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Understanding how patterns of species distribution and abundance will manifest in a changing world remains 
a core goal in ecology. �e factors shaping a species’ distribution should be re�ected in the geographic variation 
of their life-history traits1. In the marine environment, the roles of temperature and repopulation (de�ned as the 
combination of reproduction and recruitment), in setting latitudinal distribution limits have long been known2. 
Range limits can be set by either abiotic or biotic factors. Among the latter, reproductive success is acknowledged 
to be a critical factor in determining a species range edge2,3.

Spatial patterns in reproductive traits have several theoretical explanations but have been rarely tested 
empirically across species’ entire geographic ranges. O�spring size is perhaps the most studied trait4. In the 
marine environment, a strong relationship between o�spring size, development mode and latitude has been 
long-established5,6: for many taxa, eggs and feeding larvae are small at lower latitudes, whereas higher-latitude 
taxa tend to have larger eggs and non-feeding larvae. However, the mechanisms mediating latitudinal variation 
in reproductive traits are unclear. Average conditions, but also the seasonality and predictability of conditions, 
di�er dramatically across latitude, all of which play a part in selection on, and shape spatial patterns in o�spring 
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size7. �e causes and consequences of within-species and within-clutch variation in o�spring size are even less 
well understood.

Variation within a species (intraspeci�c trait variability, ITV) can have as great an e�ect on ecological pro-
cesses as variation among species8. Traits can be described as any morphological, physiological, phenological or 
behavioural feature measurable at the individual level9. Species may be able to adjust to a wider range of biotic 
and abiotic conditions as a consequence of greater ITV and therefore, have greater niche breadth10. ITV may vary 
due to heritable di�erences between individuals, non-heritable genetic e�ects (i.e. epistasis or dominance) or 
because of phenotypic plasticity across varying environmental conditions11. While ITV across large geographic 
areas can o�en be related to environmental gradients12, it remains poorly understood whether it is associated 
with environmental heterogeneity at a local scale13.

�e number and size of o�spring are arguably the two most important and variable life-history traits for popu-
lation persistence4. �ere are a proliferation of studies on the intuitive, though surprisingly rarely demonstrated13, 
o�spring size-number trade-o�, �rst formally modelled in the 1970s14. Aside from o�spring size and number, 
little is known about the spatial patterns in other reproductive traits such as gamete shape, quality, and maternal 
physiological condition, particularly across a species range. Gamete traits, and conditions of sperm availability, 
lead to di�erent patterns of average and variance in reproductive success15.

Abiotic environmental changes have direct impacts on traits, which govern how species respond to di�er-
ent environmental �lters 16. For sessile organisms, where adults are unable to escape unfavorable conditions, 
reproductive traits determine the viability of local adult populations, which in turn can have community-level 
consequences if those species are ecosystem engineers17. �ese alterations to proximal organismal-level processes 
can scale-up to changes in community structure, which ultimately lead to emergent ecological responses such 
as biogeographic shi�s18.

ITV is not always bene�cial. While it has long been known that ITV re�ects the ability of a species to exist in 
a more diverse range of environments, greater ITV within a population means that more individuals have a trait 
value further from the optimum, thus lowering the overall population mean �tness. Outside of the plant ecology 
�eld, the patterns and drivers of ITV, and their link to species resilience, remain for the most part unknown19. 
Given ITV in egg number and size in female marine invertebrates is common20, such species are ideal models for 
determining the e�ects of environmental stressors on ITV and for understanding potential adaptation strategies 
in a changing world. Studies have investigated the e�ects of temperature, food availability, or other physical fac-
tors on the physiology of marine animals and have led to the development of biochemical indicators of metabolic 
condition, and physiological stress21. Some biochemical indicators are particularly informative of the organismal 
stress generated by gametogenesis and egg production22. Few studies in marine ecology have examined how 
reproductive traits and maternal physiological condition vary spatially at the scale of species’ ranges1,23, and to 
our knowledge, none have quanti�ed the amount of ITV attributable to local vs. entire geographic range scale 
environmental variables.

���–�—�†�›���•�›�•�–�‡�•�ä Intertidal invertebrates live on the edge of two worlds and are thus exposed to environmen-
tal challenges posed by both the terrestrial and marine realms24. �eir unique position means they are doubly 
exposed to climate stressors, with combined e�ects of rising and �uctuating air and seawater temperatures (and 
indeed other factors) having a large impact on many natural assemblages25. �e reef-forming worm, Sabel-
laria alveolata L. is a broadly distributed intertidal species that engineers a unique high-biodiversity habitat26–28 
by cementing together coarse sand grains and shell fragments into tubes. Dense aggregations of these tubes 
form biogenic reefs29, which are a�orded statutory protection by the European Union’s Habitat Directive (Coun-
cil Directive 94/43/EEC). S. alveolata is distributed in the Mediterranean�from Scotland to Morocco and, as a 
warm-adapted species, is known to be negatively a�ected by cold weather spells30–32. As environmental impacts 
on ecosystem engineers may result in cascading e�ects on ecosystem structure and functioning33, we chose to 
study this species as a pragmatic �rst step towards gaining insight into the ecological impacts of reproductive 
responses to environmental stressors.

