Intraspecific variability across seasons and geographically distinct populations can modify species contributions to ecosystems

Abstract
1. Environmental change profoundly alters biodiversity and, by extension, species contributions to ecosystem functioning. While it is well-established that these impacts can be geographically and temporally nuanced, most assessments of species contributions to ecosystems assume that species traits are temporally and spatially fixed, and those that do acknowledge intraspecific variability have failed to fully determine its relevance to ecosystem functioning. 
2. Here, using three geographically distinct populations of sediment-dwelling invertebrates, we combined a laboratory experiment with Bayesian hierarchical modelling to empirically quantify the prevalence of intraspecific trait variability in relation to geographic locality and seasonal conditions. Furthermore, we assessed the role of intraspecific trait variability in mediating sediment particle mixing, nutrient generation and benthic oxygen uptake. 
3. We found that geographic and seasonal variability in body size and sediment particle reworking modified macrofaunal contributions to sediment total oxygen uptake and nutrient generation. These associations, however, were not consistent across all measured traits and ecosystem functions.
4. Our findings highlight asymmetries in both the absolute magnitude and/or direction of species responses to changing seasonal conditions, indicating that the relative functional contributions species make to ecosystems can be temporally or spatially transient and may, therefore, diverge from expectations based on contemporary functional group typologies.
5. These findings highlight a critical knowledge gap in our understanding of the key sources of variability affecting functionally important aspects of species behaviour and physiology and call for the development of dynamic ecological assessment and management approaches that account for individual, as well as species, responses to changing environments.
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Introduction
Biodiversity, in particular functional trait composition, influence ecosystem functioning and stability (Loreau et al. 2001; Cardinale et al. 2012). Yet,  how intraspecific trait composition and expression vary between populations (Wohlgemuth, Solan & Godbold 2017), and respond to environmental context (Sanders, Solan & Godbold 2024), remains  poorly understood. Most trait-based determinations of ecosystem functioning assume that measurable components of an organism’s phenotype (functional traits: morphological, physiological, behavioural) are consistent between individuals, and that an organism’s functional effect will be the same regardless of its location, environment and/or biotic surroundings (Violle et al. 2012; Moran, Hartig & Bell 2016; Zakharova, Meyer & Seifan 2019). However, individuals exhibit phenotypic plasticity and genetic variability (Reusch 2014), enabling acclimation to short-term spatio-temporal pressures (conspecific interactions: Sanders, Solan & Godbold 2024; predator/prey interactions: Schmitz et al. 2015; seasonal changes: Pritzkow et al. 2019) and/or adaptation to long-term challenges (environmental history: Cassidy et al. 2020; climate change: Bjorkman et al. 2018) that can modify functional trait expression. Given a specific context, or set of conditions, individuals within and between populations can further display variability in responses that relate to individual fitness, historical experiences (copepods: Brun, Payne & Kiørboe 2016; invertebrates: Wohlgemuth, Solan & Godbold 2017; Cassidy et al. 2020; fish: Mindel et al. 2016), seasonal timing (Godbold & Solan 2013), and location within their geographic range (Calosi et al. 2017), leading to an additional tier of transient effects on ecosystem properties (Törnroos & Bonsdorff 2012). Hence, the relative positioning and/or shape of species trait frequency distributions frustrate efforts to generalise and scale trait-function relationships to project the most likely ecological outcomes (Garcia et al. 2021).

While it is well known that genotypic and phenotypic responses vary between individuals and with biotic and abiotic context, the wider ecosystem consequences of this variability have received less attention (Des Roches et al. 2018; Raffard et al. 2019; Chacón-Labella et al. 2023). Theory suggests that intraspecific variability may have important implications for ecological processes and ecosystem functioning (e.g. productivity: Hughes et al. 2008; nutrient cycling: Allgeier et al. 2020), but whether these trait-function relationships are consistently observed between different geographic locations and across seasons remains untested. Seafloor ecosystems  are  the largest continuous habitat on Earth (Snelgrove 1999) and even, small shifts in trait-mediated processes, such as sediment particle mixing (Zhang, Solan & Tarhan 2024) can have broad implications for ecosystem functioning and service provision (e.g. fisheries, climate regulation; Thurber et al. 2014; Des Roches et al. 2021). Hence, it is important to better understand how and when species contributions to ecosystem functioning vary over space and time, as broad-brush assessments based on mean species performance are unlikely to provide a robust representation of the full spectrum of intraspecific genotypic and phenotypic variation.

