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Food web interactions govern how ecosystems respond to climate change and biodiversity loss. Modularity, where subgroups of species interact more often with each other than with species outside their subgroup, is a key structural feature which has been linked to food web stability. We sought to address the lack of understanding of how modularity varies among ecosystems by comparing the structure of four highly resolved marine food webs, using a simulated annealing algorithm to identify network modules and Random Forest models to predict the distribution of species across modules based on a set of eight functional traits. Modules in two offshore networks were partitioned largely by trophic level, creating an interdependence among them, whereas modules in two semi-enclosed bays were generally separated into energy channels with less trophic separation and containing distinct basal resources, providing greater redundancy in the flow of energy through the network. Foraging habitat and mobility predicted module membership in all networks, whilst body mass and foraging strategy also differentiated modules in the offshore and bay ecosystems, respectively. Environmental heterogeneity may be a key factor driving the differences in modularity and the relative importance of functional traits for predicting module membership. Our results indicate that, in addition to overall network modularity, the trophic structure of modules within food webs should be considered when making inferences about ecosystem stability.
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   1 Introduction

 The current global rate of species extinctions is unprecedented (Ceballos et al., 2015), and there is concern that biodiversity loss will reduce ecosystem functioning and services (Schmid et al., 2009; Tilman et al., 2014). Species interaction networks are key to understanding the ecosystem-level consequences of biodiversity loss, with certain network structures helping to limit the spread of perturbations through the ecosystem (Bruder et al., 2019; Clark et al., 2020). Food webs provide tractable representations of species interactions and thereby allow us to compare the key structural features of communities that may confer stability (Ives and Carpenter, 2007; Rooney and McCann, 2012). One such stabilising feature is modularity, which is the presence of subgroups (modules) of species that interact often or strongly with one-another but have few or weak connections to species outside their subgroup (Krause et al., 2003). Modularity is believed to enhance food web stability by restricting the propagation of extinctions after a perturbation, thus buffering the wider network against disruption (Thébault and Fontaine, 2010; Stouffer and Bascompte, 2011). While common network-level properties, such as connectance or mean trophic level, are scale-dependent (Wood et al., 2015; Galiana et al., 2021), modularity is uncorrelated with species richness (Rivera-Hutinel et al., 2012; Montoya et al., 2015), facilitating structural comparisons across networks. Studies of modularity to date have generally quantified modularity in single food webs and with a variety of underlying methods, which precludes direct comparison of results across ecosystems (e.g., Rezende et al., 2009; D’Alelio et al., 2019). Assessing modularity in networks with different species assemblages would help to identify generalisable patterns in the distribution of modules, providing insight into the underlying drivers of stability.

 Physical and environmental variables play a key role in determining food web structure, with habitat heterogeneity shown to increase network complexity and niche availability (Tews et al., 2004; Kortsch et al., 2019). The diversity of ecological niches and refuges present in intertidal and coastal regions may therefore increase modularity compared with more uniform offshore areas. Differences in environmental factors such as temperature and depth may also drive structural contrasts between ecosystems (Gibert, 2019; López-López et al., 2021). For example, the historically stable temperatures of Antarctic waters and their relative biotic isolation from other oceans (Murphy et al., 2007; Morley et al., 2020), might lead to less modular networks compared to lower latitudes.

 Functional traits provide a framework for describing community structure, as the match between consumer and resource traits determines the distribution of feeding interactions (Bartomeus et al., 2016). A key trait underlying trophic interactions in marine systems is body size, and the relative size of consumers to their resources has been recognised as a potentially key determinant of species organisation into modules (Rezende et al., 2009; Gravel et al., 2013). The consumer-resource body mass ratio generally declines with increasing consumer size due to the higher energy demands of larger organisms, which leads to a greater reliance on proportionally larger prey (Arim et al., 2007). As larger organisms usually occur higher in the food web, the result is a negative relationship between consumer trophic level and consumer-resource body mass ratio: a macroecological pattern which is consistently found in different food webs (Jonsson et al., 2005; Tucker and Rogers, 2014). This indicates that body size could also determine the distribution of modules across trophic levels. Previous research has suggested that the level of diet contiguity in the food web may determine modularity, with modules in some networks displaying trophic clustering such that they encompass a relatively limited range of trophic levels and have low overlap of trophic levels between modules (Guimera et al., 2010; Kortsch et al., 2015). Other traits may also play an important role, with foraging habitat determining the spatial distribution of species and thus their likelihood of interacting (Rezende et al., 2009; Kortsch et al., 2019). Mobility and feeding mode also contribute to the trophic role of species within networks, by determining their activity levels and the types of resources they consume (Lazzaro et al., 2009; Gilabert et al., 2019). In fact, it has been proposed that modules in some networks represent semi-isolated energy channels, whereby energy flows from a distinct set of basal resources to an assemblage of higher consumers with a particular set of functional traits (Gauzens et al., 2015; Rodriguez et al., 2022). Clearly, despite the consensus that modularity acts to stabilise food webs, there are contrasting viewpoints on what the key determinants of modularity are and how modules are distributed within communities.

