proportion (ΔP) with respect to 
the reference mean proportion of non-pelagic developers in our 
dataset (P), with a statistical power of 0.8 at a significance level 
of p = 0.05. We assumed the probability of observing a propor-
tion not significantly different from the reference follows a nor-
mal distribution. Under this assumption, Nmin was calculated as:

where Zα and Zβ are the critical values corresponding to the sig-
nificance level and the desired power, respectively and (P * (1−P)) 
represents the variance, according to the Central Limit Theorem. 
Subsequently, we applied a permutation test (100 permutations) to 
all pixels containing more species than Nmin to evaluate whether 

the proportion of non-pelagic developers in each pixel signifi-
cantly differed from the reference. On the other hand, we em-
ployed a geographical database independent of the distributions 
maps built with our gastropod dataset to assess how well a given 
area was surveyed in search of gastropods. This database was ex-
tracted from the Global Biodiversity Information Facility (GBIF, 
www.​gbif.​org) for all living taxa within the class Gastropoda in 
the depth range from 0 to 4000 m for the European seas (25°-70° N, 
25° W-37° E) and through a timespan of 123 years (1900–2023). A 
species occurrence matrix was built from it binning individual 
observations in 0.5° pixels and then the expected number of spe-
cies per pixel was calculated using the Chao 1 index as:

where Sobs is the number of species observed per pixel, and f1 
and f2 stand for the frequency of species observed once (single-
tons) and twice (doubletons) in a given pixel, respectively. The 
greater the expected number of species Chao 1 with respect 
to Sobs the worse the sampling at a given pixel. Thus, we con-
sidered well surveyed areas as those where the relative Chao 
1 index (GBIF_RELCHAO = Chao 1/Sobs) was lower than 1.2, 
meaning that the expected number of species was less than 
20% higher than the number of species observed. These calcu-
lations were performed in R with the package vegan and dplyr 
(Oksanen et al. 2022; Wickham et al. 2022). This GBIF data-
base was also used to obtain the number of gastropod species 
within each superfamily to be compared to the same metric 
derived from our own dataset. In this way we can evaluate the 
taxonomic representativeness of our dataset.

We inspected the variables that could be behind the spatial 
variations of the proportions for each developmental mode 
only at the regions where proportions can be trusted follow-
ing the 3rd methodology. Therefore, 0.5° pixel averages for all 
environmental and primary productivity variables were calcu-
lated. Then, logit transformed proportions were submitted to 
GLMs with environmental and primary productivity variables 
as predictors. The best GLMs were selected by their Akaike 
Information Criteria (AIC) with the function dredge in the R 
library MuMIn (Barton 2022). Models were inspected and the 
collinearity among their predictors was checked, considering 
only those predictor combinations where pairwise Pearson's 
R absolute values were below 0.65. In addition, models show-
ing a variation inflation factor (VIF) greater than 3 (a conser-
vative threshold) were discarded. Then, the best GLMs were 
used to build Spatial Autoregressive (SAR) models which 
accounted for the lack of independence between adjacent ob-
servations in space by weighting them proportionally to their 
pairwise distance. This weighting system was performed for 
all pairwise observations within the corresponding patch size, 
that is, the distance at which the spatial autocorrelation index 
Moran's I reaches 0 (Legendre and Fortin 1989; Legendre and 
Legendre  1998). Moran's I spatial correlograms were built in 
R with the package ncf (Bjornstad 2022) and their x-intercepts 
were assumed to be a good proxy of the patch size. At distances 
greater than the patch size, autocorrelation effects are assumed 
to be negligible so no weights were applied. SAR models incor-
porated a parameter that captures the effect of the spatial auto-
correlation and its statistical significance, ρ, that ranges from 1 
(positive autocorrelation) to −1 (negative). Model performances 

(4)Nmin =
((

Zα +Zβ

)

∕ΔP
)2

∗ (P ∗ (1 − P))

(5)Chao 1 = Sobs + f1
2 ∕

(

2∗ f2
)
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were obtained as R2 estimates from linear regression between 
predicted and observed logit transformed proportions. These 
models were carried out in R using the libraries spdep and spa-
tialreg (Bivand and Wong 2018; Bivand et al. 2021).

2.7   |   Multivariate Analyses

To explore how the different life history traits were associated 
between each other and how they related to environmental 
variables, multivariate analyses were performed. First, mor-
phological measurements, growth ratios, DT and C were all log 
transformed and scaled, while developmental mode and food 
type were considered as dummy variables to make a Principal 
Component Analysis (PCA). Variability explained by the two 
main principal components PC1 and PC2 was obtained. Then, 
the loadings for PC1 and PC2 were submitted to Generalised 
Linear Mixed-Effects Models (GLMERs) as dependent variables 
with the taxa-specific means of environmental and primary pro-
ductivity variables as predictors and superfamily as a random 
factor to account for potential phylogenetic effects. The best 
GLMERs were selected by their AIC with the function dredge 
in the R library MuMIn (Barton 2022). Models and their VIFs 
were inspected to prevent excessive multicollinearity, in addi-
tion to applying the Pearson's R threshold of 0.65. R2 was calcu-
lated as a measurement of variability explained by the models, 
with and without the factor superfamily to account for its sta-
tistical significance through a Likelihood Ratio Test (LRT). R 
packages vegan, ape, usdm and tidyr were also used for these 
analyses (Naimi et al. 2014; Paradis and Schliep 2019; Oksanen 
et al. 2022; Wickham and Girlich 2022; Revell 2024).

2.8   |   GLMER Binomial Models

In addition to the analyses of the PCA axes as proxies for all 
the variability in life history traits, we focussed on develop-
mental mode as it is the main life history trait of interest in this 
study. Therefore we applied binomial GLMERs with pelagic and 
non-pelagic development as a binary dependent variable, taxa-
specific environmental and primary productivity variables as 
predictors and superfamily as a random factor to account for po-
tential phylogenetic effects. Because of the unbalanced number 
of species with the two modes of development, normalised taxa 
specific weights were added in the GLMERs. Again we used the 
dredge function, the Pearson's R criteria and the VIF to select 
the best model. To infer the statistical significance of the phylog-
eny, the best GLMER model was compared to a GLM with the 
same environmental predictors but without the superfamily fac-
tor through a LRT. Overall R2 was used to evaluate the goodness 
of fit of the model together with its accuracy for all species but 
also for each mode of development.

3   |   Results

3.1   |   Hydrography

The GEBCO topographic dataset allowed a good representa-
tion of bottom depth for all European seas (Figure 1A). On the 
other hand, the NRL HYCOM+NCODA provided estimates of 

temperature and currents in agreement with the main hydro-
graphical patterns in the region. Water column temperatures 
peaked in the Eastern Mediterranean and along the coasts of 
Tunisia (22°C). As expected, the thermal latitudinal gradient 
along the Atlantic coast is milder (17°C off Morocco to 7°C off 
Northern Norway) compared to that found further West along 
the North Atlantic (17°C off Madeira to only 2°C off Southern 
Greenland, Figure  1B). Therefore, the model captures the in-
fluence of the Atlantic Current and its heat transport towards 
the European Atlantic shores. Regarding overall circulation, U 
ranges from several mm/s to 6 cm/s along the shelfbreaks off 
Greenland and Scotland-Southern Norway, and also at two of 
the narrowest straits in the region, the English Channel and the 
Skagerrak (Figure 1C). Dynamic stratification reached vertical 
standard deviations around 17 cm/s at the same straits and also 
at the entrance of the Mediterranean Sea, and remains high 
along the coasts of Algeria, the Eastern Mediterranean and in 
the mid-Atlantic at two hotspots centered around 35° and 45° N 
(Figure 1D).

3.2   |   Primary Productivity Variables

The 2003–2022 chlorophyll-a dataset from the satellite Aqua 
MODIS successfully recreated the spatial patterns in produc-
tivity in European seas. CHLA_mean reached maximum val-
ues of 10 mg/m3 only along the coasts of the Baltic Sea, but 
CHLA_max presented higher values up to 20 mg/m3 at many 
other regions: offshore Baltic Sea, North Sea, English Channel, 
Irish Sea, Northern coasts of Iceland, and some coastal hotspots 
off Morocco, Northern Spain, Portugal, Italy, Tunisia and 
Northern/Western Black Sea (Figure  2A,B). Colwell's indexes 
based on the chlorophyll-a time series revealed some contrast-
ing patterns. Overall predictability P_CHLA was high (0.7) 
along the Atlantic coasts from Southern Portugal to Ireland, 
including the Gulf of Biscay, and to the north of Iceland, while 
it reached its minimum (0.23) in the Baltic Sea (Figure  2C). 
Contingency M_CHLA reached values up to 0.4 within a latitu-
dinal band between 30° and 40° N that includes the Atlantic and 
the Mediterranean Sea, especially off Greece and Turkey, and 
presented minimum values around 0 off Southern Portugal and 
off Northern Iceland (Figure 2D). Spatial patterns in constancy 
C_CHLA mirrored the distribution of P_CHLA with maxima 
close to 0.7 off Portugal, Bay of Biscay and Northern Iceland and 
minima around 0 in the Eastern Mediterranean and Baltic seas 
(Figure 2E).

3.3   |   Gastropod Dataset

Detailed information of habitat, depth and life history traits was 
found for 94 species of gastropods. Regarding developmental 
mode, 33 species were non-pelagic, 51 were planktotrophic and 
10 were lecithotrophic. On the other hand, 51 species were car-
nivorous, 4 were omnivorous and 39 were herbivorous. Depth 
ranges from a maximum of 3006 m for Colus islandicus to the 
intertidal for many different species. Bottom habitat was pre-
dominantly rocky for 53 species, muddy for 19, sediment of vari-
able grain size for 7, sandy for 4 and a mixed combination of 
these categories for other 11 species. When these taxa specific 
habitats were taken into account through the EMODnet Seabed 
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habitats raster layer in conjunction with depth, potential habitat 
surfaces were obtained from each species. This metric ranged 
from 2,019,150 km2 in Buccinum undatum to only 231 km2 in 
Columbella adansonii (Figure 3).

Morphological characteristics and life history traits varied 
widely between species depending on their developmental mode 
(Figure 4). Initial and juvenile sizes were significantly bigger in 
non-pelagic species than in planktotrophic and lecithotrophic 
species, respectively (Figure  4A,B). Although these patterns 
have to be taken with caution due to the lack of normality in the 
distribution of non-pelagic developers, only they overpassed 100 
and 1000 mm3 in initial and juvenile sizes, respectively. Juvenile 
sizes were not constant and positively correlated with initial 
sizes. On the other hand, adult sizes did not differ between de-
velopmental modes (Figure 4C). Regarding growth ratios, Gr1 
was significantly greater in planktotrophic larvae compared 
to lecithotrophic, as their juveniles were usually around 100 
times bigger than the initial larvae, 1–2 orders of magnitude 
bigger than Gr1 modes for lecithotrophic and non-pelagic taxa 
(Figure 4D). Differences in Gr2 and Gr3 between developmen-
tal modes were not significant, although Gr2 only reached ra-
tios between adult and juvenile sizes of 1*10EXP8 in the case 
of planktotrophic species (Figure  4D,E). Developmental times 
DT were calibrated using the database for 79 species worldwide 
(Table S1 in Appendix S2). Eventually, we obtained a very sig-
nificant linear fit between DT and the temperature-size meta-
bolic term that explained up to 57% of the variability in DT. We 

then consider the slope of this fit (5.796EXP-10 days/mm0.75) as 
a good proxy of the constant 4/a0 and used it to obtain DT esti-
mates for our European taxa following Equation (1) (Figure S1 
in Appendix S2). DT most frequent values were around 100 days 
for non-pelagic and planktotrophic species, significantly greater 
than those for lecithotrophic larvae in the order of tens of days 
(Figure 4G). Again, the significance of this result has to be taken 
with caution due to the lack of normality in the distributions of 
non-pelagic and lecithotrophic developers. Fecundity estimates 
C did not differ significantly among developmental modes. 
Anyway, they usually ranged between 10 and 1000 individuals 
day−1 female−1 in the case of non-pelagic species, while for larval 
forms the modes were located around 10,000 individuals day−1 
female−1. Only some planktotrophic species produced more 
than 100,000 individuals day−1 female−1 (Figure 4H).