Here, we quantified the extent of intraspecific trait variability across seasons and geographically distinct populations of sediment-dwelling marine invertebrate species and assessed the relationship (if any) between intraspecific variability and ecosystem functioning. We sampled 3 populations (Plymouth, Newcastle, Oban, UK; Supplementary Fig. 1) of numerically dominant, but functionally contrasting, infaunal marine invertebrates (Amphiura filiformis, Hediste diversicolor and Turritellinella tricarinata), and exposed them in monocultures to summer and winter conditions in a 65-day mesocosm experiment (80 aquaria, 420 individuals; Supplementary Fig. 2). We assessed individual morphological and behavioural traits, contributions to particle reworking and bioirrigation (ecosystem processes), and sediment nutrient release and oxygen uptake (ecosystem functioning). Using Bayesian hierarchical modelling we determined the magnitude and direction of variability in traits, processes and functions, and used this information to generate species, population and season specific probability distributions to address three questions: (1) To what extent does geographic location and season drive intraspecific variability in functional traits? (2) Does the magnitude of intraspecific variability depend on the species, population and/or trait? and, (3) What effect, if any, does intraspecific variability have on species functional contributions to ecosystems? Hence, our study provides a first attempt to empirically assess how both spatial and seasonal variability in intraspecific trait expression impacts seafloor ecosystem functioning.

Materials and Methods
Fauna and sediment collection
We collected individuals of three functionally contrasting species of soft sediment-dwelling macroinvertebrate: the brittle star, Amphiura filiformis, the tower shell, Turritellinella tricarinata, and the ragworm, Hediste diversicolor from three geographically distinct populations around the UK in summer (June/July 2021) and winter (February 2022; see Supplementary Methods for details on species biology and sampling sites). Subtidal populations of A. filiformis and T. tricarinata were collected near Plymouth, UK (50°20'15" N, 4°09'20" W, depth: ~ 10 m), Newcastle, UK (55°06'32" N, 1°23'45" W, depth: ~ 38 m) and a third population of  A. filiformis near Oban, UK (56°29'37" N, 5°30'18" W, depth: ~ 35 m) using a combination of van Veen grabs (0.1 m2) and Agassiz trawls. Intertidal populations of H. diversicolor were collected at low tide, from the river Tamar, near Plymouth (50°21'54" N, 4°14'09" W) and the river Blyth, near Newcastle (55°08'02" N, 1°32'45" W; Supplementary Fig. 1; Supplementary Table 1). After collection, each species was transported at low densities in aerated 10 L buckets within 12 h to the National Oceanography Centre Southampton and acclimated to experimental conditions (details in following section) for four weeks.

Experimental design and conditions
We assembled replicate (n = 5) transparent acrylic aquaria (L×W×H: 12 ×12 × 35 cm), containing sediment (10 cm depth, D50: summer = 169 ± 39 μm, winter = 142 ± 28 μm, Supplementary Table 2; organic material content: summer = 4.7 ± 0.2 %, winter = 6.1 ± 0.1 %, Supplementary Table 3) and seawater (~ 22 cm depth, salinity 33, 10 μm filtered, UV sterilised) under summer (16 °C, 16 h L:8 h D cycle) or winter (9.5 °C, 8 h L:16 h D cycle) conditions. These temperatures were chosen based on seasonal sea surface temperature monthly maximum and minimum values observed at the L4 station in the English Channel from 2011 – 2018 (Western Channel Observatory) and fall within ± 2 °C of the seasonal temperatures at all sampling locations (Supplementary Table 1).