 In this study, we compared the modular structure of the four most highly resolved marine food webs currently available. We quantified how differences in their spatial distribution and constituent taxonomic groups translate into the organisation of modules and the relative importance of functional traits for predicting module membership. Our primary research objectives were 1) to determine whether there are differences in the organisation of modules between networks; 2) to identify which functional traits can be used to predict the species that are included in each module.

 
  2 Materials and methods

  2.1 Study systems

 Based on a review of marine food webs in the GATEWAy (Brose et al., 2019) and ECOWeB (Cohen, 2010) databases and the wider literature, we identified just four systems in which the overwhelming majority of nodes were highly resolved to genus or species level (excluding a handful of cryptic taxa and basal groups such as sediment and detritus). Aggregation of taxa in the other networks could mask potential modules and introduce methodological biases (Krause et al., 2003), so they were not considered here. The four chosen food webs represent a range of locations from the high Antarctic (Weddell Sea), and (sub)Antarctic (Scotia Sea), to temperate (Lough Hyne) and Arctic (Kongsfjorden). The networks differ in their size (number of nodes and links), spatial extent (including depth), and functional groups ( Table 1 ). The Scotia Sea food web was obtained from the British Antarctic Survey’s UK Polar Data Centre (López-López et al., 2021), while the remaining webs were extracted from the GATEWAy database (Brose et al., 2019). Each of these networks was compiled through a combination of direct observation and diet analysis of organisms within the focal ecosystem, and wider literature research to characterise the diet of organisms in other regions or for closely related taxa. Following Grilli et al. (2016), we removed cannibalistic links in order to focus on interspecific interactions.

  Table 1 | Characteristics of the four study systems. 

 

 
  2.2 Module identification

 The modularity of each food web was calculated with a Simulated Annealing algorithm using the ‘netcarto’ function in the R package ‘rnetcarto’ (Doulcier and Stouffer, 2015). This algorithm uses a probabilistic procedure whereby nodes are initially partitioned into arbitrary modules and then iteratively moved into different modules until the maximum modularity is obtained (Guimerà and Nunes Amaral, 2005; Chen et al., 2014). Modularity ranges from -1 to +1, with negative and positive values indicating a less and more modular structure than expected at random, respectively (Newman and Girvan, 2004; Newman, 2006). One hundred simulations were conducted per network to assess the variability in outputs resulting from the stochastic component of the algorithm.

 
  2.3 Functional traits

 Eight functional traits were selected to investigate the partitioning of species into modules ( Table 2 ). These traits were chosen because they could be easily identified and generalised across all species in the four ecosystems. For each species, body mass estimates were derived from the original food web studies, and the remaining trait values were assigned based on data obtained via literature review, assessment of images, and diet compositions.

  Table 2 | Functional traits identified for each species in the four food webs. 

 

 
  2.4 Statistical analysis

 All analyses were conducted in R 4.1.0 (R Core Team, 2022). Differences in the modular structure of each network were investigated by comparing the distribution of node-level metrics (prey averaged trophic level, body mass, generality, vulnerability, and omnivory) across modules. The data did not conform to normality and homogeneity of residuals, and so non-parametric Kruskal-Wallis tests were performed followed by post-hoc Dunn tests with a Bonferroni correction.