3.4   |   Phylogenetic Tree

Our gastropod dataset covered the full taxonomic complex-
ity of this mollusc class in Europe. The 94 species analysed 
were distributed in 45 different families and 69 genera across 
the 4 main subclasses Caenograstropoda, Heterobranchia, 
Patellogastropoda and Vetigastropoda (Figure  5). The three 
modes of development were widespread across the whole phy-
logenetic tree and there was not an evident association between 
any given taxonomic group and any given developmental mode 
(Figure 5).

FIGURE 1    |    Spatial distribution of hydrographical variables in European waters. (A) Depth, (B) water column mean temperature (T), (C) mean 
current (U), and (D) dynamic stratification.
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3.5   |   Latitudinal Patterns in Developmental 
Modes and SAR Models

Taxa-specific distribution maps were pooled by developmen-
tal mode to obtain the proportion of each mode with a spatial 
resolution of 300 m and then used to extract latitudinal pat-
terns using 5° latitude bands. When we applied this procedure 
just attending to the presence of each developmental mode 
within each band, then there was not any latitudinal pattern 
consistent with Thorson's rule (Figure  6A). The prevailing 
mode was pelagic planktotrophic at all bands, attaining 50%–
65% of the species present at each latitude, followed by pelagic 
lecithotrophic (around 30%) and non-pelagic (around 10%). 

However, if the 300 m pixel average proportion for all pixels 
within each band is considered instead of just the presence/
absence procedure, then a clear latitudinal trend matching 
Thorson's rule appeared (Figure 6B). Non-pelagic species pre-
sented a conspicuous northwards rise in proportions from 2% 
to 65%, while pelagic planktotrophic taxa followed the oppo-
site pattern (from 95% to 25%). Proportions for lecithotrophic 
species were always too low irrespective of latitude (around 
5%) to infer any trend. As all pixels within each band were 
considered, the number of pixels to perform the calculations 
was always in the order of millions and standard deviations 
were substantial (up to 30%, especially for non-pelagic spe-
cies in the north). Finally, when we considered only reliable 

FIGURE 2    |    Spatial distribution of primary productivity variables in European waters. (A) surface mean chlorophyll-a (CHLA_mean), (B) surface 
maximum chlorophyll-a (CHLA_max), (C) overall predictability (P_CHLA), (D) contingency (M_CHLA), and (E) constancy (C_CHLA).
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proportions at pixels with more than Nmin = 20 species within 
relatively well surveyed areas according to GBIF (GBIF_
RELCHAO < 1.2), any latitudinal trend disappeared com-
pletely (Figure  6C). Planktotrophic development was again 
the prevailing mode at all latitudes with mean proportions 
around 65%, while the non-pelagic and lecithotrophic modes 
only attained proportions of 25% and 10%, respectively. The 
number of pixels available for these calculations was largely 
reduced to the order of thousands to tens of thousands and 
even further at the northernmost and southernmost bands (75 
and 199 pixels, respectively). Standard deviations were also 
much smaller, always below 10%. On the other hand, when 
the proportions of species belonging to each superfamily were 
compared in between GBIF and our dataset, maximum devi-
ations never exceeded 6%. Therefore, our dataset presents a 
relatively good taxonomic coverage.

These different patterns arising from the 3 different method-
ologies largely matched the proportion maps for each mode of 
development (Figure  6D–F) and the restrictions imposed by 
Nmin and GBIF_RELCHAO (Figure  6G). Proportions higher 
than 80% were reached for the non-pelagic mode to the north-
east of Scotland, Iceland and Southern Greenland, but along 
the coasts of Norway they remained below 30% (Figure 6D). 
To the south proportions fell below 30%, with some hotspots 
off Northwestern Iberia and the Adriatic sea reaching 50%. 

Minimum proportions (close to 0) were observed along the 
coasts of Morocco and in the Baltic Sea. The opposite distri-
bution pattern was followed by the proportions of planktotro-
phic species (Figure  6E) with a general negative northward 
trend that disappeared off Norway and in the Baltic Sea, 
which kept proportions above 75%. Proportions for the lecith-
otrophic development mode were much lower all over Europe 
(Figure  6F), with some exceptions in the North Sea (up to 
20%) and especially in the Baltic Sea (up to 75%). When we 
inspected the number of species per pixel obtained from our 
distribution maps (Figure 6G), it reached relatively high val-
ues between 10 and 20 species in the North Sea and at some 
hotspots within the Mediterranean Sea off Spain, Italy and 
Tunisia. In fact, values above the Nmin threshold (20 species) 
were only found at these regions and other very coastal areas. 
Twenty species was the result obtained for Nmin given a refer-
ence mean proportion of non-pelagic developers of 0.351 (33 
out of 94 species), an ΔP of ±30% and a statistical power of 0.8 
at a significance level of p = 0.05. Permutation tests revealed 
that there were no significant deviations from the reference 
proportion of 0.351 for any pixel with a number of species 
equal to or above Nmin. On the other hand, the well-surveyed 
areas where GBIF_RELCHAO was below 1.2 were found  
around the British Islands, the North Sea, the Mediterranean 
regions off Spain, Italy and Tunisia, some very coastal lo-
cations elsewhere (especially in the Baltic Sea) and some 

FIGURE 3    |    (A) EUSEAMAP bottom habitats and distributions for two particular examples of (B) the most widespread species, Buccinum un-
datum (2,019,150 km2, 5–600 m depth, all kinds of bottom habitats), and (C) Columbella adansoni (231 km2, 0–15 m depth, rocky, sandy and muddy 
bottoms) with an additional inset to better show the coastal distribution of these species along the coasts. Shell pictures were made by Bernard Picton 
and H. Zell and shared under licenses that allow reuse (Creative Commons Attribution 4.0 International and Creative Commons Attribution-Share 
Alike 3.0 Unported).
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offshore spots in the middle of the North Atlantic. Regardless 
of the relatively good overlap between these regions and  
those where Nmin was overpassed, they both were a re-
duced fraction of the total surface considered in our initial 
distribution maps.

The best SAR models explained moderate amounts of variability 
in developmental mode proportions within regions complying 
with the Nmin and GBIF_RELCHAO thresholds (in between 7% 
and 41%, Table 1, Figure 7). Spatial autocorrelation effects were 
only significant for the planktotrophic mode, with a Moran's I 
patch size of 841 km. In fact, this was the only model where the 
explicit inclusion of the spatial autocorrelation significantly im-
proved the fit according to AIC values (Table 1). Increments in 
the proportions of planktotrophic species were associated with 
greater depths, higher temperatures, reduced chlorophyll-a sea-
sonality (lower M_CHLA values, although this variable was not 
significant) and weaker and more vertically stratified currents. 
On the other hand, lecithotrophic taxa higher proportions cor-
related with shallower depths and colder temperatures, while 
just the opposite occurred for non-pelagic developers (Table 1, 
Figure 7).

3.6   |   Multivariate Analyses

The PCA statistical procedure revealed conspicuous associ-
ations between the different morphological and life history 
traits in gastropod species (Figure 8A). The two main axis PC1 
and PC2 explained up to 52% of the total variability in traits 
between the different taxa and successfully separated them by 
their developmental mode, especially following the binomial 
pelagic/non-pelagic division. Pelagic modes of development 
were associated with shorter developmental times, smaller 
initial and juvenile sizes and their ratio Gr1 and herbivorous/
omnivorous feeding habits, while the opposite held for non-
pelagic species. Gr2 and Gr3 were more linked to fecundity 
and adult size. The GLMER models showed increments in 
PC1 with shallower depths and a significant effect of the su-
perfamily factor accounting for phylogenetic effects (Table 2, 
Figure 8B). The model explained up to 68% of the variability 
in PC1 loadings, which are in turn higher for pelagic devel-
opers in general (Table 2, Figure 8B). PC2 also increased with 
shallower depths and was significantly influenced by the phy-
logeny, according to the best model that explained up to 62% of 
the variability in PC2 loadings with the inclusion of the super-
family factor. For both PCs, superfamily explained more than 
50% of total variability. Like for PC1, PC2 loadings were higher 
in pelagic developers (Table 2, Figure 8C).

FIGURE 4    |    Frequency plots for growth-related variables (A) initial 
size (IS), (B) juvenile size (JS), (C) adult size (AS), (D) ratio between ju-
venile and initial sizes (Gr1), (E) ratio between adult and juvenile sizes 
(Gr2), (F) ratio between adult and initial sizes (Gr3), (G) development 
time (DT), and (H) fecundity (C). Discontinuous lines show distribu-
tions that are not normal according to KS tests. The significance of the 
ANOVAs is represented (0.05 < p; 0.01 < p < 0.05: *; 0.001 < p < 0.01: **; 
p < 0.001: ***). Significant pairwise comparisons from the Tukey post 
hoc tests are also indicated with letters.

FIGURE 5    |    Taxonomic tree for the 94 gastropod species anal-
ysed in this study. Shell pictures were made by Anton Chichvarkhin, 
Marcus Stigwan and H. Zell and shared under licenses that allow re-
use (Creative Commons Attribution 4.0 International and Creative 
Commons Attribution-Share Alike 3.0 Unported).
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3.7   |   Binomial GLMER Models

The best binomial GLMER model for the probability of a given 
species to present a non-pelagic (0) or pelagic (1) mode of de-
velopment included just depth and chlorophyll-a seasonality as 
environmental predictors (Table 3, Figure 9). The probability of 

becoming a pelagic developer decreased with increasing depths 
(although its effect was not significant) and M_CHLA values. 
According to the LRT between the GLMER model with the su-
perfamily factor and the GLM without it, the role of the phy-
logeny in determining the developmental mode was negligible 
(Table  3). Actually, AIC estimates pointed out that the model 

FIGURE 6    |    (A) Bar graph showing the proportion of species belonging to the three developmental modes within 5° latitudinal bands from 25° 
to 70°N. The number of species at each latitudinal band from south to north is 34, 72, 81, 86, 88, 73, 65, 60 and 39, respectively. (B) Same as (A), 
but with the mean proportions obtained through averaging over all 444 m pixels within each latitudinal band. Dark bars stand for standard errors. 
The number of pixels is shown above each latitudinal category. (C) Same as (B), but with the mean proportions obtained through averaging over all 
444 m pixels with a relative GBIF Chao 1 index smaller than 1.2 and with more than 20 species according to our distribution model. (D, E and F) 
show the distribution of the proportion of species with non-pelagic, pelagic planktotrophic and pelagic lecithotrophic development, respectively. (G) 
Distribution of the number of species of gastropods according to our model. A superimposed line pattern shows areas where GBIF relative Chao 1 
index is smaller than 1.2.
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showed a slightly better fit without including any phylogenetic 
effect. Overall accuracy was 69%, reaching a 91% for pelagic 
species and just 27% for non-pelagic ones, with 14% in R2. The 
model output was the same regardless of the use of taxa specific 
weights to correct the slight imbalance in the number of species 
within each category (61 vs. 33).

4   |   Discussion

In this work we have taken advantage of the last advance-
ments in remote sensing, modelling and analytical procedures 
to test the validity of an old marine biogeographical paradigm 
in the context of modern macro-ecology. The detailed spa-
tial, multivariate and phylogenetic analyses performed on 94 
European marine gastropods have revealed that Thorson's 
rule is probably an artefact produced by prior incomplete and 
spatially constrained surveys. Instead, our results suggest that 
both the probability of developing a pelagic larval phase and 
the proportion of species presenting that phase at a given area 
are associated with two main environmental drivers that do 
not necessarily vary with latitude: habitat depth and season-
ality of primary productivity. However, phylogeny exerts an 
important influence when all morphological and life history 
traits are considered together.