Aquaria contained either no macrofauna (n = 5 per season, 10 in total), or monocultures of Amphiura filiformis (three populations, Newcastle, Plymouth and Oban), Turritellinella tricarinata and Hediste diversicolor (both two populations, Newcastle and Plymouth) with individual densities fixed at 6 ind. aquarium-1 (417 ind. m-2; well within the wide range of densities observed in British coastal waters; Sanders, Solan & Godbold 2024). As species were held in monoculture, we were able to distinguish the contributions that both individuals and species make to ecosystem processes and functioning. As faunal activity can be dependent on sediment characteristics (Wohlgemuth, Solan & Godbold 2017), we combined and sieved (1000 μm) sediment from all three subtidal locations (1:1:1 ratio) in a seawater bath to remove the macrofauna and allowed it to settle for 24 h to retain a complete size range of sediment particles. Before the addition of fauna, all aquaria were aerated for 24 h before conducting a 70 % water change to remove excess nutrients associated with aquarium assembly. We performed a partial (50 %) water change on each aquarium once a week to minimise the effects of nutrient accumulation. After each water change, aquaria containing macrofauna were supplied with a 1:1 ratio of the microalgae Tetraselmis suecica and Phaeodactylum tricornutum, equating to ~ 12.6 mg week-1 (summer treatment) or ~ 4.2 mg algae week-1 (winter treatments), reflecting sufficient energetic requirements for growth and maintenance (~ 1.1 % ash-free dry mass day-1) and seasonal changes in food availability (Reed et al. 2021; Sanders, Solan & Godbold 2024). Aquaria were maintained under each seasonal condition for a total of 65 days (total n = 80 aquaria, 420 individuals; Supplementary Fig. 2)
 
Individual response traits
For more details on how we determined individual response traits, ecosystem processes and ecosystem functioning, refer to Supplementary Methods. Burial behaviour, a proxy and relative measure for an individual’s response to its environment (Cassidy et al. 2020), was measured by quantifying the time taken for an individual to complete burial (Burialend). Biomass and body composition are key morphological traits important for secondary productivity and decomposition (Lohbeck et al. 2015). Soft tissue dry mass (Mdry), was determined by drying each individual at 60 °C for 24 h and organic mass (Morg) was determined by loss on ignition at 450 °C for 12 h (including shell mass for T. tricarinata). The proportion of organic soft tissue mass (Morg:Mdry) was calculated as:
 
                                                           Eq. 1

Ecosystem processes
The vertical redistribution of sediment particles within the sediment profile in seafloor ecosystems is known to influence nutrient recycling and oxygen dynamics in marine sediments (Bianchi et al. 2021). Faunally mediated sediment particle reworking was visualised non-invasively by quantifying the redistribution of optically distinct particulate tracers using fluorescent-Sediment Profile Imaging (f-SPI, Solan M. et al. 2004; Supplementary Methods). The median (f-SPILmed, typical short-term depth of mixing) and maximum (f-SPILmax, maximum extent of mixing over the long-term) mixed depth of particle redistribution were calculated for individual aquaria. Surface boundary roughness (SBR) was determined by measuring the vertical range of the sediment-water interface as an indicator of surficial reworking. Faunally mediated transport of porewater in and out of sediments by burrow ventilation is a good indicator of sediment-water solute exchange (Koretsky, Meile & Van Cappellen 2002). Burrow ventilation was measured by determining changes in the seawater concentration of the inert tracer sodium bromide (NaBr, 10 mmol L-1, Forster et al. 1999) over an 8 h period. 

Ecosystem functions
Water column macronutrient concentrations (NH4-N, NOx-N, PO4-P µmol L-1) were determined in each aquarium after a 10-day incubation period using a Lachat Quikchem 8500 flow-injection auto-analyser following standard colorimetric methods (Grasshoff, Kremling & Ehrhardt 1999). Total Oxygen Uptake (TOU, mmol O2 m-2 d-1), an indicator of benthic organic matter mineralisation and community metabolism, was measured as the linear rate of O2 depletion over 4-8 hours using a fibre-optic oxygen meter (4-channel Firesting-O2) and OXSP5 oxygen sensor spots (Pyroscience, Germany). Temperature and volume corrections were applied, and rates calculated, using the R package RespR (Harianto, Carey & Byrne 2019). Oxygen penetration depth (OPD) and diffusive oxygen uptake (DOU) were derived from sediment depth profiles of O2 concentration using a dual mounted motorised micromanipulator profiling head (Unisense, Denmark) connected to extra-long OX-500 microelectrode probes with a tip diameter of 500 µm (Revsbech 1989; see Supplementary Methods for calculations). To estimate faunal mediated oxygen uptake (FOU), we subtracted DOU from TOU (Glud 2008), and separated the direct (dFOU, e.g. macrofaunal respiration) versus indirect (iFOU, e.g. microbial) contributions of the sediment meiofaunal/microbial community based on published, temperature corrected faunal respiration rates (Supplementary Table 4).

