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Abstract

:

Ecological functions in marine sedimentary habitats are greatly influenced by bio-engineering organisms. Thalassinidean crustaceans are particularly important in this regard, given their density, spatial occupancy and burrowing depths. These features coupled with high per capita engineering rates (bioturbation mainly) and the ability to modulate multiple resources simultaneously, place thalassinids amongst the most influential of ecosystem engineers in marine ecosystems. Research on these organisms has focused on mechanisms by which engineering effects are propagated, whilst drawing attention to the impact of ecosystem modification on ecological processes. However, disparities in the outcomes of global research suggest that complex dependencies underpin ecological responses to thalassinideans that we do not yet fully understand. It is in this context that this review draws attention to some of the dependencies in question, specifically by using existing models and hypotheses to (i) demonstrate how these dependencies can alter ecological responses to ecosystem engineering by thalassinids, and (ii) explain variability observed in outcomes of existing research. This review also shows the potential for explicit inclusion of such dependencies in future research to generate new knowledge on thalassinidean ecosystem engineering, from both fundamental and global change perspectives. More broadly, this review is a contribution towards advancing a predictive and mechanistic understanding of thalassinidean ecosystem engineering, in which biotic and abiotic dependencies are integrated.
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1. Introduction


Ecosystem engineering—the process by which organisms alter resource availability and flows to sympatric species [1], is a central determinant of community structure and ecological functioning in marine sedimentary systems [2,3]. Burrowing organisms are recognised for their roles as ecosystem modifiers, but endobenthic crustaceans are arguably the most dominant engineers in marine sedimentary systems [4,5,6]. In the past, these crustaceans have been referred to as ‘thalassinids’ or ‘thalassinideans’, due to their classification within the infra-order Thalassinidea [7,8]. However, subsequent taxonomic revisions have split the group into two infraorders—the Axiidea and Gebiidea [9,10]. For convenience, and because the group is well-recognised and established in the literature, the terms ‘thalassinideans’ or ‘thalassinids’ will be used interchangeably in this review, while still recognising that the group is paraphyletic.



Thalassinidean crustaceans modify marine sedimentary systems at levels that are probably unmatched by other benthic engineering species [6], resulting in conspicuous and complex alterations to benthic habitats (Figure 1). This is due primarily to these crustaceans occurring at high densities, occupying very large areas of the benthos, burrowing up to depths of 1m and beyond and having some of the highest known per capita engineering rates (mainly due to sediment and porewater movement) of known benthic engineers [4,5,6]. These features, coupled with the large number of resources and abiotic processes they affect simultaneously, result in thalassinidean crustaceans being amongst the most influential of ecosystem engineers in marine benthic ecosystems [4,5,6].



The scale and intensity at which thalassinideans alter biotic and abiotic processes in benthic ecosystems has resulted in these engineers receiving significant research attention [6], with studies generally being motivated by a need to understand their broader role in community organisation and ecosystem functioning. In this context, research has generally sought to quantify the strength of engineering effects induced by thalassinidean species on biotic and abiotic processes. Such studies have been based on a range of approaches including field and laboratory experiments and in situ comparisons across contrasting engineering states in space and time [6]. From a biotic perspective, studies have documented the responses of sympatric communities across a wide size spectrum (microscopic bacteria to macroscopic fish) [11,12,13] and across multiple organisational levels (individuals to ecosystem) [6], while research on abiotic responses has examined nutrient fluxes, gaseous exchange and sediment and porewater characteristics [6,14,15,16,17,18,19,20]. In the majority of cases, studies have emphasised the strength with which thalassinidean crustaceans engineer benthic ecosystems, while shedding light on fundamental processes that are affected concomitantly. Cumulatively, these studies have contributed to the generation of broad hypotheses to advance a mechanistic understanding of how engineering-induced effects manifest [6].



From a biotic perspective, there are two broad hypotheses that are relevant to understanding ecosystem engineering effects by thalassinidean crustaceans, though it must be pointed out that these have been based largely on work on deposit-feeding species while- equivalent work for filter-feeders has been neglected [6]. The first hypothesis is that thalassinids induce amensalistic effects on surface-associated assemblages through rapid sediment turnover [6,21,22,23,24,25,26,27]. Amensalism is thought to occur via a host of indirect effects linked to increasing colonisation and feeding constraints and risk from enemy attack mediated by sediment turnover [26,28]. Constraints on colonisation have been linked to sediment turnover inhibiting microbial colonisation of surficial sediments, which in turn limits biofilm development and hence invertebrate recruitment [29]. Sediment turnover may also reduce trophic resource (bacteria, microalgae) availability for epibenthic feeders [13,26]. For filter-feeding taxa, it has been suggested that turned-over sediment and subsequent resuspension interferes with filtration organs, leading to feeding costs and metabolic losses [26,27]. This notion is an extension of the trophic-amensalism hypothesis put forward in the seminal work of Rhoads and Young [30], which attempted to explain spatial patterns of segregation between deposit- and filter-feeding assemblages.