4.1   |   Deceptive Latitudinal Trend

In 1950 Gunnar Thorson presented an apparent northward-
increasing trend in the percentage of prosobranch gastropod 
species with non-pelagic development throughout the North 

TABLE 1    |    Results of the SAR models performed on the logit of the proportion of gastropod species with planktotrophic, lecithotrophic or non-
pelagic development per 0.5*0.5° pixel.

Dependent 
variable Predictors Estimate Std. error z value Pr(>|z|) Rho

Moran's 
I patch 

size, km R2 AIC

Planktotrophic (Intercept) −2.0229306 0.5098452 −3.9677 7.26E-05 −1 841 0.2221 413.25

Depth 0.0118702 0.0038427 −3.089 0.002008 ** *** 418.4

T 0.160255 0.0396077 4.0461 5.21E-05

M_CHLA −2.0589061 1.1589732 −1.7765 0.0756519

DS 20.0821066 5.346123 3.7564 0.0001724

U −17.572179 7.712438 −2.2784 0.0227015

Lecithotrophic (Intercept) −1.0829219 0.5207257 −2.0796 0.03756 −0.33 431 0.4142 246.96

Depth −0.0212019 0.0022116 9.5867 < 2.2e-16 n.s *** 246.81

T −0.102756 0.0182857 −5.6195 1.92E-08

Non-pelagic (Intercept) −1.4354219 0.3307056 −4.3405 1.42E-05 −0.039 474 0.0782 27.99

Depth 0.0036364 0.001022 −3.5583 0.0003733 n.s *** 26.01

T 0.0153908 0.0076939 2.0004 0.0454571

Note: Significant terms in the models are shown in bold. Significance levels (p < 0.001) for the whole models and their spatial autocorrelation fit are shown with three 
asterisks in the Rho and R2 columns, respectively. The AIC values of the linear models without the spatial autocorrelation fit are reported in italics.

FIGURE 7    |    Observed versus predicted plots from the SAR models 
for logit transformed proportions of planktotrophic (A), lecithotrophic 
(B) and non-pelagic (C) modes of development per 0.5° pixels within 
well surveyed regions (relative GBIF Chao 1 index smaller than 1.2) 
with more than 20 species according to our distribution maps. The en-
vironmental variables that constitute the best model are shown in the 
x-axis with their corresponding sign.
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13 of 22Ecology and Evolution, 2026

Atlantic (Thorson 1950). The regions surveyed in search of gas-
tropods were 7 and followed a rather contorted latitudinal tran-
sect: from Eastern Greenland to the southeast through Northern 
and Southern Iceland, the Faroes Islands, Southern Scandinavia, 
and then to the southwest towards the English Channel and 

finally the Canary Islands. Later on, Thorson supported the 
latitudinal gradient with other observations, and, with time, 
it became a biogeographical rule (Thorson  1936, 1940, 1950; 
Mileikovsky 1971). The rule was based on surveys carried out in 
the 30's and the 40's, that constitute an impressive achievement 

TABLE 2    |    Results of the GLMER and LRT tests for the life history traits PCA axes.

Model Variable Estimate Std. err t-value p R2 Overall R2 AIC

PC1 (Intercept) 0.02141 0.36644 0.058 1 0.6839 379.87

Depth −0.59397 0.16052 −3.7 7.85E-05 0.1567 396.02

Superfamily 2.05E-05 0.5960

PC2 (Intercept) 0.2496 0.2723 0.917 1 0.6215 341.25

Depth −0.3326 0.1351 −2.462 0.004812 0.0832 358.18

Superfamily 1.36E-05 0.5088

Note: Significant terms in the model are shown in bold. The AIC of the linear model without the phylogenetic effect is reported in italics.

TABLE 3    |    Results of the binomial GLMER and LRT tests performed on the developmental mode categories pelagic and non-pelagic for 94 species 
of European gastropods.

Predictors Estimate Std. error z value Pr(>|z|) R2 AIC logLik Overall R2 Accuracy

(Intercept) 3.432693 1.276884 2.6883 0.0071 120.79 −56.4 0.1411 69% total

Depth −0.00471 0.002415 1.9496 0.051 0.0546 118.79 91% pelagic

M_CHLA −14.19282 6.912224 −2.0532 0.04 0.0394 27% non-pelagic

Superfamily 1 3.50E-15

Note: Significant terms in the model are shown in bold. The AIC of the linear model without the phylogenetic effect is reported in italics.

FIGURE 8    |    (A) PCA plot for life history traits in 94 species of European gastropods. Symbol shapes and colours stand for food type and devel-
opmental mode, respectively. See Material and Methods section 2.4 for the acronyms of each life history trait. Abbreviations CAR, OMN and HER 
stand for carnivorous, omnivorous and herbivorous, respectively. (B) Predicted versus observed plot of the best GLMER and LRT tests for PC1. The 
environmental variables that constitute the best model are shown in the x-axis with their corresponding sign. (C) Same as B but for PC2.
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14 of 22 Ecology and Evolution, 2026

given the resources available for oceanographic research back 
then. Still, there was an uneven spatial distribution of sampling 
effort that allows for great discrepancies in latitudinal trends 
depending on the selection of the regions to be sampled. For in-
stance, if the Northern Scandinavian shelf, with its relative high 
presence of planktotrophic species (Figure 6E), was to be sur-
veyed instead of Eastern Greenland as the northernmost loca-
tion, then the pattern would have been blurred and probably the 
biogeographical rule would not have been stated. Nevertheless, 
the few available observations back then made Thorson assume 
that pelagic development was almost absent over the Arctic and 
totally suppressed over the Antarctic region, including the shal-
low continental shelves (Thorson 1950).

Thanks to the development of both biological and physical ocean-
ography during the rest of the 20th century, more complete dis-
tributions for many more species of gastropods and other marine 
species were obtained. As a consequence, a better inspection 
of latitudinal trends became possible, as all surveyed regions 
within a given latitudinal range could be taken into account. In 
this context, poleward gradients for the proportions of pelagic 
and non-pelagic gastropods for both the Pacific and the Atlantic 
coasts of South America using all locations within bands of 5° 
in latitude were inferred (Gallardo and Penchaszadeh  2001). 
This procedure was expanded for more taxa in many other re-
gions (Marshall et al. 2012; Pappalardo et al. 2014; Pappalardo 
and Fernández  2013). Nevertheless, this procedure is over-
representing those rare species that do occur within a given lat-
itudinal band but only in a few specific locations. For instance, 
percentages of planktotrophic taxa present at latitudes of 50°–
55° N and 60°–65° N were fairly similar (Figure  6A), but their 
spatial distribution is much more constrained within the 60°–
65° N band to the coasts of Southern Scandinavia than within 
the 50°–55° N band, where these species are widespread all over 
the North and Baltic seas (Figure 6E).

Eventually, in the 21st century better and more extensive sam-
plings were carried out together with a proper characterisation 
of bottom habitats with products like the EUSeaMap 2023. These 
resources made high resolution potential distribution maps pos-
sible (Andersen et  al.  2018; Callery and Grehan  2023) and, in 
turn, pixel specific proportions could be inferred. Moreover, 
massive biogeographical databases like GBIF allow for the first 

time to assess the real sampling efforts for vast areas with a his-
torical perspective. Thus, for European gastropods such assess-
ment reveals that, although huge advancements have been made 
since the original Thorson's 7 locations, extensive marine areas 
usually thought to be well studied like the European seas, are 
still severely undersampled (Figure  6G). The consideration of 
pixel specific proportions calculated with too few species to rely 
on such proportions at areas not sufficiently well surveyed led to 
a latitudinal trend consistent with Thorson's rule (Figure 6B). In 
essence, extensive deep areas to the Northwestern Atlantic off 
Iceland and Greenland with very few species, all of them non-
pelagic developers, cause this pattern to emerge (Figure 6D–G). 
However, most of these areas have not been properly sampled 
in search of gastropods yet. It can be argued that such north-
ern deep regions may not present more than just the 5–10 gas-
tropod species that our distribution maps suggest (Figure  6G) 
and therefore the minimum number of 20 species threshold 
could never be attained there, no matter the sampling effort. 
Nevertheless, there are more than 50,000 species of marine 
gastropods in the world (Strong et al. 2008) and recent surveys 
around Iceland point to a species richness around 200 in these 
waters (Egilsdottir et al. 2019). Thus, there are more than enough 
gastropod species to infer reliable proportions in developmental 
modes even at these northern offshore regions, but we lack the 
detailed knowledge on their life history traits to include them 
in the analyses presented here. Lastly, when only those pixels 
complying with the GBIF and Nmin criteria were analysed, no 
latitudinal trend was found (Figure 6C). We are aware that this 
is a very conservative criteria that reduces the number of pixels 
available for the analysis, especially at the southernmost and 
northernmost bands, but relaxing these minimum reliability 
thresholds may produce artificially biased patterns (Figure 6B). 
We believe that the way to proceed is to progressively increase 
the areas available for biogeographical analyses of this sort by 
enhancing sampling effort and research on the life cycles of the 
organisms inhabiting the new surveyed areas.

4.2   |   Developmental Mode—Phylogeny 
Decoupling

Spatially explicit proportions of each developmental mode 
(Figure 7, Table 1), and the probability that a given taxa presents 

FIGURE 9    |    Plot of the probability of pelagic development (y-axis) as a function of the linear combination of depth and chlorophyll seasonality (x-
axis) according to the best binomial GLMER models (green line). Individual points represent the known developmental mode of the 94 species either 
as pelagic (located in the upper horizontal line) or non-pelagic (on the x-axis). Blue and red points stand for correct and wrong developmental mode 
assignations, respectively, following model predictions.
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a given developmental mode (Figure  9, Table  3) are not in-
fluenced at all by the phylogenetic structure of our European 
species assemblage. This observation clearly points to a lack of 
any evolutionary constraint in the emergence of larval forms 
and their reversals to the non-pelagic mode. In fact, the abil-
ity to delay larval hatching off the egg capsules until the time 
of metamorphosis facilitates the pelagic-non-pelagic transi-
tion (Page and Ferguson  2013; Collin et  al.  2016). In essence, 
embryonic developmental time can be easily modulated to be 
completed inside or outside the capsule in response to environ-
mental selective forces. Morphologically, the embryos inside the 
capsules of non-pelagic developers are pelagic larvae, but they 
never get to the water column as they hatch after metamorpho-
sis as crawling juveniles. Flexibility in the pelagic-non-pelagic 
transition is consistent with the observed poecilogony in some 
marine gastropods; that is, the coexistence of the 2 modes of de-
velopment in the same species (Bouchet 1989; Przeslawski 2011; 
McDonald et al. 2014; Wiggering et al. 2020). The evolution of 
the egg capsule provides gastropods with a plasticity that is lack-
ing in other marine invertebrates without capsules like most 
barnacles and bivalves. In these groups, the difficulties in re-
moving larval forms once they are established in the life cycle 
may be reflected in the phylogeny, and in fact the phylogenetic 
footprint on developmental modes and other associated life his-
tory traits in barnacles is quite strong (Pechenik 1999; Ewers-
Saucedo and Pappalardo  2019). There are also constraints 
imposed by adult morphology, as some barnacles retain their 
naupliar larval stages within the mantle cavity, but at the high 
cost of delaying moulting (Anderson  1994). Similarly, most of 
the marine bivalves are broadcast spawners with external fer-
tilisation, which prevents any trend towards larval retention 
inside adult morphological structures because there were never 
larvae to be retained in the first place (Young 2002). Conversely, 
marine gastropods circumvent these obstacles in the simplifi-
cation of life cycles not by erasing larvae but just by retaining 
them throughout their whole development inside their egg cap-
sules. Once pelagic larvae emerge in a given gastropod clade, the 
planktotrophic-lecitotrophic transition is achieved by retaining 
larval feeding morphological adaptations even when they are 
not needed (Strathmann 1978). Such a strategy enables faculta-
tive planktotrophy in species that are usually lecithotrophic if 
a potential food source is available (Kempf and Hadfield 1985; 
Hadfield and Strathmann 1996). However, once achieved, lec-
ithotrophic reversibility is not common as suggested by studies 
on lineage diversification in sea slugs and neogastropods (Krug 
et al. 2015; Friend et al. 2021).