Data analysis
To obtain the distribution of response traits and associated contributions to ecosystem process and functioning, between populations and seasons, we used a hierarchical mixed effects Bayesian ANOVA (Mitchell & Bakker 2014; Bjorkman et al. 2018). We assumed normal probability distributions and heterogeneous variance structures for individual species, populations and seasons (see Supplementary Table 5 for replication details), and, as prior knowledge of context-dependent species behaviour is not well constrained, the inclusion of weakly-informative priors (Lemoine 2019; Supplementary Table 6) in the ‘brms’ package in R Software version 1.4.1106 (Richardson, Robins & Wang 2017; R Core Team 2023). Specifically, the model structure consisted of fixed terms for species and random terms for population, season, and their interactions, nested within each species:

            Eq. 2

where T denotes a response trait, ecosystem process or ecosystem function for observation (i), of a species (S), from a population (p), within season (s), such that the species (β1S ), population (β2p), and seasonal (β3s) effects can be determined, with εSpsi the residual term with assumed normal distribution and mean 0 (Supplementary Methods). We generated posterior probability distributions of trait estimates with Markov Chain Monte Carlo (MCMC) estimation procedures using the Hamilton Markov Chain algorithm (Gelman et al. 2004). Four sampling chains of 5000 iterations were run with the first 1000 discarded as ‘warm-up’ before conducting visual MCMC diagnostics using the R package ‘bayesplot’ (Gabry et al. 2019). Chains were inspected for convergence using trace plots, R-hat values of < 1.05 were checked as a measure of autocorrelation and Effective Sampling Size (ESS) was checked for values < 0.5. Models were validated through graphical posterior distribution predictive checks by visual comparison of simulated and observed data and inspection of model residuals (Supplementary Fig. 5).

We visualised the distribution of response traits, and associated contributions to ecosystem process and functioning, by plotting species-specific posterior distributions of median values for model intercepts (β) ± 95 % credible intervals (CI’s), which represent the 95 % likelihood that the interval contains the ‘true’ model parameter. Species-specific posterior distributions were further decomposed by factor (season or population) by comparing treatment posterior distributions ± 95 % CI’s and overlap with global species median values. Treatments were considered significantly different when CI’s did not overlap with other treatments or with global species median values. Intraspecific variability was quantified by estimating a standardised effect size (ES) relative to species mean values, based on each treatments log response ratio (lnRR: Nakagawa et al. 2023):
                                                                     Eq. 3
Where ln is the natural log, mi is a mean trait value for a given species’ population in a given season, and ms is the global species mean trait value. Intraspecific variability was further quantified by plotting standard deviations (SD) ± 95 % CI’s for season and population obtained from Bayesian hierarchical model factors, and compared to SD values for species which represented a measure of interspecific variation. After visualising the proportional representation of DOU, dFOU and iFOU, we used linear regression to explore the relationship between FOU and biomass (continuous), season (categorical), and their interactions.

Results
Individual response traits and ecosystem processes
We found that most trait/process distributions, with the exception of proportionate organic mass (Morg:Mdry) and maximum particle reworking depth (f-SPILmax), showed considerable overlap in expression across species. This correspondence emerges because season and/or population differences broaden overall intraspecific trait distributions (compare species and treatment distributions, upper and lower sections of panels in Fig. 1 and posterior summaries in Supplementary Table 7). We observed that burial behaviour (burial rate: log(Burialend)) did not respond consistently to seasonal conditions, between species or populations. For example, all populations of the gastropod Turritellinella tricarinata, buried faster in winter, as did the Plymouth population of the brittle star Amphiura filiformis, whereas Newcastle A. filiformis buried faster in summer. Consequently, population differences were only observed for A. filiformis in summer (Newcastle > Oban > Plymouth; Fig. 1a). Comparisons of dry mass (Mdry) revealed that individuals of the polychaete Hediste diversicolor, were 53% larger in summer relative to winter, but did not differ between populations. We did, however, find distinct population differences in T. tricarinata in both seasons (Plymouth > Newcastle) and for A. filiformis in winter (Plymouth > Oban > Newcastle), with Plymouth individuals being 309 % larger than Newcastle individuals (Fig. 1b). In terms of proportionate organic mass (Morg:Mdry), an indicator of tissue energy content, we found strong interspecific differences (H. diversicolor > A. filiformis > T. tricarinata), but weak intraspecific variability, with seasonal and population differences only prevalent in A. filiformis (Fig. 1c).