 We used Random Forest (RF) models to investigate the relative roles of the functional traits in explaining the modular structure of each network. The RF model is a machine learning classification tool which uses bootstraps of the data to predict observations and provide a measure of the relative importance of predictor variables (Cutler et al., 2007). A benefit of RF models is that they make no prior assumptions about the distribution of response or predictor variables and can handle datasets containing multiple data types (Cutler et al., 2007). We implemented the conditional RF algorithm using the ‘cforest’ function in the R package ‘party’ (Hothorn et al., 2005), which relies on a conditional inference framework and is unbiased in cases where predictors have a highly variable number of categories or are correlated (Strobl et al., 2007; Strobl et al., 2008). For each food web, we implemented a cross-validation approach by randomly sub-sampling 70% of the data for model calibration and then making predictions from the remaining 30%. This process was repeated 20 times to give an indication of the variability in the classification accuracy and relative importance of each functional trait. The predictive ability of the models was assessed using the average True Skill Statistic (TSS), which represents the proportion of successful predictions versus false predictions, with values of 0 and 1 indicating completely random and perfect predictions, respectively (Allouche et al., 2006).

 To further investigate the role of body size (specifically, whether size-structured feeding is related to modularity), we used analysis of covariance (ANCOVA) to test the relationship between consumer-resource body mass ratio and consumer trophic level, while distinguishing between trophic links occurring within or between different modules. The average consumer-resource body mass ratio of each consumer species was used as the dependent variable to avoid any confounding effects resulting from the fact that some consumers had many resources while others had very few. The main and interactive effects of consumer trophic level and link position (within or between modules) were the explanatory variables. Weighted Generalised Least Squares models were used, with an exponential variance structure by trophic level to account for heterogeneity in the model residuals.

 
 
  3 Results

 The Scotia Sea network represents a pelagic system, dominated by phytoplankton, gelatinous zooplankton, crustaceans, and fish, while benthic taxa are excluded due to the lack of available information on benthic communities. The Weddell Sea has a similar functional group composition, though it also includes many benthic species including sessile sponges, mobile detritivores, and demersal fish, in addition to incorporating mammals and seabirds. Both Lough Hyne and Kongsfjorden include a variety of benthic, intertidal and pelagic species, including macroalgae, sponges, crustaceans, and fish, in addition to seabirds and mammals. The Weddell Sea, Lough Hyne and Kongsfjorden food webs have similar maximum trophic levels (5.1, 4.6 and 4.8, respectively), while the Scotia Sea has a maximum trophic level of 6.1. The trophic distribution of species is similar in the Weddell Sea, Lough Hyne and Kongsfjorden, with most species found between trophic levels 2 and 4, while in the Scotia Sea, species are distributed quite evenly between trophic levels 2 and 5 ( Figure 1 ). The trophic distribution of body masses is similar in all networks, with larger organisms found at higher trophic levels ( Figure 1 ).

  

 Figure 1 | Plots of (A) the cumulative proportion of species across trophic levels, and (B) the distribution of body masses at each trophic level, coloured by network. 

 

  3.1 Module identification

 Modularity was significantly different between all four food webs ( = 374.80, p< 0.001; Dunn’s test: p< 0.001). Three modules were identified in the Scotia Sea and Weddell Sea networks (Modularity = 0.157 ± 0.007 and 0.319 ± 0.002, respectively), while five were found in Lough Hyne and Kongsfjorden (Modularity = 0.404 ± 0.009 and 0.496 ± 0.005, respectively) ( Figure 2 ). Energy flow between modules in the Scotia Sea and Weddell Sea was generally one-sided, with the majority of links between any pair of modules flowing in the same direction, whereas flows were more two-sided in Lough Hyne and Kongsfjorden ( Figure 2 ). These results were deemed to be representative of the 100 Simulated Annealing runs, with at least 95% of within-module interactions found to be consistent across runs in each network (see  Supplementary Methods  for details of the Simulated Annealing result selection process and robustness).

  

 Figure 2 | Modular structure of the four studied food webs: (A) Scotia Sea; (B) Weddell Sea; (C) Lough Hyne; (D) Kongsfjorden. Networks are plotted with nodes coloured and positioned along the x- and y-axes according to module and trophic level, respectively. Inset chord diagrams display the distribution of interactions within and between modules, with chord thickness proportional to the number of links and colour indicating the source module of the interactions. 