Although the evolution of developmental mode is not related 
to phylogeny in gastropods, it clearly correlates with life-
history and morphological evolution. In general, our results 
suggest that non-pelagic developers present larger initial em-
bryo sizes but also larger juveniles (Figure  4). Consistently, 
the same pattern was found for Arctic bivalves (Thorson 1936, 
1950) and, eventually, for the generality of marine inverte-
brates (Jaeckle  1995). To reach those large sizes, prolonged 
developmental times are required, too long for larval pelagic 
life to be selected, as they would entail massive mortality 
rates by predation and transport to unsuitable areas for set-
tlement far from adult habitats (Byers and Pringle  2006; 
O'Connor et al. 2007; Pringle et al. 2014). On the other hand, 
smaller sizes of both early larvae and recently settled juveniles 

effectively shorten developmental time, making pelagic life 
possible. Such reductions in developmental time with smaller 
sizes arise from the non-linear growth pattern in animals de-
picted by West 2001. Thus, for the same difference in initial 
and final sizes, developmental times are much shorter if both 
are small, as growth rates are much faster and the growth 
curve is much steeper at relatively small sizes (Bueno  2014; 
Vance 1973). This growth pattern could explain the absence 
of any effect of temperature consistent with organismal me-
tabolism on the spatial distribution of developmental modes. 
On evolutionary time scales, cold temperatures may not pose 
a barrier to pelagic larval life, as a reduction in both initial 
and final larval sizes would suffice to reduce developmental 
times, thus compensating for the increase in larval duration 
driven by the slower organismal metabolism in colder waters 
(O'Connor et al. 2007). In agreement with these observations, 
the lecithotrophic species, which are the ones presenting sig-
nificantly shorter developmental times (Figure 4G), are more 
prevalent in terms of species proportions in cold areas. This 
pattern is consistent with the negative effect of temperature 
in our SAR models (Figure 7B, Table 1) and with their mean 
proportions increasing northwards of the 40°–45° latitudi-
nal band (Figure 6C), although both the proportions and the 
number of pixels available for their reliable calculation are 
too small to infer a real latitudinal trend. Nevertheless, pole-
ward increments in the number of lecithotrophic molluscs and 
crustacean species have also been inferred from their latitu-
dinal distribution ranges along the coasts of South America 
(Pappalardo and Fernández  2013). Moreover, a similar pat-
tern was obtained globally for many different taxa (Marshall 
et  al.  2012). Field samplings in Patagonia and Antarctica 
also point to a prevalence of the lecithotrophic mode in these 
cold environments (Pearse et  al.  1991; Pearse  1994; Cañete 
et al. 2012). Lecithotrophic shorter pelagic larval durations are 
achieved not only by reducing initial and final larval sizes but 
also their ratio Gr1, which is significantly smaller with respect 
to planktotrophic species (Figure 4C). Such a reduction in pe-
lagic duration could make maternal investment in nutritive 
reserves for larvae a cost-effective strategy, thus leading to lec-
ithotrophy. Consistently, facultative planktotrophy in lecitho-
trophic species can lead to an extended pelagic developmental 
time (Kempf and Hadfield  1985; Allen and Pernet  2007). In 
summary, the adaptation to metabolically driven thermal 
constraints in cold waters may not be the loss of the larval 
phase, but its shift to the lecithotrophic mode. More detailed 
and extensive spatial analyses are required in Europe, South 
America, and other poleward-oriented continental margins to 
confirm these findings.

Nevertheless, when taken together, the life history traits showed 
a marked phylogenetic structure, as shown by the multivariate 
analyses (Table 2, Figure 8). Probably, these results are strongly 
influenced by food type, which is clearly associated with our gas-
tropod phylogeny, at least at the superfamily level. Carnivorous 
species prevail within the large superfamilies Buccinoidea, 
Muricoidea and Naticoidea, while those within Patelloidea, 
Littorinoidea and Trochoidea are almost exclusively herbivo-
rous. Such dietary-phylogenetic coupling may reflect evolution-
ary morphological constraints in the adaptation of the radula 
and digestive apparatus to new food sources (Declerck  1995; 
Page 2000; Vortsepneva et al. 2022).
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4.3   |   Environmental Drivers Behind the Pelagic–
Non-Pelagic Transition

Our results suggest that the metabolically driven effects of 
temperature on developmental time are not responsible for 
the evolutionary loss of pelagic larvae. On the contrary, we 
found that other 2 very different environmental variables, 
not strictly determined by latitude, may drive such revers-
ible transition: habitat depth and the seasonality of primary 
productivity. Depth clearly affects the pattern of interspecific 
variability in morphological and life-history traits (Figure 8, 
Table 2), while both the spatially-explicit proportions and the 
occurrence probability of non-pelagic developers decreases in 
shallow environments (Figures 7 and 9, Tables 1 and 3). More 
specifically, SAR models suggest that pelagic development 
can take place at all depths, but non-pelagic development is 
restricted to deeper habitats (Figure  7, Table  1). Therefore 
there are strong selective forces correlating with habitat depth 
driving the elimination of non-pelagic development in shal-
low water. From the intertidal to the outer shelf, planktotro-
phy has been shown to decrease in molluscs (Jackson  1974; 
Bandel 1975; Jablonski and Lutz 1983). Thorson also studied 
the apparent increase in non-pelagic developers in deep seas 
and concluded that limited food and cold temperatures were 
behind this pattern (Thorson 1950). However, we think that 
the most obvious correlate of depth that could be behind this 
pattern is habitat temporal stability. There is a large body of 
research on larval behaviours, distributions, genetic patterns 
and biogeography that clearly shows how dispersal by juve-
niles, egg masses and other benthic stages of non-pelagic de-
velopers generally overcomes pelagic larval dispersal in all 
these aspects (Slatkin  1985; Johannesson  1988; Martel and 
Chia  1991; Pineda et  al.  2007; Cowen and Sponaugle  2009). 
However, careful reviews of larval biology across many dif-
ferent taxonomic groups together with recent mathemati-
cal models show that if benthic populations are established 
in non-permanent habitats frequently disturbed or even de-
stroyed, then planktonic larvae become essential for the sur-
vival of a metapopulation (Mileikovsky  1971; Barlow  1981; 
Iwasa et al. 2022). In essence, the intrinsic advantage of the 
non-pelagic mode in keeping individuals within a given de-
limited population turns into a disadvantage if this pop-
ulation disappears. Habitat turnover rates depend on the 
variability of sedimentary processes that usually slow down 
with depth as bottom currents decrease and the coastal source 
of sedimentary materials gets farther away (Milliman and 
Syvitski  1992). Recent predictive machine learning models 
have calculated marine sedimentation patterns on a global 
scale that are consistent with a bathymetric negative effect 
on vertical sedimentation rates (Restreppo et  al.  2020). In 
addition, studies on coral reef dynamics have concluded that 
the disturbances produced by storms and drastic shifts in sa-
linity and temperature are all attenuated by water column 
depth (Liddell and Ohlhorst  1988; Glynn  1996; Bongaerts 
et al. 2010). These characteristics increase habitat stability in 
deep benthic environments and are thought to be behind the 
reduction in population differentiation, speciation rates and 
species richness in these regions (Etter and Rex 1990; Costello 
and Chaudhary  2017). Therefore, the retention of individ-
uals within their own local population provided by a non-
pelagic development may be selected at these stable habitats. 

Conversely, highly dynamic bottom habitats with increased 
turnover rates in shallow environments may be an important 
selective force favouring the appearance of larval forms in the 
life cycles of many marine invertebrates. Consistently, a high 
proportion of benthic invertebrates present dispersive larvae 
in Antarctic shallow environments subjected to frequent bot-
tom disturbances by anchor ice formation (Pearse et al. 1991). 
Still, larval behaviours in the water column of most species 
tend to enhance onshore retention, thus being suitable for 
alongshore, relatively short scale dispersal in between short 
lived patches of good quality benthic habitat (Sponaugle et al. 
2002; Cowen et  al.  2006; Becker and Levin  2007; Burgess 
et al. 2015). Nevertheless, in prosobranchs planktotrophy was 
found to increase beyond the shelfbreak to the abyssal plains 
in the western North Atlantic, a pattern that may be explained 
by stronger selection for dispersive larvae connecting very dis-
tant and isolated populations (Rex and Waren 1982). The dif-
ference in depth ranges between that study (478–4970 m) and 
ours (0–1022 m) prevents for any realistic comparison.

As a by-product of the association between depth and develop-
mental mode, we found that carnivorous feeding was correlated 
with non-pelagic developers (Figure 8A). At deep stable habitats 
where larval forms are not produced, the lack of macroalgae and 
other primary producers also drives the evolution of carnivores. 
Accordingly, a decline of herbivore gastropod species with depth 
was observed at all latitudes along the northeastern Pacific 
(Valentine et al. 2002).

Seasonality of primary productivity has also been identified 
as a potential driver of the pelagic-non-pelagic transition ac-
cording to its clear effect on the association between the dif-
ferent life history traits (Figure  8, Table  2), developmental 
mode probability (Figure 9 Table 3), and to a lesser extent on 
the spatial distribution of developmental mode proportions 
(Figure 7, Table 1). The results of these analyses all point to 
a consistent pattern: a prevalence of the pelagic larval mode 
with a decreased seasonality of primary productivity inferred 
as the Colwell's contingency index calculated on chlorophyll-a 
time series. Interestingly, our SAR models revealed that lower 
M_CHLA estimates correlated with the spatially explicit 
probabilities of feeding planktotrophic species, but this effect 
was not observed in lecithotrophic taxa (Figure 7, Table 1). In 
agreement with these patterns, analyses of the fossil record in 
marine echinoids show that the simultaneous emergence of 
non-planktotrophic developmental modes in different phylo-
genetic groups coincided with the dawn of seasonal primary 
productivity in the Cretaceous period (Jeffery  1997; Jeffery 
et  al.  2003). Moreover, to some extent Thorson attributed 
the apparent dominance of non-pelagic developers in Nordic 
seas to a brief seasonal period of high primary productivity 
(Thorson 1950). Thus, the probability of a temporal mismatch 
between the timing of the chlorophyll-a seasonal peak and 
that of spawning in planktotrophic species increases with a 
shortening of the period of high phytoplankton abundance 
(Wray  1996). In this scenario, non-planktotrophic modes 
would evolve as a response to the negative selective force this 
mismatch exerts on planktotrophic species.

Although we believe that Thorson's hypothesis regarding 
the effects of primary productivity on larval development is 
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essentially correct, our results suggest that highly seasonal 
phytoplankton life cycles are not exclusive of Nordic seas and, 
therefore, are not behind any latitudinal trend. In fact, the 
spatial distribution of M_CHLA indicates that chlorophyll-a 
seasonality actually peaks within the Mediterranean basin 
and in the subtropical Atlantic (Figure 2D). Remarkably, our 
M_CHLA distribution matches the spatial pattern of seasonal 
variance in phytoplankton phenology in the Mediterranean 
Sea obtained from satellite derived chl-a time series from 1998 
to 2014, thus partially overlapping with our 2003–2022 time 
series (Salgado-Hernanz et al. 2019). Both studies, using dif-
ferent methodologies, consistently show an enhanced season-
ality in the Eastern Mediterranean compared to the western 
basin, even capturing sub-mesoscale features like a 200 km 
wide gap of reduced seasonal fluctuations to the southwest of 
Turkey (Figure 2D in the current manuscript and Figure 3A 
in Salgado-Hernanz et al. 2019). Essentially, these spatial dis-
tributions reflect the strong chlorophyll-a seasonality within 
the oligotrophic subtropical latitudinal band in between 
30° and 40° N, characterised by a sharp autumn/winter phy-
toplankton bloom (González Taboada and Anadón  2014). In 
fact, the probability of bloom occurrence in spring off Iceland 
is lower than the probability of bloom occurrence in winter-
time in the oligotrophic region, and further north towards 
Greenland there is not even a clear identifiable seasonal pat-
tern (González Taboada and Anadón 2014), thus matching our 
M_CHLA spatial patterns. On a global scale, Marshall and 
Burguess (2014) failed to find any simple latitudinal pattern in 
the distribution of primary productivity seasonality also cal-
culated as Colwell's M index. However, their results point to a 
prevalence of species with planktonic larvae in chlorophyll-a 
seasonal waters, although the evolutionary drivers of such re-
lationship remain unclear.