�is study aimed to explore both the geographic and within-site variation in an ecosystem engineers’ response 
traits. Using biochemical and microscopic imagery analyses, we examined the phenotypic responses in the 
reproductive traits and maternal physiological condition of intertidal S. alveolata to environmental variables, 
over two seasons (winter and summer), across ten sites, encompassing almost its entire latitudinal range across 
Atlantic Europe. We explored patterns in several reproductive traits before focusing on egg size and number, and 
their environmental and physiological drivers. We investigated the relationship between maternal physiological 
condition and reproductive traits, and whether these varied with respect to environmental parameters across 
a latitudinal gradient. We quanti�ed the proportion of variability associated with site-scale environmental and 

Figure�1.   Sampling sites and barplots of among-female means in key reproductive and biochemical S. 
alveolata traits vs. latitude. Latitude was treated as the independent variable and the axes were then �ipped for 
presentation purposes. When the relationship with either linear (equator- or pole-ramped) or quadratic latitude 
(abundant edge or abundant center) was signi�cant (p-value < 0.05), regressions with standard errors were 
plotted. x-axis units and abbreviations are as follows: total egg diameter = µm; relative fecundity = the number 
of eggs divided by the opercular crown diameter of the adult female worm; egg circle �t = [0–1], index, where 1 
is a perfect circle; egg symmetry = [0–1], index, where 1 is perfect symmetry; citrate synthase = micro Units of 
protein (mU�mg�1 ); superoxide dismutase = Units of protein (U�mg�1 ); Polar DHA = docosahexaenoic acid in the 
polar lipid fraction = % of total phospholipids. Polar AA = arachidonic acid in the polar lipid fraction = % of total 
phospholipids. Polar EHA = eicosapentanoic in the polar lipid fraction = % of total phospholipids. Sampling was 
carried out either in summer 2017 or winter 2018.
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biochemical predictors. Finally, we tested the hypothesis that ITV would be highest in the locations where S. 
alveolata is subjected to greater environmental stress, such as extreme or �uctuating abiotic conditions.

���‡�•�—�Ž�–�•
���ƒ�–�‹�–�—�†�‹�•�ƒ�Ž�� �•�–�”�—�…�–�—�”�‡�•�� �‹�•�� �”�‡�’�”�‘�†�—�…�–�‹�˜�‡�� �ƒ�•�†�� �„�‹�‘�…�Š�‡�•�‹�…�ƒ�Ž�� �–�”�ƒ�‹�–�•�ä Trait latitudinal distributions can 
follow one of four patterns34: they can either be ramped towards the pole or equator, or have an abundant centre 
or edge shape (see Supp. Table�S1). Our results were variable among traits and sampling times, with signi�-
cant distribution patterns being found in six out of the 13 traits examined. Citrate synthase (CS), polar lipid 
docosahexaenoic acid (DHA) and superoxide dismutase followed an abundant edge pattern, winter egg sym-
metry followed an abundant centre pattern, whilst winter total egg diameter and egg circle �t were pole-ramped 
(Fig.�1). Relative fecundity during both seasons, together with summer egg symmetry, total egg diameter, egg 
circle �t and relative fecundity, polar lipid eicosapentaenoic acid (EPA) and polar lipid arachidonic acid (AA) 
showed no relationship with latitude.

���‡�Ž�ƒ�–�‹�‘�•�•�Š�‹�’�� �„�‡�–�™�‡�‡�•�� �”�‡�’�”�‘�†�—�…�–�‹�˜�‡�� �ƒ�•�†�� �„�‹�‘�…�Š�‡�•�‹�…�ƒ�Ž�� �–�”�ƒ�‹�–�•�ä Although the relationship between 
reproductive trait and mean biochemical composition variation is moderate (RV coe�cient of 0.38), these two 
sets of variables share a common structure, represented along the �rst co-inertia axis, which accounts for 91.3% 
of the covariance (Fig.�2). �e covariance between the reproductive and biochemical datasets clearly separated 
the three poleward sites (Maryport MAR, Llanddulas LLA and Criccieth CRI) from the remaining seven sites 
(Fig.�2). �is is due to their high levels of metabolic activity (CS and SOD) and polar lipid DHA levels, as shown 
by the vectors of these three variables pointing towards the sites positions, in combination with eggs with low 