 

 Some of the networks displayed similarities in the distribution of species across modules. In both the Scotia Sea and Weddell Sea there was a basal module that contained most (>90%) of the basal resources, being made up largely of epipelagic phytoplankton and crustaceans, and a top predator module that was made up primarily of fish and squid (in addition to marine mammals and seabirds in the Weddell Sea) ( Figures 3A, B ). The main difference between these networks was the remaining module, which was composed primarily of gelatinous organisms and crustaceans in the Scotia Sea and benthic taxa such as echinoderms, sponges, and bryozoans in the Weddell Sea ( Figures 3A, B ). In both Lough Hyne and Kongsfjorden, basal resources were present in four out of five modules. In both networks there was a macrophyte module consisting largely of seaweeds and sessile algae and a module containing many benthic and intertidal amphipods, while fishes were distributed across all modules ( Figures 3C, D ). Both food webs contained a benthic consumer module consisting mainly of gastropods, crustaceans, and worms, and a sessile filter-feeding module composed mostly of sponges and bryozoans in Lough Hyne and of bivalves and barnacles in Kongsfjorden ( Figures 3C, D ). The final module in both networks was largely made up of bentho-pelagic organisms ( Figures 3C, D ).

  

 Figure 3 | The relative proportion of different taxonomic groups within each module in the four food webs: (A) Scotia Sea; (B) Weddell Sea; (C) Lough Hyne; (D) Kongsfjorden. Species were initially grouped by taxonomy and then groups with few individuals were either combined (if they had similar ecology) or were assigned to the group “Other”. See  Supplementary Data  for an overview of species in each group. 

 

 
  3.2 Module topology

 There was a significant difference in trophic level between modules in each of the food webs (Scotia Sea:  = 147.16, p< 0.001; Weddell Sea:  = 192.56, p< 0.001; Lough Hyne,  = 86.643, p< 0.001; Kongsfjorden,  = 16.57, p = 0.002;  Figure 4 ). In the Scotia Sea and Weddell Sea, trophic level was significantly different among all three modules (Dunn’s test: p< 0.001), while in Lough Hyne and Kongsfjorden significant differences were only found between certain module pairs. The mean difference in trophic level between all possible species pairs which belong to separate modules was greater in the Scotia Sea (1.62, SE = 0.009) and Weddell Sea (1.43, SE = 0.004) than in Lough Hyne (0.70, SE = 0.004) and Kongsfjorden (0.44, SE = 0.005), and this pattern was retained after accounting for the effects of the differing number of modules and maximum trophic level in each network (see  Supplementary Results ). This highlights the greater trophic clustering of modules that is present in the Scotia Sea and Weddell Sea compared with Lough Hyne and Kongsfjorden. A comparison of the distribution of trophic levels for each module across all Simulated Annealing runs suggested that these results are robust to changes in the number of modules or distribution of nodes between modules (see  Supplementary Methods ). Results for the other node-level metrics (i.e. generality, vulnerability, and omnivory) generally reflect the distribution of modules across trophic levels in these networks, with clear differences between modules for the Scotia Sea and Weddell Sea, but not for Lough Hyne and Kongsfjorden ( Supplementary Figures S3–S5 ).

  

 Figure 4 | Boxplots of prey-averaged trophic level across modules within each network: (A) Scotia Sea; (B) Weddell Sea; (C) Lough Hyne; (D) Kongsfjorden. Large black points indicate the mean, thick horizontal lines represent the median, boxes indicate the interquartile range, whiskers are 1.5 × the interquartile range, and outliers beyond this range are indicated as small black points. Boxes not sharing a common letter are significantly different from one another using a Dunn’s test (p < 0.05). 

 

 
  3.3 Functional traits

 The Random Forest models performed well at predicting module membership from the functional traits, as evidenced by their high TSS scores (>0.56;  Figure 5 ). Body mass was a key trait for predicting module membership in the Scotia Sea, accounting for ~30% of overall importance, followed by habitat, mobility, feeding appendages, and translucency, which all had similar values of importance ( Figure 5A ). In the Weddell Sea, mobility and habitat together accounted for almost 60% of importance, and body mass was also valuable (~13% of importance,  Figure 5B ). In Lough Hyne and Kongsfjorden, mobility, capture strategy and habitat accounted for ~60% of the total importance, while body mass represented<10% of overall importance ( Figures 5C, D ).

  

 Figure 5 | Relative importance of each functional trait (as a proportion of the summed importance of all traits) for classifying species into modules, as identified by Random Forest models for each network: (A) Scotia Sea; (B) Weddell Sea; (C) Lough Hyne; (D) Kongsfjorden. Error bars are the 95% confidence intervals resulting from 20 cross-validations of the importance of each trait. True Skill Statistics (TSS) values indicate the predictive performance of the model. 