The second general hypothesis emerging from studies on biotic effects of thalassinideans (again, mainly deposit-feeders) is that engineering will either have neutral or facilitative effects on burrowing infauna [6,31,32,33,34,35]. The latter is due to oxygenation and loosening of sediments by thalassinid burrowing [6,31,32,33,34,35], but also due to burrow walls being enriched in trophic resources (microalgae, bacteria and mucopolysaccharides) [6,11,36,37,38]. Such enrichment may be driven by the addition of mucus to burrow walls and excretion of nutrients, which can create fertile conditions for microbial proliferation [6]. Passive adsorption of phytoplankton, bacteria and other organic material onto burrow walls during ventilation may also explain the propensity of burrow walls to function as hot-spots for microbial activity [6]. In combination, the two broad hypotheses presented here (amensalistic effects on epifauna; neutral/positive effects on infauna) lead to a general paradigm that endobenthic thalassinideans (mainly deposit-feeding species) engineer benthic systems by shifting habitat utilisation away from the sediment-water interface and deeper into sediments [6].



While this paradigm provides a valuable framework for understanding biotic/community responses to thalassinidean engineers, it should be apparent from existing literature that deviations from this paradigm are conspicuous (reviewed in detail in [6]). For example, while several studies have supported the idea that burrow walls of various thalassinids are hotspots for microbial activity [11,36,37,38], others have not [39]. Similar contrasts in response outcomes have been recorded for burrow wall meiofauna [37,40,41] seagrasses [33,42,43] and benthic macrofaunal assemblages [6]. In South Africa, studies on ecosystem engineering by the sandprawn Callichirus (as Callianassa) kraussi at different localities have yielded contrasting results. Negative effects on microalgal biomass were recorded from in situ inclusions of sandprawns in Durban Bay [29], on the sub-tropical east coast, along with declines in some macrofaunal community metrics (abundance, richness) [27]. However, sandprawn inclusion had no discernible effect on these variables in studies conducted in the Kasouga Estuary [44], in the warm-temperate east coast, despite this study following an apparently identical experimental design to that employed in Durban Bay. Some of the above-listed deviations from expectations are inevitably driven by methodological differences, but some are likely a product of disparities in abiotic settings in which the studies were conducted, and/or biological aspects of focal thalassinideans and sympatric assemblages.



Taken collectively, variability in biotic responses to engineering by thalassinid crustaceans suggests that complex ecological processes underlie emergent engineer impacts on benthic ecosystems. The need to develop deeper insights into these processes that we do not yet fully understand forms the fundamental motivation for this review. More specifically, this review draws attention to broader processes and dependencies that can influence ecological responses to ecosystem engineering by thalassinids, but it also illustrates how these dependencies can clarify some of the variability observed in the outcomes of global research on the topic. More broadly, this review advocates for the development of a mechanistic and integrative understanding of ecosystem engineering by thalassinideans, in which aspects of the engineer, responding assemblages and the environment are explicitly considered and incorporated into future studies (as summarised in Figure 2). This in turn will likely assist in improving predictive abilities across a wider range of ecological settings. Ultimately, this review makes a contribution towards growing understanding of ecosystem engineering by a globally important group of endobenthic organisms.




2. Contextual Processes/Variables


The forthcoming sections discuss in detail some of the contextual processes and dependencies that are likely to influence responses to ecosystem engineering by thalassinidean crustaceans. These discussions focus on biological responses, but within a general framework of contemporary hypotheses and conceptual models that are used to explain biotic responses to thalassinid bioengineering. However, the central motivation for this review and the forthcoming discussion are equally applicable and relevant to understanding responses of abiotic processes to engineering by thalassinids. Thus, the ideas expressed in this review are relevant to all researchers interested in ecosystem engineering by burrowing thalassinids, not only to those with biological inclinations. The concepts presented in this review complement a prior review on thalassinid engineering [6], in which emphasis was placed on net engineering effects. This review builds on the above-mentioned review by drawing attention to contextual dependencies and processes that can impact thalassinidean ecosystem engineering.