Our analyses of ecosystem processes revealed more consistent patterns of expression, with no differences between populations for surface boundary roughness (SBR, Fig. 1d) or median (f-SPILmedian, Fig. 1e) and maximum (f-SPILmax, Fig. 1f) particle reworking depths. As with log(Burialend) and Morg:Mdry, only A. filiformis exhibited population differences in f-SPILmax (Plymouth > Oban = Newcastle). Seasonal differences were particularly strong for H. diversicolor (SBR and f-SPILmedian, summer > winter) and A. filiformis (SBR, summer > winter in Newcastle and Oban; f-SPILmedian, winter > summer). For burrow ventilation (Δ[Br-]), we found no differences in activity between species or seasons, but there were differences in activity for A. filiformis between populations (Oban > Plymouth = Newcastle) during the summer (Fig. 1g).

The log response ratio (lnRR) of population, season and species treatment means, relative to global species means (y = 0, Fig. 2a) was calculated as a measure of the standardised effect size (ES; Supplementary Table 8). We found stark differences in effect sizes which, when visualised, highlight some emergent trends. The direction and/or magnitude of effect size varied with population and/or season. For example, H. diversicolor had a positive effect on f-SPILmedian in summer but negative in winter, and the contribution of A. filiformis to f-SPILmax ranged from a small (0.2) to large (-2.5) effect size in summer between Newcastle and Oban. These data also revealed that surface sediment particle reworking activity (SBR) was consistently higher in summer across all species and populations, and that individuals from the northern Newcastle population were generally smaller (Mdry) than the southern population in Plymouth for all species and seasons (Fig. 2a). 

Comparing standard deviations of model factors derived directly from Bayesian hierarchical model statistics (species, population, season) provide an approximate measure of inter- vs intraspecific variability. These data showed that, for most of the traits and ecosystem processes, intraspecific variability (population and/or season) was comparable in magnitude to that of interspecific (species) variability (Fig. 2b and Supplementary Table 9). However, for Morg:Mdry and f-SPILmax, interspecific variability was more influential than intraspecific variability, indicating that species identity is a strong moderator of body composition and maximum sediment particle reworking depth.

Ecosystem functioning
We found no effect of population on any of our measures of ecosystem functioning, but there were strong effects of season (posterior summaries detailed in Supplementary Table 10). Nutrient concentrations (NH4-N, NOx-N and PO4-P, Fig. 3a-c) and, except for Hediste diversicolor in Newcastle, oxygen penetration depth (OPD, Fig. 3d), were greatest in winter, whilst total oxygen uptake (TOU, Fig. 3e) was consistently higher in the summer. In absolute terms, the most striking effects were associated with H. diversicolor in winter for NH4-N and NOx-N and in summer for OPD and TOU. Comparing treatments with and without macrofauna, to account for the contribution of the microbial/meiofaunal community, revealed that a given species’ relative contribution to ecosystem functioning can vary seasonally and between ecosystem functions. For example, H. diversicolor and T. tricarinata had a net enhancing effect on [NH4-N] in winter, but not in summer, whilst H. diversicolor had a net deepening effect OPD in summer, but not in winter. 

As contributions to total oxygen uptake (TOU) in marine sediments are the sum of diffusive oxygen uptake (DOU; microbial/meiofaunal activity) and macrofauna-mediated oxygen uptake (FOU), we calculated the proportional contribution of these two processes and, further separated FOU into either direct macrofaunal contributions (respiration; dFOU) or indirect contributions (burrow construction/ventilation and associated stimulatory effects on microbial and meiofaunal activity; iFOU; Fig. 4). Broadly speaking, we found that macrofaunal contributions (FOU) were higher in the summer (67 - 95 % of TOU) relative to the winter (21 - 63 % of TOU) across all species and populations (Fig 4a). Notably, in contrast to T. tricarinata and A. filiformis (21 - 42 %), H. diversicolor contributed more strongly (> 60 %) to TOU in winter. These patterns in FOU consistently reflected intraspecific differences in biomass across populations, but in winter only. When analysed across species and populations, biomass was a good predictor of FOU, however this relationship was ~ 10-fold stronger in summer than in winter (slope: winter = 6.9, summer = 74.4; Fig. 4b).