 

 The importance of body mass in the Scotia Sea and Weddell Sea RF models is reflected in the distribution of sizes across modules. There was a significant difference in body mass among all modules in the Scotia Sea ( = 113.75, p< 0.001;  Figure 6A ) and Weddell Sea (  = 191.09, p< 0.001;  Figure 6B ). While the distribution of body masses was also significantly different between some modules in Lough Hyne and Kongsfjorden (  = 27.634, p< 0.001, and  = 32.414, p< 0.001, respectively), modules were not as obviously separated according to body mass as in the other webs ( Figures 6C, D ), which also reflects the results of the RF models. A comparison of the distribution of body mass values in each module across all Simulated Annealing runs suggested that these results are robust to changes in the number of modules or distribution of nodes between modules (see  Supplementary Methods ). See  Supplementary Figures S6–S12  for a description of the distribution of the remaining traits across modules in each network.

  

 Figure 6 | Boxplots of body mass across modules within each network: (A) Scotia Sea; (B) Weddell Sea; (C) Lough Hyne; (D) Kongsfjorden. Large black points indicate the mean, thick horizontal lines represent the median, boxes indicate the interquartile range, whiskers are 1.5 × the interquartile range, and outliers beyond this range are indicated as small black points. Boxes not sharing a common letter are significantly different from one another using a Dunn test (p < 0.05). 

 

 There were some key differences in the distribution of consumer-resource body mass ratios among networks ( Figure 7 ). There was a significant interaction between consumer trophic level and link position in the Scotia Sea (F 1,338 = 29.76, p< 0.001) and Weddell Sea (F 1,643 = 44.53, p< 0.001). In both, consumer-resource body mass ratio declined more steeply with consumer trophic level for interactions within modules than for interactions between modules (Scotia Sea: within, p< 0.001, r 2 = 0.35; between: p = 0.807; Weddell Sea: within, p< 0.001, r 2 = 0.50; between, p< 0.001) ( Figures 7A, B ). In contrast, no significant interaction between consumer trophic level and link position was observed in Lough Hyne (F 1,447 = 0.01, p = 0.919) or Kongsfjorden (F1,326 = 0.39, p = 0.531). Instead, consumer-resource body mass ratio declined significantly with increasing consumer trophic level regardless of link position in both Lough Hyne (F 1,449 = 106.80, p< 0.001, r 2 = 0.20) and Kongsfjorden (F 1,328 = 142.66, p< 0.001, r 2 = 0.27;  Figures 7C, D ).

  

 Figure 7 | Average body mass ratio of every consumer to each of its resources, plotted against the trophic level of the consumer, for each network: (A) Scotia Sea; (B) Weddell Sea; (C) Lough Hyne; (D) Kongsfjorden. Point shape and colour indicate whether the focal interaction occurred among species within the same module, or between modules. There was an interactive effect of consumer trophic level and link position on consumer-resource body mass ratio for the Scotia Sea (within: y = 6.62 – 1.17x, p< 0.001, r2 = 0.35; between: y = 2.48 – 0.04x, p = 0.807, r2 = 0.01) and Weddell Sea (within: y = 11.77 – 2.59x, p< 0.001, r2 = 0.50; between: y = 5.27 – 0.70x, p< 0.001, r2 = 0.10). There was only a significant main effect of consumer trophic level on consumer-resource body mass ratio for Lough Hyne (y = 9.22 – 1.71x, p< 0.001, r2 = 0. 20) and Kongsfjorden (y = 11.64 – 2.47x, p< 0.001, r2 = 0.27). 