2.1. Engineer Density


It is well-established that engineer density is fundamental in determining the magnitude and direction of engineering effects on resource flows and biotic responses [1]. This is because density influences the strength of engineering per unit area by scaling up per capita engineering effects [1]. At a global level, studies on engineering effects of thalassinideans have been based on widely contrasting engineer densities, which presumably reflects interspecific and geographical variability in natural thalassinidean densities across localities in which studies were undertaken. In South Africa for example, in situ exclusion and inclusion experiments on sandprawn (Callichirus (as Callianassa) kraussi) ecosystem engineering have been based on densities ranging from 40/m2 in the Kosouga Estuary (warm temperate east coast) [44] to 120/m2 in Durban Bay (subtropical east coast) [27]. Given the range of engineer densities used across studies in the literature, variability in engineer density is potentially a significant driver of variation in the strength and direction of biotic responses to ecosystem engineering by thalassinideans.



The notion that differences in thalassinidean density can cause variability in community-level responses stems ultimately from the fact that these organisms, like all engineers, create new biological resources and/or increase the availability of existing resources (e.g., burrows create new microhabitats for infauna and may be enriched with trophic resources) while simultaneously destroying others and/or reducing their availability (e.g., sediment turnover destroys epibenthic microhabitats) [45]. Such contrasting effects on resources can elicit positive or negative responses from particular biotic groups, depending on fundamental biological traits that either positively or negatively predispose them to abiotic modification [2,3,6,45]. However, even within organismal groups with contrasting sensitivities to ecosystem engineering, both positive and negative effects can manifest at either high or low thalassinid density. This is due to the strength of resource creation and destruction (and/or increases or decreases in availability) by thalassinids and organismal tolerance to engineering being density-dependent [1]. For example, organismal groups that are generally regarded as being intolerant to thalassinid ecosystem engineering may be positively affected at low thalassinid densities, due to resource destruction being weak but resource creation being stronger and beneficial. Thus, responses of organism groups are likely to be non-linear and unimodal in relation to increasing thalassinid densities. Such responses are illustrated in Figure 3A, which shows the expected effects of increasing thalassinidean densities on epifaunal and infaunal diversity and/or abundance. Both metrics for epifauna are generally expected to be negatively impacted by sediment reworking by thalassinids, which is consistent with most contemporary ideas on deposit-feeder effects on epifauna [2,3,6,30]. However, at very low densities, thalassinids may generate positive effects on epifauna by, for example, increasing nutrient fluxes and hence surface productivity [46]. Beyond this point, though, further increases in thalassinid density should induce declines in epifaunal metrics [2,3,6,30]. In contrast, infaunal metrics should generally display the opposite pattern, with metrics generally increasing with thalassinid densities up to a threshold density, beyond which negative effects manifest [3,6,31,32,33,34,35]. It must however be acknowledged that the development of antagonistic interactions between thalassinideans at high densities could lead to deviations from the predictions outlined above.



Whole-community metrics such as species richness are likely to show similar non-linear, unimodal responses to increasing thalassinid density, based on the mechanisms proposed above. At low thalassinidean densities, ecosystem engineering may generate stimulatory effects on richness, due to positive effects on resource flows outweighing negative effects. However, beyond some hypothetical density threshold, values should decrease (Figure 3B). This decrease is likely generated initially by amensalistic effects on epifauna [2,3,6,30], but at very high thalassinid densities, additional negative effects on infauna may emerge due to abiotic conditions created by engineering selecting for a subset of infauna [3]. Also likely is that at the upper end of density limits, thalassinid ecosystem engineering would cause richness to decrease to levels below non-engineered states. This is primarily due to engineering creating abiotic conditions that can be tolerated by some taxa [3].