The only primary productivity variable that shows a clear lati-
tudinal trend is CHLA_MAX, which increases steadily north-
wards along the European Atlantic facade towards the Baltic 
Sea (Figure  2B). Seasonality of food availability was found to 
be more important than its magnitude in determining the 
spatiotemporal distributions of marine benthic invertebrates 
(Starr et al. 1990; Muñiz et al. 2021). Furthermore, contrary to 
Thorson's rule, our gastropod dataset indicates that there are 
several non-pelagic developers inhabiting relatively highly sea-
sonal Mediterranean waters with M_CHLA > 0.2 like the cas-
sid Galeodea echinophora, the muricids Bolinus brandaris and 
Hexaplex trunculus, the conid Conus ventricosus, the cerithid 
Thericium repandum and the fasciolarid Pseudofusus rostratus, 
among others. Given the poleward expansion of the oligotrophic 
seasonal band with a wintertime bloom (González Taboada and 
Anadón 2014), a northward distribution shift of these species is 
plausible.

Interestingly, water column circulation variables significantly 
affected the spatial distribution of the developmental mode pro-
portion of pelagic planktotrophic gastropods (Figure 7, Table 1). 
Noteworthy, this effect was detected only in those species whose 
larvae spend more time facing the currents in the pelagic en-
vironment, as lecithotrophic species typically presented short-
lived larvae (Figure 4). Specifically, planktotrophic proportions 
increase with weaker – although strongly stratified – currents, 
a pattern entirely consistent with well-established knowledge 

on larval ecology and distributions. Highly vertically flow-
stratified water columns in two or more layers moving in op-
posing directions make larval vertical migration effective to 
avoid offshore transport for different taxa across a wide range 
of systems and spatiotemporal scales, including the coasts of 
the Red Sea (Genin et al. 2005), internal wave and topographic 
fronts worldwide (Pineda  1999; Shanks et  al.  2003; Weidberg 
et  al.  2014, 2019), meso-scale upwelling–downwelling transi-
tions at the main upwelling systems of the world (Shanks and 
Shearman 2009; Miller and Morgan 2013) and estuarine systems 
(Queiroga and Blanton 2004). Without such stratification, larvae 
are forced to passively drift with the currents, no matter their 
vertical active positioning, and this is translated to massive off-
shore advection by uniform, strong flows like the Gulf Stream 
and the Agulhas Current (Graber and Limouzy-Paris  1997; 
Weidberg et al. 2015) and eventually to recruitment failures at 
coastal habitats driven by vertically uniform warm anomalies 
like The Blob and El Niño (Pineda and López  2002; Hagerty 
et al. 2018). Water column uniform warmings could result both 
in homogeneous flows and the loss of thermal stratification 
(Hagerty et al. 2018), but on the other hand, circulation in two 
layers has also been observed even in mixed shallow waters with 
no thermocline (Kirincich et al. 2005). Therefore, it may not be 
possible to derive global or even regional patterns in dynamic 
stratification like the ones used here (Figure 1D) from thermal 
stratification and/or surface temperatures, and in turn, the use 
of complex but reliable hydrographical models based on empiri-
cal observations is required. Overall, our results lend support to 
the idea that planktonic larvae are favoured by circulation fea-
tures which in conjunction with their own behaviour allow their 
onshore retention and a reduction in their dispersal distances. 
Consistently, Pringle et al. (2014) found that lower proportions 
of planktotrophers occurred as mean currents increased for 
many different taxa on a global scale. We have now expanded 
this line of evidence by including for the first time the dynamic 
stratification of the water column in this kind of biogeographical 
studies and assessing its significant effects.

5   |   Conclusions

Thanks to the very detailed spatial analyses performed on the 
distributions of a wide range of European gastropods, we con-
firm that Thorson's latitudinal trend towards the prevalence of 
non-pelagic developers (historically termed as Thorson's rule) is 
an artefact derived from a geographically restricted sampling. 
After accounting for a larger number of species and sampling 
coverage to analyse spatially explicit developmental mode pro-
portions, Thorson's rule disappears for marine gastropods. We 
also explored the environmental drivers behind the probabil-
ity of presenting a given developmental mode. We have found 
that habitat depth and primary productivity play a fundamen-
tal role, and they do not co-vary with latitude. Planktonic lar-
vae may be favoured in shallow, temporally unstable habitats 
where a short-range dispersal is selected to overcome frequent 
local extinctions. On the other hand, seasonal phytoplankton 
blooms increase the probability of mismatch in the occurrence 
of larvae and their food in the pelagic environment, thus mak-
ing non-pelagic development a safer strategy. Furthermore, we 
observed that spatially explicit proportions of planktotrophic 
developers increase with weaker and more vertically stratified 
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currents, thus showing that the evolution of pelagic larval 
forms is favoured when circulation features enable nearshore 
retention. Developmental modes are not influenced by gastro-
pod phylogeny, probably because the evolution of egg capsules 
makes the pelagic-non-pelagic transition reversible regardless 
of the gastropod lineage. In contrast, developmental modes cor-
relate with other life history and morphological traits, especially 
with developmental times, larval initial and final sizes and their 
ratio, all of them significantly lower in lecithotrophic develop-
ers, probably as an adaptation to cold environments. All in all, 
if a latitudinal trend driven by thermal effects on pelagic larval 
duration exists, it is towards more frequent lecithotrophic spe-
cies in Nordic seas, not towards more non-pelagic developers.

Author Contributions

Nicolás Weidberg: conceptualization (lead), data curation (lead), 
formal analysis (lead), investigation (lead), methodology (lead), su-
pervision (lead), validation (lead), visualization (lead), writing – orig-
inal draft (lead), writing – review and editing (supporting). Juan 
Bueno-Pardo: conceptualization (equal), formal analysis (support-
ing), methodology (equal), supervision (lead), writing – original draft 
(supporting), writing – review and editing (lead). Ainhoa de Diego: 
conceptualization (supporting), data curation (equal), formal analysis 
(supporting), investigation (supporting), supervision (supporting), val-
idation (lead), visualization (supporting), writing – review and editing 
(supporting). José Luis Acuña: conceptualization (supporting), for-
mal analysis (supporting), investigation (equal), methodology (equal), 
supervision (lead), visualization (supporting), writing – original draft 
(supporting), writing – review and editing (lead).

Acknowledgements

We would like to thank María Piotto and Teresa Morán for the initial 
discussions on Thorson's rule validity. María Luisa González and the 
personnel from the Inter-library Service of the University of Oviedo 
provided key manuscripts for building the gastropod dataset. We also 
thank two anonymous reviewers for their valuable corrections and 
suggestions.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

In accordance with the recommendations to support open access to 
scientific information international, the European Community and na-
tional level, the University of Oviedo and the University of Vigo will 
promote the open access deposit of the research work of its teaching and 
research staff. Data are provided as private-for-peer review (click here 
to visualise DATA). The University of Oviedo online and GitHub repos-
itories will be used for data storage and open access. No novel code is 
provided in this paper. https://​raw.​githa​ck.​com/​NicoW​82/​MI_​HTML/​
main/​DATA%​20OK%​20wor​ms%​20FIN​AL%​202.​htm.

References

Allen, J. D., and B. Pernet. 2007. “Intermediate Modes of Larval 
Development: Bridging the Gap Between Planktotrophy and 
Lecithotrophy.” Evolution & Development 9: 643–653. https://​doi.​org/​10.​
1111/j.​1525-​142X.​2007.​00202.​x.

Andersen, J. H., E. Manca, S. Agnesi, et  al. 2018. “European Broad-
Scale Seabed Habitat Maps Support Implementation of Ecosystem-
Based Management.” Open Journal of Ecology 8: 86–103. https://​doi.​org/​
10.​4236/​oje.​2018.​82007​.

Anderson, D. T. 1994. “Larval Development and Metamorphosis.” In 
Barnacles: Structure, Function, Development and Evolution, edited by 
D. T. Anderson, 197–239. St Edmundsbury Press Limited.

Bandel, K. 1975. “Embryonalgehause karibischer Meso- und 
Neogastropoden (Mollusca). Akademie der Wissenschaften 
und der Literatur, Mainz, Abhandlungen der Mathematisch-
Naturwrissenschaftlichen Klasse 1975.” Vie Milieu 25, no. 1A: 83–118.

Barange, M., K. Drinkwater, G. Hunt, et al. 2010. “Climate Forcing on 
Marine Ecosystems.” In Marine Ecosystems and Global Change, 11–39. 
Oxford University Press.

Barlow, G. W. 1981. “Patterns of Parental Investment, Dispersal and Size 
Among Coral-Reef Fishes.” Environmental Biology of Fishes 6: 65–85.

Barton, K. 2022. “_MuMIn: Multi-Model Inference_.” R Package 
Version 1.47.1.

Becker, J. B., and L. A. Levin. 2007. “Complex Larval Connectivity 
Patterns Among Marine Invertebrate Populations.” Proceedings of the 
National Academy of Science 104, no. 9: 3267–3272.

Bivand, R., G. Millo, and G. Piras. 2021. “A Review of Software for 
Spatial Econometrics in R.” Mathematics 9, no. 11: 1276. https://​doi.​org/​
10.​3390/​math9​111276.

Bivand, R., and D. Wong. 2018. “Comparing Implementations of Global 
and Local Indicators of Spatial Association.” Test 27, no. 3: 716–748. 
https://​doi.​org/​10.​1007/​s1174​9-​018-​0599-​x.

Bjornstad, O. N. 2022. “Ncf: Spatial Covariance Functions.” R Package 
Version 1.3-2. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​ncf.

Bond, N. 2022. “Hydrostats: Hydrologic Indices for Daily Time Series 
Data.” R Package Version 0.2.9. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​
hydro​stats​.

Bongaerts, P., T. Ridgway, E. M. Sampayo, and O. Hoegh-Guldberg. 
2010. “Assessing the ‘Deep Reef Refugia’ Hypothesis: Focus on 
Caribbean Reefs.” Coral Reefs 29: 309–327. https://​doi.​org/​10.​1007/​
s0033​8-​009-​0581-​x.

Bouchet, P. A. 1989. “A Review of Poecilogony in Gastropods.” Journal 
of Molluscan Studies 55: 67–78.

Brierley, A. S., and M. J. Kingsford. 2009. “Impacts of Climate Change 
on Marine Organisms and Ecosystems.” Current Biology 19, no. 14: 
R602–R614. https://​doi.​org/​10.​1016/j.​cub.​2009.​05.​046.

Bueno, J. 2014. “The Theoretical Scope of Metabolic Ecology.” PhD the-
sis. University of Oviedo.

Bueno, J., and A. López-Urrutia. 2012. “The Offspring-Development-
Time/Offspring-Number Trade-Off.” American Naturalist 179: 
E196–E203.

Burgess, S. C., M. L. Baskett, R. K. Grosberg, S. G. Morgan, and R. R. 
Strathmann. 2015. “When Is Dispersal for Dispersal? Unifying Marine 
and Terrestrial Perspectives.” Biological Reviews 91: 867–882. https://​
doi.​org/​10.​1111/​brv.​12198​.