 

 
 
  4 Discussion

 This study provides insight into the patterns and drivers of modularity in marine food webs. We found two distinct ways in which modules were organised: (1) a strong differentiation by trophic level in the Weddell Sea and Scotia Sea, matching the trophic clustering of modularity described for other food webs (Guimera et al., 2010; Kortsch et al., 2015); and (2) multiple modules spanning from distinct basal resources to higher trophic levels in Lough Hyne and Kongsfjorden, resembling the description of modules as energy channels (Gauzens et al., 2015; Zhao et al., 2018). Our results also confirm the importance of body mass and foraging habitat for determining modularity (Krause et al., 2003; Rezende et al., 2009), whilst highlighting the added importance of mobility and prey capture strategy. The strong size-structuring of modules in the Weddell Sea and Scotia Sea leads to shallower trends in consumer-resource body mass ratios with consumer trophic level for interactions between modules than those within modules. This represents a disruption to the macroecological pattern of declining consumer-resource body mass ratios with consumer trophic level observed in many food webs (Jonsson, 2014; Tucker and Rogers, 2014), suggesting that feeding interactions between modules are occurring at sub-optimal size ratios. In contrast, Lough Hyne and Kongsfjorden display weak size-structuring and show a declining relationship between consumer-resource body mass ratios and consumer trophic level both for interactions occurring within and between modules. Our results suggest contrasting mechanisms underlying the structure of marine food webs in different regions, which may affect their stability in the face of global change.

  4.1 Drivers of structural differences

 Strong spatial and temporal variability in abiotic conditions, such as temperature, desiccation, and salinity, can drive differentiation of ecological niches and patterns of species zonation, particularly in intertidal ecosystems (Gingold et al., 2010; Kraan et al., 2013; Gallucci et al., 2020). Intertidal and benthic community composition is also shaped by habitat heterogeneity, which determines the distribution of traits such as mobility and feeding mode (Pacheco et al., 2011; Buhl-Mortensen et al., 2012; Srinivas et al., 2020). In contrast, offshore ecosystems are generally considered less complex with major structuring environmental gradients (e.g. light, temperature, pressure) changing predictably with depth (López-López et al., 2021), and may therefore display stronger size-structuring of trophic interactions. As the breadth of available niches increases with environmental, habitat, and resource heterogeneity, food webs may become more modular and separated into distinct energy channels. In highly heterogeneous environments, module membership may therefore be determined primarily by traits specific to the environmental niche, such as prey capture strategy and mobility, rather than by more general structuring factors such as body mass. Below, we explore this hypothesis in the context of our focal food webs.

 The Scotia Sea network represents a pelagic oceanic ecosystem, and the Weddell Sea network represents a deep shelf system incorporating both pelagic and benthic shelf species. The offshore nature of these networks means that basal resources are limited largely to phytoplankton and detritus, with both networks excluding the pronounced heterogeneity of the intertidal zone. The Antarctic Circumpolar Current also provides these Southern Ocean ecosystems with relatively stable and predictable oceanographic conditions (Murphy et al., 2007; Morley et al., 2020), which might help to drive the similarity in modular organisation. Both ecosystems experience a high degree of connectivity, with large-scale diurnal vertical migrations in the Scotia Sea and strong bentho-pelagic coupling in the Weddell Sea (Piatkowski et al., 1994; La Mesa et al., 2019; Pineda-Metz, 2020). This may result in a stronger interdependence between modules in both ecosystems, as the deeper top-predator modules rely on the energy generated in the near-surface basal resource modules, linked via the diurnal migrators or bentho-pelagic couplers. This might reduce the influence of factors like habitat heterogeneity and prey capture strategy, with depth-based foraging habitat and size-based prey-handling constraints becoming the primary factors structuring modularity in both networks. The additional importance of mobility in the Weddell Sea largely reflects the distinct locomotory methods used in the different modules, i.e., sessile or crawling organisms in the benthic module, drifting phytoplankton and primary consumers with appendages in the epipelagic basal module, and mobile swimmers in the top predator module.

 In contrast, Lough Hyne and Kongsfjorden are semi-enclosed coastal ecosystems which encompass both the intertidal and subtidal zones and experience high environmental variability. Kongsfjorden is subject to significant seasonal inputs of terrestrial nutrients (Calleja et al., 2017; Retelletti Brogi et al., 2019), and experiences strong gradients in turbidity, temperature, and salinity due to glacial inputs and influxes from the West Spitsbergen Current (Hop et al., 2002; Calleja et al., 2017). As a result, there are significant differences in community composition and abundance at different locations within the fjord (Hop et al., 2002; Calleja et al., 2017). Lough Hyne experiences high terrestrial nutrient loads (Jessop et al., 2011), in addition to significant pH gradients, high variability in water temperature, and seasonal hypoxia at depth (Bell, 2002; Sullivan et al., 2014), which are also likely to drive spatial contrasts in community structure. The presence of the physically complex and variable intertidal zone, and the fluctuating environmental conditions may promote the differentiation of ecological niches. This could drive the diversity of energy channels centred around different types of basal resources, supporting species with a mix of foraging behaviours, mobilities, and habitat traits (Gauzens et al., 2015; Rodriguez et al., 2022).