The non-linear responses displayed in Figure 3 provide a simple, yet useful framework for understanding how differences in engineer densities may elicit variable community responses to thalassinid engineering. At low densities, combined per capita engineering effects are probably insufficient to create abiotic conditions that are dissimilar to non-engineered states, resulting in there being insufficient impetus for a switch in community structure to occur. However, at the opposite end of the density spectrum, a switch in community structure is very likely, as cumulative per capita effects radically alter abiotic properties and processes. In the context of experimental and comparative studies, at low thalassinid densities, biological responses would probably be statistically indistinguishable between non-engineered (− thalassinideans) and engineered (+ thalassinideans) states, but strong differences should occur at the higher end of the density range, with large changes in community structure brought on principally by shifts from epifaunal to infaunal dominance. In support of this notion, Henninger and Froneman [44] suggested that the negligible effects of sandprawn (Callichirus [as Callianassa] kraussi) ecosystem engineering on community structure in the Kasouga Estuary (Eastern Cape of South Africa) was likely a product of the low sandprawn densities (40/m2­­) used in their experiment. In contrast, the higher sandprawn densities (120/m2) on which experiments in Durban Bay (KwaZulu-Natal, South Africa) were based yielded very different results, with statistically discernible differences in community structure between engineered and non-engineered states, with a shift to epifaunal dominance in the absence of sandprawns being prominent [27].



Non-linearity in responses of community metrics such as abundance and richness to thalassinid density may also explain variability in their responses in global case studies. This is illustrated in Figure 3B, which shows the expected response of community richness to increasing engineer density, in which three points along the density spectrum are overlain. If the engineer density used in studies is low (Point ‘a’ in Figure 3B) and not dissimilar to that of the non-engineered state, then comparisons between engineered and non-engineered conditions would probably yield insignificant findings. If engineer densities used in studies approach theoretical threshold densities at which responses peak (Point ‘b’ in Figure 3B), then the outcome of comparisons between engineered and non-engineered states would be positive, leading to an interpretation of engineering having stimulatory effects. However, the opposite would occur were upper density extremes (Point ‘c’ in Figure 3B) to be used. Collectively, the scenarios depicted in Figure 3B illustrate how variation in thalassinid densities can account for differences in the direction (positive, negative, neutral) and magnitude of outcomes in studies on thalassinid ecosystem engineering.



The points raised in this section regarding engineer density and non-linearity in the responses induced highlight a few important considerations for future research in the field. The first point is that findings of studies on biotic responses to thalassinid ecosystem engineering need to be contextualised against the known density ranges of engineering species being investigated (based on literature, for example). The advantage of contextualising thalassinid densities when interpreting findings is that it prevents liberal extrapolations and broad generalisations on ecological function. Contextualisation also develops an appreciation that ecological responses recorded under a particular density regime does not guarantee the same response under a different density regime even under similar environmental conditions. Secondly, future studies, particularly experimental ones, would benefit by shifting emphasis from testing thalassinid presence/absence effects to tests of responses across a density spectrum. This would provide robust data on ecological response patterns and thresholds, thus broadening understanding of the functional relevance of thalassinid species beyond presence alone.




2.2. Engineer Traits


It is well recognised that organismal traits strongly influence the strength of biological interactions [47]. The idea that engineer traits can influence the direction and magnitude of biotic responses to ecosystem engineering is therefore not entirely surprising, since responses are influenced to a large degree by the strength of abiotic modification by individual engineers, which in turn is driven by specific biological traits that they possess [1,48]. In terms of thalassinidean crustaceans, variability in biological traits across groups is conspicuous [6]. Life-history traits, for example, are highly variable with several species typically having five or six planktonic zoeal stages, followed by a benthic megalopa or decapodid larval stage. Some species have abbreviated larval stages, with two zoeal phases (Lepidophthalmus [8,49]; Austinogebia (as Upogebia) edulis; [50]). In Callichirus (as Callianassa) kraussi, planktonic larval stages are lost, and newly hatched juveniles form branches off main parent burrows [51].



Of all traits exhibited by thalassinids, variation in feeding behaviour is potentially the most significant driver of variability in the strength of biotic responses to ecosystem engineering. This is because feeding behaviours in thalassinids are intimately linked with two fundamental and distinct pathways by which their engineering effects are propagated viz. sediment turnover/reworking and porewater fluxes across the sediment-water interface [6]. Deposit-feeding thalassinideans feed by stripping organic material from burrow sediments and depositing residual material on the sediment surface. Thus, feeding rate probably correlates well with sediment-turnover rate. Filter-feeding groups on the other hand, extract organic material from water that is actively pumped through burrow systems [52]. Based on both feeding methods, a range of trophic resources are consumed, including microalgae, bacteria, seagrass, mangrove and saltmarsh debris, meiofauna and macrofauna [53,54,55]. In addition, some taxa have been described as gardeners, due to their behaviour of attaching plant and other debris to burrow walls to stimulate microbial growth, on which they feed [56]. Some also have specialised chambers where plant material is stored, likely for feeding purposes [57].