Byers, J. E., and J. M. Pringle. 2006. “Going Against the Flow: Retention, 
Range Limits and Invasions in Advective Environments.” Marine 
Ecology Progress Series 313: 27–41.

Callery, O., and A. Grehan. 2023. “Extending Regional Habitat 
Classification Systems to Ocean Basin Scale Using Predicted Species 
Distributions as Proxies.” Frontiers in Marine Science 10: 1139425. 
https://​doi.​org/​10.​3389/​fmars.​2023.​1139425.

Campbell, M. D., D. S. Schoeman, W. Venables, et  al. 2021. “Testing 
Bergmann's Rule in Marine Copepods.” Ecography 44: 1283–1295. 
https://​doi.​org/​10.​1111/​ecog.​05545​.

Cañete, J. I., C. S. Gallardo, T. Céspedes, C. A. Cárdenas, and M. 
Santana. 2012. “Encapsulated Development, Spawning and Early 
Veliger of the Ranellid Snail Fusitriton magellanicus (Röding, 1798) in 
the Cold Waters of the Magellan Strait, Chile.” Latin American Journal 

 20457758, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73147, W

iley O
nline L

ibrary on [22/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://raw.githack.com/NicoW82/MI_HTML/main/DATAOK worms FINAL 2.htm
https://raw.githack.com/NicoW82/MI_HTML/main/DATA OK worms FINAL 2.htm
https://raw.githack.com/NicoW82/MI_HTML/main/DATA OK worms FINAL 2.htm
https://doi.org/10.1111/j.1525-142X.2007.00202.x
https://doi.org/10.1111/j.1525-142X.2007.00202.x
https://doi.org/10.4236/oje.2018.82007
https://doi.org/10.4236/oje.2018.82007
https://doi.org/10.3390/math9111276
https://doi.org/10.3390/math9111276
https://doi.org/10.1007/s11749-018-0599-x
https://cran.r-project.org/package=ncf
https://cran.r-project.org/package=hydrostats
https://cran.r-project.org/package=hydrostats
https://doi.org/10.1007/s00338-009-0581-x
https://doi.org/10.1007/s00338-009-0581-x
https://doi.org/10.1016/j.cub.2009.05.046
https://doi.org/10.1111/brv.12198
https://doi.org/10.1111/brv.12198
https://doi.org/10.3389/fmars.2023.1139425
https://doi.org/10.1111/ecog.05545


19 of 22Ecology and Evolution, 2026

of Aquatic Research 40: 914–928. https://​doi.​org/​10.​3856/​vol40​-​issue​4-​
fullt​ext-​8.

Chamberlain, S., E. Szoecs, Z. Foster, et al. 2020. “Taxize: Taxonomic 
Information From Around the Web.” R Package Version 0.9.98. https://​
github.​com/​ropen​sci/​taxize.

Chapman, E. J., C. J. Byron, R. Lasley-Rasher, C. Lipsky, J. R. Stevens, 
and R. Peters. 2020. “Effects of Climate Change on Coastal Ecosystem 
Food Webs: Implications for Aquaculture.” Marine Environmental 
Research 162: 105103. https://​doi.​org/​10.​1016/j.​maren​vres.​2020.​105103.

Collin, R., K. E. Roof, and A. Spangler. 2016. “Hatching Plasticity in the 
Tropical Gastropod Nerita scabricosta.” Invertebrate Biology 135: 87–96. 
https://​doi.​org/​10.​1111/​ivb.​12118​.

Colwell, R. K. 1974. “Predictability, Constancy and Contingency of 
Periodic Phenomena.” Ecology 55: 1148–1153.

Costello, M. J., and C. Chaudhary. 2017. “Marine Biodiversity, 
Biogeography, Deep-Sea Gradients, and Conservation.” Current Biology 
27: R511–R527. https://​doi.​org/​10.​1016/j.​cub.​2017.​04.​060.

Cowen, R. K., C. B. Paris, and A. Srinivasan. 2006. “Scaling of 
Connectivity in Marine Populations.” Science 27: 522–527.

Cowen, R. K., and S. Sponaugle. 2009. “Larval Dispersal and Marine 
Population Connectivity.” Annual Review of Marine Science 1: 443–466.

Cummings, J. A. 2005. “Operational Multivariate Ocean Data 
Assimilation.” Quarterly Journal of the Royal Meteorological Society 131: 
3583–3604.

Cummings, J. A., and O. M. Smedstad. 2013. “Variational Data 
Assimilation for the Global Ocean.” In Data Assimilation for Atmospheric, 
Oceanic and Hydrologic Applications (Vol. II), edited by S. Park and L. 
Xu, 303–343. Springer. https://​doi.​org/​10.​1007/​978-​3-​642-​35088​-​7_​13.

Davies, S. C., P. L. Thompson, C. Gomez, et  al. 2023. “Addressing 
Uncertainty When Projecting Marine Species' Distributions Under 
Climate Change.” Ecography 2023: e06731. https://​doi.​org/​10.​1111/​
ecog.​06731​.

Dayton, P., S. Jarrell, S. Kim, et  al. 2016. “Surprising Episodic 
Recruitment and Growth of Antarctic Sponges: Implications for 
Ecological Resilience.” Journal of Experimental Marine Biology and 
Ecology 482: 38–55. https://​doi.​org/​10.​1016/j.​jembe.​2016.​05.​001.

Declerck, H. C. 1995. “The Evolution of Suspension Feeding in 
Gastropod.” Biological Reviews 70: 549–569.

Diamond, S. E. 2018. “Contemporary Climate-Driven Range Shifts: 
Putting Evolution Back on the Table.” Functional Ecology 32: 1652–
1665. https://​doi.​org/​10.​1111/​1365-​2435.​13095​.

Djeghri, N., A. Boyé, C. Ostle, and P. Hélaouët. 2023. “Reinterpreting 
Two Regime Shifts in North Sea Plankton Communities Through the 
Lens of Functional Traits.” Global Ecology and Biogeography 32: 1–15. 
https://​doi.​org/​10.​1111/​geb.​13659​.

Egilsdottir, H., N. McGinty, and G. Gudmundsson. 2019. “Relating 
Depth and Diversity of Bivalvia and Gastropoda in Two Contrasting 
Sub-Arctic Marine Regions.” Frontiers in Marine Science 6: 129. https://​
doi.​org/​10.​3389/​fmars.​2019.​00129​.

Etter, R. J., and M. A. Rex. 1990. “Population Differentiation Decreases 
With Depth in Deep-Sea Gastropods.” Deep-Sea Research. Part A, 
Oceanographic Research Papers 37, no. 8: 1251–1261.

Ewers-Saucedo, C., and P. Pappalardo. 2019. “Testing Adaptive 
Hypotheses on the Evolution of Larval Life History in Acorn and 
Stalked Barnacles.” Ecology and Evolution 9: 11434–11447. https://​doi.​
org/​10.​1002/​ece3.​5645.

Fretter, V., and A. Graham. 1962. British Prosobranch Molluscs: Their 
Functional Anatomy and Ecology. Ray Society.

Friend, D. S., B. M. Anderson, and W. D. Allmon. 2021. “Geographic 
Contingency, Not Species Sorting, Dominates Macroevolutionary 

Dynamics in an Extinct Clade of Neogastropods (Volutospina; 
Volutidae).” Paleobiology 47: 236–250.

Fuchs, H. 2005. “Biophysical Coupling Between Turbulence, Veliger 
Behaviour and Larval Supply.” PhD thesis. University of Wisconsin, 
University of Wyoming.

Gallardo, C. S., and P. E. Penchaszadeh. 2001. “Hatching Mode and 
Latitude in Marine Gastropods: Revisiting Thorson's Paradigm in the 
Southern Hemisphere.” Marine Biology 138: 547–552.

Genin, A., S. J. Jaffe, R. Reef, C. Richter, and P. J. S. Franks. 2005. 
“Swimming Against the Flow: A Mechanism of Zooplankton 
Aggregation.” Science 308: 860–862.

Gillooly, J. F., E. L. Charnov, G. B. West, V. M. Savage, and J. H. Brown. 
2002. “Effects of Size and Temperature on Developmental Time.” 
Nature 417: 70–73.

Giorgi, F., and R. Francisco. 2000. “Uncertainties in Regional Climate 
Change Prediction: A Regional Analysis of Ensemble Simulations 
With the HADCM2 Coupled AOGCM.” Climate Dynamics 16: 169–182. 
https://​doi.​org/​10.​1007/​s0038​20050012.

Glynn, P. W. 1996. “Coral Reef Bleaching: Facts, Hypotheses and 
Implications.” Global Change Biology 2: 495–509.

González Taboada, F., and R. Anadón. 2014. “Seasonality of North 
Atlantic Phytoplankton From Space: Impact of Environmental Forcing 
on a Changing Phenology (1998–2012).” Global Change Biology 20: 698–
712. https://​doi.​org/​10.​1111/​gcb.​12352​.

Graber, H. C., and C. B. Limouzy-Paris. 1997. “Transport Patterns of 
Tropical Reef Fish Larvae by Spin-Off Eddies in the Straits of Florida.” 
Oceanography 10, no. 2: 68–71.

Grolemund, G., and H. Wickham. 2011. “Dates and Times Made Easy 
With Lubridate.” Journal of Statistical Software 40, no. 3: 1–25.

Hadfield, M. G., and M. F. Strathmann. 1996. “Variability, Flexibility 
and Plasticity in Life Histories of Marine Invertebrates.” Oceanologica 
Acta 19, no. 3–4: 323–334.

Hagerty, M. L., N. Reyns, and J. Pineda. 2018. “Constrained Nearshore 
Larval Distributions and Thermal Stratification.” Marine Ecology 
Progress Series 595: 105–122. https://​doi.​org/​10.​3354/​meps1​2552.

Helland-Hansen, B., and F. Nansen. 1909. “The Norwegian Sea. Its 
Physical Oceanography Based Upon the Norwegian Researches 1900–
1904.” In Report on Norwegian Fishery and Marine Investigations, Vol. 
II, Part I. Fiskeridirektoratets.

Hijmans, R. 2022. “Raster: Geographic Data Analysis and Modeling.” 
R Package Version 3.5-15. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​raster.

Hurdle, B. G. 1986. The Nordic Seas. Springer Verlag.

IPCC. 2023. Climate Change 2023: Synthesis Report. Contribution 
of Working Groups I, II and III to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change, edited by H. Lee and J. 
Romero. IPCC. https://​doi.​org/​10.​59327/​​IPCC/​AR6-​97892​91691647.

Iwasa, Y., Y. Yusa, and S. Yamaguchi. 2022. “Evolutionary Game of Life-
Cycle Types in Marine Benthic Invertebrates: Feeding Larvae Versus 
Nonfeeding Larvae Versus Direct Development.” Journal of Theoretical 
Biology 537: 111019. https://​doi.​org/​10.​1016/j.​jtbi.​2022.​111019.

Jablonski, D., and R. A. Lutz. 1983. “Larval Ecology of Marine Benthic 
Invertebrates: Paleobiological Implications.” Biological Reviews 58: 
21–89.

Jackson, J. B. C. 1974. “Biogeographic Consequences of Eurytopy 
and Stenotopy Among Marine Bivalves and Their Evolutionary 
Significance.” American Naturalist 108: 541–560.

Jaeckle, W. B. 1995. “Variation in Size, Energy Content and 
Biogeochemical Composition of Invertebrate Eggs: Correlates to the 
Mode of Larval Development.” In Ecology of Marine Invertebrate Larvae, 
edited by L. McEdward, 49–78. CRC Press.