 
  4.2 Implications for food web stability

 Modules partially isolate sections of the food web from one another, and thereby reduce the propagation of perturbations and maintain the functioning of the wider network (Stouffer and Bascompte, 2011). Previous studies have used overall network modularity to make inferences regarding their stability and functioning (e.g., Stouffer and Bascompte, 2011; Grilli et al., 2016; D’Alelio et al., 2019), but there has been little consideration of how the positioning of modules across trophic levels might alter stability. Our results suggest that, in networks with strong trophic clustering of modules, inter-module energy flows will be key to maintaining consumer populations and providing top-down regulation. Any perturbation affecting species in one module will have consequent effects on those in other modules, thus undermining the potential stabilising effect of modularity. The trophic clustering of modules also has implications for stabilising consumer-resource mass ratios, which are generally greatest near the base of the food web and decrease at higher trophic levels (Jonsson, 2014; Tucker and Rogers, 2014). This is because larger consumers need to consume larger prey to maximise energy intake and handling efficiency, such that optimal prey size gets closer to the size of the predator as its trophic level increases (Costa, 2009). We found this pattern only exists for interactions within modules in networks that exhibit strong trophic (size) structuring of modularity, while many interactions between modules may be allometrically sub-optimal. For example, a predator in a lower-level module may be too small to handle prey from a higher-level module, while prey in lower-level modules may be too small to provide enough energy for predators in higher-level modules. This may reduce the redundancy of alternative pathways for energy flow in the food web by constraining consumers largely to within-module prey choices. Furthermore, the allometric scaling of metabolism and consumption rates means that consumer-resource body mass ratios can determine the strength of trophic interactions (Emmerson and Raffaelli, 2004; Vucic-Pestic et al., 2010). An environmental perturbation which results in prey loss from a given module may therefore have a strong destabilising effect as predators are forced to feed on sub-optimal prey sizes to compensate, thereby also disrupting the distribution of strong and weak interactions within the food web.

 In contrast, food webs with modules that represent semi-isolated food chains may be more robust to perturbations, as species extinctions in a given module will not impact the supply of energy to species in other modules. This structure maintains the negative relationship between consumer-resource mass ratio and consumer trophic level, regardless of whether consumers interact with resources within or between modules, because such modules encompass species at a broad range of trophic levels and body masses. This means consumers are allometrically unconstrained in their ability to feed on species in different modules and may be able to adapt their feeding behaviour in response to perturbations within their own module. For example, while the loss of key basal resources from an individual module could have detrimental consequences for the specialised primary consumers in that module, higher predators may be able to maintain sufficient energy intake by feeding on species from other modules. This is analogous to fast and slow energy channels coupled by mobile predators, which promote stability by generating asynchronously fluctuating resources that dampen variation in consumer populations (Rooney et al., 2008; McCann and Rooney, 2009). The stabilising effect of modular energy channels could be tested by simulating food webs with different distributions of modules and running analyses such as sequential node deletions to compare the relative effects of overall modularity and module distribution on network robustness (Dunne et al., 2004). It is important that such analyses incorporate link weighting and indirect effects such as population dynamics to avoid the underestimation of secondary extinctions (Zhao et al., 2016).

 
  4.3 Further considerations

 We provide an exploration of the potential mechanisms underlying the modular structure of marine food webs, but more highly resolved networks across a range of ecosystem types are necessary to generalise our results. While most nodes were resolved to the genus or species level, a small minority of basal and consumer groups in each network were subject to greater aggregation. It has previously been suggested that certain topological metrics such as linkage density and mean chain length are sensitive to the level of aggregation employed, though there has been no explicit investigation of the effects on modularity (Martinez, 1993). However, it has also been demonstrated that there is no consistent relationship between species richness and modularity at different scales (Montoya et al., 2015); This suggests that slight underestimations of the number of species (and links) resulting from species aggregation are unlikely to have a material impact on the resulting modular structure of our focal networks.