Discussion
Our findings demonstrate that geographic location and season can drive intraspecific variability in functional traits that are important to sedimentary processes and functioning. Our utilisation of Bayesian inference enabled the generation of trait probability distributions, highlighting that changes in ecosystem processes and functioning are associated with variability at the individual, rather than species level (Wohlgemuth, Solan & Godbold 2017; Cassidy et al. 2020; Sanders, Solan & Godbold 2024). However, we observe inconsistencies in the magnitude of variability and direction of effect between species, populations and traits which can blur definitions of species roles and undermine functional categorisations (Hale et al. 2014; Murray, Douglas & Solan 2014). While most trait-based ecological models assume that individuals and populations within a species show equivalency in trait expression (Green et al. 2022), our study demonstrates that for many traits, intraspecific variability can equal or exceed the range of mean trait values across different species (Siefert et al. 2015). This is important, as these aspects of variability are typically not considered in trait-based analyses and, as we have shown here, can strongly moderate ecosystem processes and functioning. For instances where trait information is available, selection of relevant traits seldom follows a systematic and accepted typology (Schneider et al. 2019; Martini et al. 2021) and often uses fragmented or confounded information (Raunkiæran shortfall, Hortal et al. 2015). In practice, the results are broad trait classifications that are synonymous with taxonomic definitions and assume that traits are applicable under all environmental or ecological scenarios. Failure to recognise such variability is unlikely to lead to robust estimates of species contributions to ecosystem functioning (Wong & Carmona 2021), and have important implications for how we manage (Wilson et al. 2023) and conserve (Des Roches et al. 2021; Nielsen et al. 2021) marine ecosystems.

A consistent feature of our analyses is that inherent differences in trait expression can exist between geographically distinct populations, and can be modified over time (here, season), meaning the functional role of a species may be poorly represented under certain circumstances. A naive resolution to this problem is to adopt the use of continuous rather than categorical traits (Lavorel & Garnier 2002; Keller et al. 2023), but this approach is seldom valid because of complications with seasonal (collection bias Solan et al. 2019, and/or geographical (coverage: Etard, Morrill & Newbold 2020; scaling: Messier et al. 2017) extrapolation of traits, which can rarely be applied consistently across taxa (Bloomfield et al. 2018). Here, with the exception of SBR for season, and Mdry for population, we observed inconsistent species responses across all traits and ecosystem processes. These context dependent inconsistencies propagate asymmetries in the direction and magnitude of interspecific trait expression which may adjust the relative functional importance of a species due to shifts in individual trait expressed at a given time or location (Langenheder et al. 2012; Wright, Ames & Mitchell 2016; Sanders, Solan & Godbold 2024). Indeed, our study was conducted on species monocultures, as our objectives were to characterise intraspecific variability in response to different abiotic conditions (seasons) and assess individual and species contributions to ecosystem functioning. It has been shown in marine diatoms that species richness can dampen the positive effects that increased intraspecific genetic diversity has on ecosystem biomass productivity (Thomas et al. 2024). As such, further experiments assessing the effects of intraspecific trait variability on ecosystem functioning at the community level are needed, to explicitly test whether functional dominance deviates across seasonal cycles, or across varying levels of species richness and evenness. Nonetheless, our findings strongly indicate that the contributions species make to ecosystems are not fixed across their geographic range or over the seasonal cycle. Rather, they reflect realised levels of phenotypic plasticity in response to local abiotic and biotic conditions (Henn et al. 2018), as well as constraints imposed by intraspecific genetic diversity (Des Roches et al. 2021).

An important aspect of our study was the simultaneous consideration of traits, process and functioning. Recent discourse has suggested that there are specific limits to the extent to which traits can predict ecosystem functioning (van der Plas et al. 2020), which emphasises the importance of selecting traits that have empirically derived mechanistic links to ecosystem properties (Hagan, Henn & Osterman 2023), whilst recognising that not all traits have functional consequences (Mlambo 2014; Streit & Bellwood 2023). Here, we intentionally included associated traits and processes that, together, are known to influence ecosystem functioning (Bianchi et al. 2021), yet response patterns were not conserved across the trait-process-function hierarchy. Instead, our analyses reveal consistent directional trends across season, but not population, for a single hierarchy (Mdry → f-SPILmedian → TOU) and species (Hediste diversicolor). It is important to note, that were we to utilise the same traits to assess individual responses to environmental pressures (rather than their effects on ecosystem functioning; Lavorel & Garnier 2002), we may indeed see more stark differences between populations, for example in performance under thermal stress (Gervais et al. 2021). We interpret our results to mean that strong trait-process-function linkages are transient in time and space, and are most likely to be observed in instances where intraspecific variability and/or per capita contributions are most extreme (Wohlgemuth, Solan & Godbold 2016). If dynamic trait-process-function relationships are widespread, the practice of universally assigning specific traits across multiple species and contexts will limit the confidence with which we can derive conclusions from trait information (Wright, Ames & Mitchell 2016; Streit & Bellwood 2023). 