 20457758, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73147, W

iley O
nline L

ibrary on [22/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3856/vol40-issue4-fulltext-8
https://doi.org/10.3856/vol40-issue4-fulltext-8
https://github.com/ropensci/taxize
https://github.com/ropensci/taxize
https://doi.org/10.1016/j.marenvres.2020.105103
https://doi.org/10.1111/ivb.12118
https://doi.org/10.1016/j.cub.2017.04.060
https://doi.org/10.1007/978-3-642-35088-7_13
https://doi.org/10.1111/ecog.06731
https://doi.org/10.1111/ecog.06731
https://doi.org/10.1016/j.jembe.2016.05.001
https://doi.org/10.1111/1365-2435.13095
https://doi.org/10.1111/geb.13659
https://doi.org/10.3389/fmars.2019.00129
https://doi.org/10.3389/fmars.2019.00129
https://doi.org/10.1002/ece3.5645
https://doi.org/10.1002/ece3.5645
https://doi.org/10.1007/s003820050012
https://doi.org/10.1111/gcb.12352
https://doi.org/10.3354/meps12552
https://cran.r-project.org/package=raster
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.jtbi.2022.111019


20 of 22 Ecology and Evolution, 2026

Jeffery, C. H. 1997. “Dawn of Echinoid Nonplanktotrophy: Coordinated 
Shifts in Development Indicate Environmental Instability Prior to the 
K-T Boundary.” Geology 25: 991–994.

Jeffery, C. H., R. B. Emlet, and D. T. J. Littlewood. 2003. “Phylogeny 
and Evolution of Developmental Mode in Temnopleurid Echinoids.” 
Molecular Phylogenetics and Evolution 28: 99–118. https://​doi.​org/​10.​
1016/​S1055​-​7903(03)​00029​-​2.

Johannesson, K. 1988. “The Paradox of Rockall: Why Is a Brooding 
Gastropod (Littorina saxatilis) More Widespread Than One Having 
a Planktonic Larval Dispersal Stage (L. littorea)?” Marine Biology 99: 
507–513.

Kempf, S. C., and M. G. Hadfield. 1985. “Planktotrophy by the 
Lecithotrophic Nudibranch, Phestilla sibogae (Gastropoda).” Biological 
Bulletin 169: 119–130.

Kirincich, A. R., J. A. Barth, B. A. Grantham, B. A. Menge, and J. 
Lubchenco. 2005. “Wind-Driven Inner-Shelf Circulation Off Central 
Oregon During Summer.” Geophysical Research 110, no. C10SO3: 1–17.

Kortsch, S., R. Primicerio, M. Fossheim, A. V. Dolgov, and M. Aschan. 
2015. “Climate Change Alters the Structure of Arctic Marine Food 
Webs due to Poleward Shifts of Boreal Generalists.” Proceedings of the 
Royal Society B: Biological Sciences 282: 20151546. https://​doi.​org/​10.​
1098/​rspb.​2015.​1546.

Krug, P. J., J. E. Vendetti, R. A. Ellingson, et al. 2015. “Species Selection 
Favors Dispersive Life Histories in Sea Slugs, but Higher Per-Offspring 
Investment Drives Shifts to Short-Lived Larvae.” Systematic Biology 64: 
983–999.

Largier, J. L. 2003. “Considerations in Estimating Larval Dispersal 
Distances From Oceanographic Data.” Ecological Applications 13, no. 
1: S71–S89.

Lebour, M. 1945. “The Eggs and Larvae of Some Prosobranchs From 
Bermuda.” Proceedings of the Zoological Society of London 114: 462–489.

Legendre, P., and M. J. Fortin. 1989. “Spatial Pattern and Ecological 
Analysis.” Vegetatio 80: 107–138.

Legendre, P., and L. Legendre. 1998. Numerical Ecology. 2nd English ed. 
Elsevier Science BV.

Lenoir, J., R. Bertrand, L. Comte, et  al. 2020. “Species Better Track 
Climate Warming in the Oceans Than on Land.” Nature Ecology & 
Evolution 4: 1207–1217. https://​doi.​org/​10.​1038/​s4155​9-​020-​1198-​2.

Liddell, W. D., and S. L. Ohlhorst. 1988. “Hard Substrata Community 
Patterns, 1–120 m, North Jamaica.” Palaios 3: 413–423.

Lima, F. P., and D. S. Wethey. 2012. “Three Decades of High-Resolution 
Coastal Sea Surface Temperatures Reveal More Than Warming.” 
Nature Communications 4: 1713. https://​doi.​org/​10.​1038/​ncomm​s2713​.

Marshall, D. J., and S. C. Burguess. 2014. “Decosntructing 
Environmental Predictability: Seasonality, Environmental Colour and 
the Biogeography of Marine Life Histories.” Ecology Letters 18, no. 2: 
174–181.

Marshall, D. J., P. J. Krug, E. K. Kupriyanova, M. Byrne, and R. B. 
Emlet. 2012. “The Biogeography of Marine Invertebrate Life Histories.” 
Annual Review of Ecology and Systematics 43: 97–114.

Martel, A., and F.-S. Chia. 1991. “Drifting and Dispersal of Small 
Bivalves and Gastropods With Direct Development.” Journal of 
Experimental Marine Biology and Ecology 150: 131–147. https://​doi.​org/​
10.​1016/​0022-​0981(91)​90068​-​5.

McDonald, K. A., R. Collin, and M. P. Lesoway. 2014. “Poecilogony 
in the Caenogastropod Calyptraea lichen (Mollusca: Gastropoda).” 
Invertebrate Biology 133, no. 3: 213–220.

Mileikovsky, S. A. 1971. “Types of Larval Development in Marine 
Bottom Invertebrates, Their Distribution and Ecological Significance: 
A Reexamination.” Marine Biology 10: 193–213.

Mileikovsky, S. A. 1975. “Types of Larval Development in Littorinidae 
(Gastropoda: Prosobranchia) of the World Ocean, and Ecological 
Patterns of Their Distribution.” Marine Biology 30: 129–135.

Miller, S. H., and S. G. Morgan. 2013. “Interspecific Differences in Depth 
Preference: Regulation of Larval Transport in an Upwelling System.” 
Marine Ecology Progress Series 476: 301–306.

Milliman, J. D., and J. P. M. Syvitski. 1992. “Geomorphic/Tectonic 
Control of Sediment Discharge to the Ocean: The Importance of Small 
Mountainous Rivers.” Journal of Geology 100: 525–544. https://​doi.​org/​
10.​1086/​629606.

Morgan, S. G. 1995. “Life and Death in the Plankton: Larval Mortality 
and Adaptation.” In Ecology of Marine Invertebrate Larvae, edited by L. 
McEdward, 279–322. CRC.

Muñiz, C., C. D. McQuaid, and N. Weidberg. 2021. “Seasonality 
of Primary Productivity Affects Coastal Species More Than Its 
Magnitude.” Science of the Total Environment 757: 143740. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2020.​143740.

Naimi, B., N. A. Hamm, T. A. Groen, A. K. Skidmore, and A. G. 
Toxopeus. 2014. “Where Is Positional Uncertainty a Problem for Species 
Distribution Modelling.” Ecography 37: 191–203. https://​doi.​org/​10.​
1111/j.​1600-​0587.​2013.​00205.​x.

O'Connor, M. I., J. F. Bruno, S. D. Gaines, et  al. 2007. “Temperature 
Control of Larval Dispersal and the Implications for Marine Ecology, 
Evolution, and Conservation.” Proceedings of the National Academy of 
Sciences of the United States of America 104: 1266–1271.

Oksanen, J., G. Simpson, F. Blanchet, et al. 2022. “Vegan: Community 
Ecology Package.” R Package Version 2.6-4.

O'Neill, B. C., T. R. Carter, K. Ebi, et al. 2020. “Achievements and Needs 
for the Climate Change Scenario Framework.” Nature Climate Change 
10: 1074–1084. https://​doi.​org/​10.​1038/​s4155​8-​020-​00952​-​0.

Page, L. R. 2000. “Development and Evolution of Adult Feeding 
Structures in Caenogastropods: Overcoming Larval Functional 
Constraints.” Evolution and Development 2, no. 1: 25–34.

Page, L. R., and S. J. Ferguson. 2013. “The Other Gastropod Larvae: 
Larval Morphogenesis in a Marine Neritimorph.” Journal of Morphology 
274: 412–428.

Pappalardo, P., and M. Fernández. 2013. “Mode of Larval Development 
as a Key Factor to Explain Contrasting Effects of Temperature on Species 
Richness Across Oceans.” Global Ecology and Biogeography 23: 12–23.

Pappalardo, P., E. Rodriguez-Serrano, and M. Fernández. 2014. 
“Correlated Evolution Between Mode of Larval Development and 
Habitat in Muricid Gastropods.” PLoS One 9: e94104. https://​doi.​org/​10.​
1371/​journ​al.​pone.​0094104.

Paradis, E., and K. Schliep. 2019. “Ape 5.0: An Environment for Modern 
Phylogenetics and Evolutionary Analyses in R.” Bioinformatics 35: 526–
528. https://​doi.​org/​10.​1093/​bioin​forma​tics/​bty633.

Pearse, J., J. B. McClintock, and I. Bosch. 1991. “Reproduction of 
Antarctic Benthic Marine Invertebrates: Tempos, Modes, and Timing.” 
American Zoologist 31: 65–80.

Pearse, J. S. 1994. “Cold-Water Echinoderms Break ‘Thorson's Rule’.” 
In Reproduction, Larval Biology, and Recruitment of the Deep Sea 
Benthos, edited by C. M. Young and K. J. Eckelbarger, 26–43. Columbia 
University Press.

Pechenik, J. A. 1999. “On the Advantages and Disadvantages of Larval 
Stages in Marine Invertebrate Life Cycles.” Marine Ecology Progress 
Series 177: 269–297.

Pineda, J. 1999. “Circulation and Larval Distribution in Internal Tidal 
Bore Warm Fronts.” Limnology and Oceanography 44, no. 6: 1400–1414.

Pineda, J., J. A. Hare, and S. Sponaugle. 2007. “Larval Transport and 
Dispersal in the Coastal Ocean and Consequences for Population 
Connectivity.” Oceanography 20, no. 3: 22–39.

 20457758, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73147, W

iley O
nline L

ibrary on [22/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S1055-7903(03)00029-2
https://doi.org/10.1016/S1055-7903(03)00029-2
https://doi.org/10.1098/rspb.2015.1546
https://doi.org/10.1098/rspb.2015.1546
https://doi.org/10.1038/s41559-020-1198-2
https://doi.org/10.1038/ncomms2713
https://doi.org/10.1016/0022-0981(91)90068-5
https://doi.org/10.1016/0022-0981(91)90068-5
https://doi.org/10.1086/629606
https://doi.org/10.1086/629606
https://doi.org/10.1016/j.scitotenv.2020.143740
https://doi.org/10.1016/j.scitotenv.2020.143740
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1038/s41558-020-00952-0
https://doi.org/10.1371/journal.pone.0094104
https://doi.org/10.1371/journal.pone.0094104
https://doi.org/10.1093/bioinformatics/bty633


21 of 22Ecology and Evolution, 2026

Pineda, J., and M. López. 2002. “Temperature, Stratification and 
Barnacle Larval Settlement in Two Californian Sites.” Continental Shelf 
Research 22: 1183–1198.

Pringle, J. M. 2007. “Turbulence Avoidance and the Wind-Driven 
Transport of Plankton in the Surface Ekman Layer.” Continental Shelf 
Research 27: 670–678.

Pringle, J. M., J. E. Byers, P. Pappalardo, J. P. Wares, and D. Marshall. 
2014. “Circulation Constrains the Evolution of Larval Development 
Modes and Life Histories in the Coastal Ocean.” Ecology 95: 1022–1032. 
https://​doi.​org/​10.​1890/​13-​0970.​1.

Przeslawski, R. 2011. “Notes on the Egg Capsule and Variable Embryonic 
Development of Nerita melanotragus (Gastropoda: Neritidae).” 
Molluscan Research 31: 152–158. https://​doi.​org/​10.​11646/​​mr.​31.3.​2.

Queiroga, H., and J. Blanton. 2004. “Interactions Between Behaviour 
and Physical Forcing in the Control of Horizontal Transport of Decapod 
Crustacean Larvae.” Advances in Marine Biology 47: 107–214.