 A further unknown is the effect of different data compilation approaches on network structure. Each of the focal food webs was compiled using species- and region -specific diet information, but also broader literature sources spanning variable taxonomic and spatial resolutions, which increases the level of uncertainty over some interactions. However, modularity has been found to be relatively robust to variation in sampling effort (Rivera-Hutinel et al., 2012), and each of the focal ecosystems has been subject to extensive long-term sampling whereby the ecology of most constituent species is well understood. The underlying core species list and structure of each of our focal networks is therefore likely to be robust to minor variation in the distribution and number of interactions and nodes. We encourage researchers to provide information regarding the number of data sources used to determine the diet composition of each species and some indication of sampling completeness (e.g. yield-effort curves), and to ensure minimal and comparable levels of taxonomic aggregation, as these efforts will facilitate the assessment of the comparability of network structures (Martinez, 1993; Gauzens et al., 2013). While network size alone does not drive modularity (Rivera-Hutinel et al., 2012; Montoya et al., 2015), contrasts between our study datasets may have arisen from a combination of natural and arbitrary differences in the scale at which the network is considered. In this study, the two offshore food webs had arbitrary differences in their boundaries and constituent species (e.g. omission of the sea floor, marine mammals, and seabirds in the Scotia Sea), but their modular structure was still consistent, which provides some confidence in our ability to detect overarching trends despite methodological differences. Food web modules have been found to represent distinct functional groups (i.e. groups of species with similar ecological functions such as pollination, herbivory, predation etc.; Montoya et al., 2015). Therefore, there is a risk that omitting species with certain characteristics when describing food webs means we only capture part of the processes structuring ecosystems, and that our perception of modularity or stability is influenced by the scale at which the network is considered. This is a topic which merits further investigation and should certainly be discussed when comparing networks.

 
 
  5 Conclusion

 This study provides insight into the underlying drivers of modularity in marine food webs through the comparison of multiple highly resolved networks. Modules in relatively stable offshore environments appear to be structured largely by body mass, while those in more heterogeneous coastal and intertidal settings are organised according to the broader diversity of ecological niches and feeding modes. The resulting differences in modular structure (i.e. trophic clustering of modules versus differentiation into energy channels) could underpin ecosystem responses to species loss and other perturbations, and suggests that traditional modularity metrics do not fully represent the stability of food webs. Further testing of the link between the distribution of modules and the degree of network robustness (e.g., using simulated networks and species extinction scenarios) will ensure that we continue to make progress towards gaining a comprehensive understanding of the underlying determinants of network stability.
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Prey-capture
strategy

Prey-capture
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Body
robustness
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Translucency

Species averages from field measurements and literature, log;, transformed

Physical space in which organisms forage. Categories vary due to environmental differences between food webs. Scotia Sea: epipelagic, mesopelagic,
bathypelagic. Weddell Sea: epipelagic, meso/benthopelagic, benthic. Lough Hyne and Kongsfjorden: pelagic, benthic, intertidal.

A scale of increasing mobility: sessile; passive drifter; crawler; use of swimming appendages; jet propulsion; lift-based swimming.

A scale based on how actively the species captures prey: primary producer; passive capture; ambush predator; active suspension/detritus feeder;
active searcher/hunter

Binary, presence or absence of external appendages which could be reasonably considered to play a role in prey grasping and manipulation.

A scale of body type, from fragile to robust: gelatinous; soft-tissue with no internal skeleton; soft-tissue with internal skeleton; external carapace;
external hard shell

Binary, presence or absence of defensive spines

Binary, used to distinguish species that are clearly see-through (e.g. most gelatinous zooplankton, some amphipods) from those which are not (e.g.
crabs, fish)

See Supplementary Methods for more details.
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Approximate Approximate Min to max Ecosystem Constituent functional

latitude (°N) extent (km?) bottom depth (m) type groups

SS 228 10,827 -57.0 1.5x10° >1,000 to >3,000 Offshore Pelagic (excluding birds and
mammals), benthos excluded

ws 490 15,987 -76.0 2x10° 200 to 500 Offshore Pelagic (including birds and
mammals), benthos

LH 340 5,012 515 0.5 0 to 50 Coastal bay Pelagic (including birds and
mammals), benthos, intertidal

KO 260 1,590 79.0 209 0 to 400 Coastal bay Pelagic (including birds and
mammals), benthos, intertidal

S8, Scotia Sea; WS, Weddell Sea; LH, Lough Hyne, KO, Kongsfjorden.