Previous work has indicated that many of the components that moderate individual and species contributions to functioning interact with one another, and that this may alleviate or exacerbate the magnitude and/or direction of effect (Garcia et al. 2021). The burrowing, feeding, irrigation, construction, and locomotory activities (= bioturbation) of benthic-dwelling invertebrates, for example, all influence microbial activities and organic carbon fixation pathways that underpin many ecosystem properties (Booth et al. 2023). Whilst trait-based analyses have been instrumental in building understanding of the pervasive effects that species have on ecosystems (Zakharova, Meyer & Seifan 2019), the relative importance of, and degree of interaction between, different contributors (abiotic: Godbold & Solan 2009; microbial: Grigulis et al. 2013; species richness: Thomas et al. 2024; conspecific density; Sanders, Solan & Godbold 2024) is seldom considered (Chacón-Labella et al. 2023). Here, we firmly establish that relative macrofaunal contributions to sediment oxygen uptake are greater in summer relative to winter, and that these differences are not necessarily attributable to seasonal changes in faunal abundance (Kauppi et al. 2017) and/or biomass (Seguin et al. 2014). These observations are likely a combination of a temperature-dependant reduction in metabolic rates and decreased levels of surficial feeding activity by macrofauna in winter when food is scarcer, supported by our data on seasonal differences in SBR. This highlights that inherent plasticity in behavioural and physiological traits can influence spatial variability in ecosystem functions (e.g. TOU). Although we found larger individuals had a stronger influence on relative sediment oxygen demand in winter, this pattern was either absent or less pronounced during the summer months, suggesting that trait-function relationships do not universally emerge across seasonal or geographic contexts (Wohlgemuth, Solan & Godbold 2017; Cassidy et al. 2020; Mestdagh et al. 2020). Indeed, previous work has shown that environmental properties can have a synergistic (Bjorkman et al. 2018) or antagonistic (Kenna et al. 2017) effect on trait-function relationships, especially when the risk of altered trait expression covaries with environmental forcing (Solan et al. 2004; Godbold & Solan 2013). The challenge that arises is how to determine, and when to incorporate, the most relevant changes in trait expression that matter most for specific ecosystem functions into trait-based assessments of biodiversity and ecosystem functioning (Violle et al. 2012).