Figure�2.   Graphical results of the co-inertia analysis of the reproductive and biochemical variables for winter 
2018. �e le�-hand plot (a) (normed site-scores) shows the position of the sites on the co-inertia axes using the 
reproductive (origins of the arrows) and biochemical (arrowheads) co-inertia weights. �e shorter the arrows, 
the better the match between the two projections. �e right-hand pair of plots shows the contribution of the 
two groups of variables to the canonical space (reproductive traits (b) on the top; biochemical variables on the 
bottom (c)). Vectors pointing in the same direction are correlated and longer vectors contribute more to the 
structure. Site name abbreviations are as follows: Maryport MAR, Llanddulas LLA, Criccieth CRI, Champeaux 
CHA, Douarnenez, plage du Ris RIS, La Fontaine aux Bretons LFB, Oléron OLE, Moledo MOL, Buarcos BUA. 
Biochemical abbreviations as in Fig.�1.
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symmetry and circle �t indices, as shown by the latter two vectors pointing in the opposite direction along the 
�rst axis. Together with the equatorward most site (Buarcos BUA), these four sites had the highest agreement 
between the two sets of variables, as depicted by the shorter vectors in Fig.�2a. Conversely, the sites showing 
the least agreement between biochemical and reproductive variables (the longer vectors in Fig.�2a) are located 
in the centre-equatorward portion of the range (Champeaux CHA, Douarnenez RIS, la Fontaine aux Bretons 
LFB, Moledo MOL). Sites with high egg symmetry and best circle �t in winter 2018 had low levels of metabolic 
enzyme activity (SOD, CS), were found in the centre to equatorward part of the range (Figs.�1, 2; illustrated by 
the opposite vectors in Fig.�2b,c and the positioning of the centre-range sites from Douarnenez RIS to Buarcos 
BUA on the le� of Fig.�2a).

���”�‹�˜�‡�”�•�� �‘�ˆ�� �������� �ƒ�•�†�� �‡�•�˜�‹�”�‘�•�•�‡�•�–�ƒ�Ž�� �Š�‡�–�‡�”�‘�‰�‡�•�‡�‹�–�›�ä �e majority of variation occurring in total egg 
diameter and relative fecundity in winter was not attributed to our selected environmental, biochemical and 
spatial predictors, as shown by the large fraction of residuals in our variance partitioning analysis (Fig.�3). Our 
selected environmental, biochemical and spatial predictors captured 20% of ITV in total egg diameter and 28% 
of ITV in relative fecundity. For total egg diameter, 11% of the ITV explained by environmental variables was 
linearly structured by latitude t (Fig.�3a), with 9% being shared with biochemical variables. For relative fecundity, 
18% of the ITV explained by environmental variables was spatially structured (shared here with the quadratic 
polynomial of latitude), with 6% being shared with biochemical variables (Fig.�3b).

When examining all reproductive traits and both sampling seasons, winter and summer separated out along 
the �rst axis of the redundancy analysis plot (Fig.�4a,b). Our set of environmental variables explained 33% of their 
variation and co-variation. Winter conditions, namely higher maximum wave exposure, number of cold spells, 
suspended particulate inorganic matter concentrations and stronger variance in current velocities, were linked 
to higher mean and standard deviation in total egg diameter and lower relative fecundity. Conversely, summer 
conditions, characterized by higher air and seawater temperatures, heat wave events and variable chlorophyll-a 
were associated with smaller, more uniformly-sized eggs, but higher relative fecundity (Fig.�4b). Egg best circle 
�t and symmetry exhibited a weaker correlation with environmental variables, although higher variance in air 
temperature and mean salinity, as well as lower variance in current velocity, appear to promote more symmetrical 
and circular eggs (Fig.�4b).

���‹�•�…�—�•�•�‹�‘�•
To the best our best knowledge, this is the �rst study which evaluates variability in reproductive traits while 
relating them to biochemical indicators of maternal physiological condition across a species geographical range. 
Despite considerable environmental heterogeneity of the Atlantic coast of Europe, six out of 13 traits displayed 
a relationship with latitude. Based on the covariance in biochemical and reproductive traits in winter, our three 
poleward sites were clearly separated from the remaining seven as ‘physiologically stressful’ sites showing low 
numbers of irregularly shaped eggs. Overall, biochemical traits indicated that the best physiological conditions 
occurred towards the equator, thus corroborating the warm-adapted nature of S. alveolata. �e individuals 
investing the most in reproduction, with the highest relative fecundity by far (yet not the smallest eggs), were 
from the centre of the range. ITV quanti�cation through our variance component models demonstrated that 
the majority of variation occurred at a within-site scale, which is �ner than the relatively coarse resolution of 
our remotely-sensed environmental data. �e fraction of variability explained by environmental data, however, 
suggests a complex interplay of environmental conditions associated with reproductive trait variation, speci�cally 

Figure�3.   RDA variance partitioning of among-female egg size and relative fecundity during winter 2018. 
Numbers indicate Radj

2 values. Only the non-null fractions and residuals are represented. �e four non-null 
fractions were: (a) environmental predictors alone (Env.), (b) the shared e�ect of environmental predictors with 
latitude (Latitude + Env.), (c) the shared e�ect of biochemical and environmental predictors (Env. + Bioch.) and 
(d) the shared e�ect of biochemical and environmental variables together with latitude (Latitude + Env. + Bioch). 
Latitude is linear for total egg diameter, and quadratic for relative fecundity. Environmental variable selection for 
each trait was based on the RDA analysis presented in Fig.�4.
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