Reeve, A. J., A. F. Ojanguren, A. E. Deacon, H. Shimadzu, I. W. 
Ramnarine, and A. E. Magurran. 2014. “Interplay of Temperature and 
Light Influences Wild Guppy (Poecilia reticulata) Daily Reproductive 
Activity.” Biological Journal of the Linnean Society 111: 511–520. https://​
doi.​org/​10.​1111/​bij.​12224​.

Restreppo, G. A., W. T. Wood, and B. J. Phrampus. 2020. “Oceanic Sediment 
Accumulation Rates Predicted via Machine Learning Algorithm: Towards 
Sediment Characterization on a Global Scale.” Geo-Marine Letters 40: 755–
763. https://​doi.​org/​10.​1007/​s0036​7-​020-​00663​-​7.

Revell, L. J. 2024. “Phytools 2.0: An Updated R Ecosystem for 
Phylogenetic Comparative Methods (And Other Things).” PeerJ 12: 
e16505.

Rex, M. A., and A. Waren. 1982. “Planktotrophic Development in Deep-
Sea Prosobranch Snails From the Western North Atlantic.” Deep-Sea 
Research 29: 171–184.

Salgado-Hernanz, P. M., M.-F. Racault, J. S. Font-Muñoz, and G. 
Basterretxea. 2019. “Trends in Phytoplankton Phenology in the 
Mediterranean Sea Based on Ocean-Colour Remote Sensing.” Remote 
Sensing of Environment 221: 50–64. https://​doi.​org/​10.​1016/j.​rse.​2018.​
11.​019.

Seabra, R., D. S. Wethey, A. M. Santos, and F. P. Lima. 2015. 
“Understanding Complex Biogeographic Responses to Climate 
Change.” Scientific Reports 5: 12930. https://​doi.​org/​10.​1038/​srep1​2930.

Shanks, A. L., A. McCulloch, and J. Miller. 2003. “Topographically 
Generated Fronts, Very Nearshore Oceanography, and the Distribution 
of Larval Invertebrates and Holoplankters.” Journal of Plankton 
Research 25, no. 10: 1251–1277.

Shanks, A. L., and R. K. Shearman. 2009. “Paradigm Lost? Cross-
Shelf Distributions of Intertidal Invertebrate Larvae Are Unaffected 
by Upwelling or Downwelling.” Marine Ecology Progress Series 385: 
189–204.

Slatkin, M. 1985. “Gene Flow in Natural Populations.” Annual Review of 
Ecology and Systematics 16: 393–430.

Sponaugle, S., R. K. Cowen, A. L. Shanks, et  al. 2002. “Predicting 
Self Recruitment in Marine Populations: Biophysical Correlates and 
Mechanisms.” Bulletin of Marine Science 49: 341–375.

Starr, M., J. H. Himmelman, and J. C. Therriault. 1990. “Direct Coupling 
of Marine Invertebrate Spawning With Phytoplankton Blooms.” Science 
247: 1071–1074.

Strathmann, R. R. 1978. “The Evolution and Loss of Feeding Larval 
Stages of Marine Invertebrates.” Evolution 32: 894–906. https://​doi.​org/​
10.​1111/j.​1558-​5646.​1978.​tb046​42.​x.

Strong, E. E., O. Gargominy, W. F. Ponder, and P. Bouchet. 2008. 
“Global Diversity of Gastropods (Gastropoda; Mollusca) in Freshwater.” 
Hydrobiologia 595: 149–166. https://​doi.​org/​10.​1007/​s1075​0-​007-​9012-​6.

Thorson, G. 1936. “The Larval Development, Growth and Metabolism 
of Arctic Marine Bottom Invertebrates Compared With Those of Other 
Seas.” Meddelelser om Grønland 100: 1–155.

Thorson, G. 1940. “Studies on the Egg-Masses and Larval Development 
of Gastropoda From the Iranian Gulf, Danish Scientific.” Investigation 
Iran. 2:159–238.

Thorson, G. 1946. “Reproduction and Larval Development of Danish 
Marine Bottom Invertebrates.” Meddelelser Fra Kommissionen for 
Danmarks Fiskeri- og Havundersøgelser., Serie: Plankton 4: 523.

Thorson, G. 1950. “Reproductive and Larval Ecology of Marine Bottom 
Invertebrates.” Biological Reviews 25: 1–45.

Tian, L., and M. J. Benton. 2020. “Predicting Biotic Responses to Future 
Climate Warming With Classic Ecogeographic Rules.” Current Biology 
30: R737–R758. https://​doi.​org/​10.​1016/j.​cub.​2020.​06.​003.

Torossian, J. L., R. L. Kordas, and B. Helmuth. 2016. “Cross-Scale 
Approaches to Forecasting Biogeographic Responses to Climate 
Change.” Advances in Ecological Research 55: 371–433. https://​doi.​org/​
10.​1016/​bs.​aecr.​2016.​08.​003.

Valentine, J. W., K. Roy, and D. Jablonski. 2002. “Carnivore/Non-
Carnivore Ratios in Northeastern Pacific Marine Gastropods.” Marine 
Ecology Progress Series 228: 153–163.

Vance, R. R. 1973. “On Reproductive Strategies in Marine Benthic 
Invertebrates.” American Naturalist 107: 339–352.

Vasquez, M., B. Ségeat, A. Cordingley, et  al. 2023. “EUSeaMap 2023, 
a European Broad-Scale Seabed Habitat Map.” Technical Report. 
EASME/EMFF/2020/3.1.11/Lot3/SI2.843624.

Vortsepneva, E., A. Mikhilina, and Y. Kantor. 2022. “Main Patterns of 
Radula Formation and Ontogeny in Gastropoda.” Journal of Morphology 
284, no. 1: e21538.

Weidberg, N., W. Goschen, J. Jackson, P. Pattrick, C. McQuaid, and 
F. Porri. 2019. “Fine-Scale Depth Regulation of Invertebrate Larvae 
Around Coastal Fronts.” Limnology and Oceanography 64: 785–802. 
https://​doi.​org/​10.​1002/​lno.​11076​.

Weidberg, N., C. Lobón, E. López, M. P. Fernández, J. Largier, and J. L. 
Acuña. 2014. “Effect of Nearshore Slicks on Meroplankton Distributions: 
Role of Larval Behaviour.” Marine Ecology Progress Series 506: 15–30. 
https://​doi.​org/​10.​3354/​meps1​0784.

Weidberg, N., F. Porri, C. der Von Meden, J. Jackson, W. Goschen, 
and C. D. McQuaid. 2015. “Mechanisms of Nearshore Retention and 
Offshore Export of Mussel Larvae Over the Agulhas Bank.” Journal 
of Marine Systems 144: 70–80. https://​doi.​org/​10.​1016/j.​jmars​ys.​2014.​
11.​009.

Weiss, C. V. C., B. Ondiviela, R. Guanche, O. F. Castellanos, and J. A. 
Juanes. 2018. “A Global Integrated Analysis of Open Sea Fish Farming 
Opportunities.” Aquaculture 497: 234–245. https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2018.​07.​056.

Welch, J. J. 2010. “The “Island Rule” and Deep-Sea Gastropods: Re-
Examining the Evidence.” PLoS One 5, no. 1: e8776. https://​doi.​org/​10.​
1371/​journ​al.​pone.​0008776.

West, G. B. 2001. “A General Model for Ontogenetic Growth.” Nature 
413: 628–631.

White, J. W., L. W. Botsford, A. Hastings, and J. L. Largier. 2009. 
“Population Persistence in Marine Reserve Networks: Incorporating 
Spatial Heterogeneities in Larval Dispersal.” Marine Ecology Progress 
Series 398: 49–67.

Wickham, H., R. François, L. Henry, and K. Müller. 2022. “Dplyr: A 
Grammar of Data Manipulation.” R Package Version 1.0.9. https://​
CRAN.​R-​proje​ct.​org/​packa​ge=​dplyr​.

Wickham, H., and M. Girlich. 2022. “Tidyr: Tidy Messy Data.” R 
Package Version 1.2.0. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​tidyr​.

 20457758, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73147, W

iley O
nline L

ibrary on [22/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1890/13-0970.1
https://doi.org/10.11646/mr.31.3.2
https://doi.org/10.1111/bij.12224
https://doi.org/10.1111/bij.12224
https://doi.org/10.1007/s00367-020-00663-7
https://doi.org/10.1016/j.rse.2018.11.019
https://doi.org/10.1016/j.rse.2018.11.019
https://doi.org/10.1038/srep12930
https://doi.org/10.1111/j.1558-5646.1978.tb04642.x
https://doi.org/10.1111/j.1558-5646.1978.tb04642.x
https://doi.org/10.1007/s10750-007-9012-6
https://doi.org/10.1016/j.cub.2020.06.003
https://doi.org/10.1016/bs.aecr.2016.08.003
https://doi.org/10.1016/bs.aecr.2016.08.003
https://doi.org/10.1002/lno.11076
https://doi.org/10.3354/meps10784
https://doi.org/10.1016/j.jmarsys.2014.11.009
https://doi.org/10.1016/j.jmarsys.2014.11.009
https://doi.org/10.1016/j.aquaculture.2018.07.056
https://doi.org/10.1016/j.aquaculture.2018.07.056
https://doi.org/10.1371/journal.pone.0008776
https://doi.org/10.1371/journal.pone.0008776
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=tidyr


22 of 22 Ecology and Evolution, 2026

Wickham, H., L. Henry, and D. Vaughan. 2023. “Vctrs: Vector Helpers. 
R Package Version 0.6.5.” https://​CRAN.​R-​proje​ct.​org/​packa​ge=​vctrs​.

Wiggering, B., M. T. Neiber, K. Gebauer, and M. Glaubrecht. 2020. “One 
Species, Two Developmental Modes: A Case of Geographic Poecilogony 
in Marine Gastropods.” BMC Evolutionary Biology 20: 76. https://​doi.​
org/​10.​1186/​s1286​2-​020-​01644​-​1.

Wray, G. A. 1996. “Parallel Evolution of Nonfeeding Larvae in 
Echinoids.” Systematic Biology 45: 308–322. https://​doi.​org/​10.​1093/​sys-
bio/​45.3.​308.

Young, C. M. 2002. “A Brief History and Some Fundamentals.” In Atlas 
of Marine Invertebrate Larvae, edited by C. M. Young, 1–8. Academic 
Press.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Appendix S1: ece373147-sup-0001-
AppendixS1.pptx. Appendix S2: ece373147-sup-0002-AppendixS2.
docx. 

 20457758, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.73147, W

iley O
nline L

ibrary on [22/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://cran.r-project.org/package=vctrs
https://doi.org/10.1186/s12862-020-01644-1
https://doi.org/10.1186/s12862-020-01644-1
https://doi.org/10.1093/sysbio/45.3.308
https://doi.org/10.1093/sysbio/45.3.308

	Primary Productivity and Habitat Depth Shape Developmental Mode in European Marine Gastropods
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Environmental Dataset
	2.2   |   Primary Productivity Variables
	2.3   |   Bottom Habitats
	2.4   |   Gastropod Dataset
	2.5   |   Taxonomic Tree
	2.6   |   Latitudinal Patterns in Developmental Modes and SAR Models
	2.7   |   Multivariate Analyses
	2.8   |   GLMER Binomial Models

	3   |   Results
	3.1   |   Hydrography
	3.2   |   Primary Productivity Variables
	3.3   |   Gastropod Dataset
	3.4   |   Phylogenetic Tree
	3.5   |   Latitudinal Patterns in Developmental Modes and SAR Models
	3.6   |   Multivariate Analyses
	3.7   |   Binomial GLMER Models

	4   |   Discussion
	4.1   |   Deceptive Latitudinal Trend
	4.2   |   Developmental Mode—Phylogeny Decoupling
	4.3   |   Environmental Drivers Behind the Pelagic–Non-Pelagic Transition

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