Being able to apply trait-based approaches to monitor ecosystems is fundamental to achieving management and conservation targets (Chacón-Labella et al. 2023), yet our analyses reveal that the composition and expression of traits are not universally applicable, and not necessarily directly associated with levels of functioning, as is often assumed. Whilst identifying the mechanistic basis is beyond the scope of the present study, it is tempting to speculate that trait-function relationships may be obscured or weakened by environmental or competitive interactions (Arce et al. 2019). A more pragmatic explanation, however, is that the subset of traits assumed to correspond with ecosystem functioning may be inappropriate, or insufficiently targeted, yielding outcomes that are seldom superior to those achieved with random trait allocations (Wright et al. 2006). This might offer an explanation as to why characterisation of intraspecific trait variability seldom improves projections of ecosystem functioning (Roscher et al. 2018; Pichon, Cappelli & Allan 2022), and why there are low levels of practical implementation (Loureiro et al. 2023). Our study also corroborates the idea that there is a poor literacy about which traits, species interactions and species assemblages are most effective for achieving functional outcomes (Laughlin 2014; Streit & Bellwood 2023). Indeed, the response-effect trait framework (Lavorel & Garnier 2002; Suding & Goldstein 2008), coupled with recent narratives emphasising the need for more continuous measures of individual traits expressed as frequency distributions (Enquist et al. 2015; Kiørboe, Visser & Andersen 2018; de Bello et al. 2021), offer timely solutions to these problems. Failure to embrace sources of inherent temporal and spatial dynamics in key trait-process-function relationships means that the uncertainty and complexity associated with multidimensional systems is not integrated, leading to less robust estimates of the ecological consequences of change (Schrodt et al. 2015). If we are to assess the risks and opportunities of how natural variability and multiple co-occurring anthropogenic activity, within the context of climate change, will affect the status and health of marine ecosystems, efforts must now be directed on determining how and when traits vary and what factors shape the transient nature of trait-function relationships.
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Figures
[image: ]Figure 1. Summary of inter- and intraspecific variability in response traits, and associated contributions to ecosystem processes, between populations and across seasons for representative sediment-dwelling marine invertebrates. Data are shown for the (a) time taken for complete burial (log(Burial)end), (b) dry mass of soft body tissue (Mdry), (c) proportion of organic soft tissue mass  (Morg:Mdry), (d) surface boundary roughness (SBR), (e) median depth of particle reworking (f-SPILmedian), (f) maximum depth of particle reworking (f-SPILmax) and (g) ventilation activity (Δ[Br-]: negative values indicate increased activity). In each panel, the upper section shows the posterior probability distributions with median ± 95 % credible intervals for Amphiura filiformis (purple: Af, n = 30), Hediste diversicolor (orange: Hd, n = 20) and Turritellinella tricarinata (green: Tt, n = 20), and the lower section details median values (± 95 % credible intervals, n = 5 per treatment) for different populations (triangle: Plymouth; square: Newcastle; circle: Oban) and season (red: summer; blue: winter). Vertical grey dashed lines represent mean values for each species, irrespective of population and season.
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Figure 2. Summary of the magnitude of response traits, and associated contributions to ecosystem processes and intra- vs interspecific variability. Data are shown for the time taken for complete burial (log(Burial)end), dry mass of soft body tissue (Mdry), proportion of organic soft tissue mass  (Morg:Mdry), surface boundary roughness (SBR), median depth of particle reworking (f-SPILmedian), maximum depth of particle reworking (f-SPILmax) and ventilation activity (Δ[Br-]: negative values indicate increased activity). In (a), log response ratios (lnRR, ± 95 % CI, n = 5) a standardised measure of effect sizes, are presented in relation to mean values (set to y = 0) for each species (purple: Amphiura filiformis; orange: Hediste diversicolor; green: Turritellinella tricarinata) and population (Plymouth, Newcastle, Oban) for summer (left panels) and winter (right panels). Dashed connecting lines are to aid visualisation and are not intended to represent trends across a spatial gradient. In (b), standard deviations (SD, ± 95 % credible intervals) derived from Bayesian hierarchical models are shown for intraspecific (yellow: population and season) and interspecific (blue: species) model factors for each response trait, and associated contributions to ecosystem process. A higher SD indicates a stronger effect. For clarity in visualising differences between model factors, upper portions of credible intervals may extend beyond the plot area.
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Figure 3. Summary of inter- and intraspecific variability in ecosystem functioning between populations and across seasons for representative sediment-dwelling marine invertebrates. Data are shown for water column concentrations of the macronutrients (a) ammonium-nitrogen, [NH4-N], (b) nitrate + nitrite nitrogen, [NOx-N], and (c) phosphate-phosphorous, [PO4-P], (d) oxygen penetration depth (OPD), and (e) total oxygen uptake (TOU). In each panel, the upper section shows the posterior probability distributions with median ± 95 % credible intervals for Amphiura filiformis (purple: Af, n = 30), Hediste diversicolor (orange: Hd, n = 20), Turritellinella tricarinata (green: Tt, n= 20) and sediment containing no macrofauna (grey: M, n = 10),  and the lower section details median values ( ± 95 % credible intervals, n = 5 per treatment) for different populations (triangle: Plymouth; square: Newcastle; circle: Oban) and season (red: summer; blue: winter). Vertical grey dashed lines represent mean values for each species, irrespective of population and season. For PO4-P, nutrient values < 0 μmol L-1 reflect detection error associated with low concentrations that are at, or near, zero.
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Description automatically generated]Figure 4. Intraspecific variability in the relative contributions of faunal oxygen uptake (FOU) to total sediment oxygen uptake (TOU). In (a), the contributions of the sediment community to TOU are partitioned to separate DOU from the direct (dFOU) versus indirect (iFOU) contributions of FOU in the presence of each species (rows: Amphiura filiformis, Hediste diversicolor, Turritellinella tricarinata; n = 5) from each population (columns: Plymouth, Newcastle, Oban) and for each season (red: summer; blue: winter). In (b), the relationship between biomass (total macrofaunal soft tissue mass of all individuals per aquarium) and FOU for the summer (red) and winter (blue) is shown irrespective of species identity. Dashed lines represent linear regression.
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