At a broad classification level, disparities in feeding behaviours can explain differences in pathways by which engineering effects are propagated. Deposit-feeding taxa generate impacts mainly through sediment turnover and reworking, while filter feeding groups are unlikely to have significant sediment-mediated influences on biotic processes, but changes driven by bi-directional movement of burrow waters may be significant [6]. However, within this broad classification scheme, substantial variability exists, with some members being specialists and others using a combination of both deposit and filter-feeding methods [58]. Within deposit-feeding taxa, variability in foraging behaviours can potentially induce differential biotic responses to ecosystem engineering. This stems from the fact that variability in sediment processing effort, which relates closely to the degree of deposit-feeding specialisation, likely influences the quantities of sediment turned over to the sediment-water interface [59] and therefore the strength of amensalistic effects generated on epifauna. The degree of deposit-feeding specialisation also likely influences the level of sediment loosening and oxygenation, which can alter the strength of facilitation on infaunal assemblages [6]. These ideas are summarised in Figure 4, which shows expected responses of epibenthic and infaunal assemblages to increasing densities of thalassinid engineers that display contrasting sediment processing behaviours. In thalassinid species that exhibit high sediment processing and turnover rates, amensalistic effects on epifauna are likely to emerge at lower engineer densities, due to negative effects of sediment turnover manifesting at a relatively low density (Figure 4A). Similarly, facilitative effects on infauna probably emerge at lower thalassinid densities when their sediment turnover rates are high, due to accelerated rates of sediment loosening coupled with increased trophic resources in burrows (Figure 4B) Therefore, one potential outcome of ecosystem engineering by thalassinids that display high sediment processing activities, is that a switch from epifaunal to infaunal dominance may be induced at lower engineer densities.



While plasticity in sediment turnover and reworking activities is a strong feature of thalassinid ecosystem engineering [58,59,60], thalassinids also display variability in burrow lining and compaction behaviour [6]. This aspect is another trait of thalassinideans that can alter the strength of their engineering effects, particularly for infauna. It has been suggested that some thalassinideans compact and line their burrows with fine sediments [6,37], probably for reasons relating to stabilisation. However, it has also been suggested that this behaviour may negatively impact some biota resident along burrow wall habitats, since burrow lining and compaction reduces sediment pore spaces available for movement of interstitial organisms [37]. The implication of such behaviour is that while burrow walls may function as “hotspots” for trophic resources such as bacteria and algae [11,36,37,38], positive, bottom-up effects on adjacent infauna may not materialise due to compaction and burrow lining limiting organismal access [37], even though burrowing provides other benefits such as sediment loosening and oxygenation. Thus, accurate predictions of thalassinid effects on infauna may require knowledge of burrow lining and compaction behaviour, in addition to sediment processing capabilities. More broadly, burrow compaction may also influence hydraulic pressures generated by thalassinids, and therefore, bio-irrigation efficiency.




2.3. Sediment Type and Wave Action


Sediment characteristics are recognised broadly as important drivers of biotic and abiotic processes and properties in benthic ecosystems, since they provide much of the background context for organismal functions and interactions [61,62]. Granulometry is a particularly important sedimentary trait, influencing processes such as oxygen availability, organic matter content and porosity [61,62]. Often, sediment granulometry is linked to wave exposure, such that high levels of exposure generally select for coarser sediment fractions, which are in turn well-oxygenated and highly porous, but have low organic matter levels. In contrast, areas sheltered from wave action are typically finer in particle size, have low porosity and oxygenation potential, but high organic content [61,62]. The interplay between wave action and sediment particle size in turn has a significant influence on resident benthic assemblages; dynamic course sediments are generally dominated by burrowing infauna, while sheltered fine sediments have both epi- and infaunal components, with epifaunal components increasing in sediments with very fine fractions. In addition, richness and abundance may be lower in dynamic, course sediment environments relative to finer systems [61,62].



Given the broad patterns outlined in the preceding paragraph, wave exposure and the sedimentary contexts in which thalassinidean engineering occurs have the potential to influence how biota respond to engineering. Therefore, these variables are also likely candidates for explaining response variability across engineering studies. Research conducted in dynamic, coarse sediments, for example, would probably generate different biotic outcomes relative to fine sediments, given the contrasts in biotic attributes outlined earlier [61,62]. In coarse sediments, surficial microphytobenthic and bacterial biomass are expected to be lower than in finer sediment, due to surface instability attenuating colonisation rates and increasing resuspension [61,62]. One outcome of such instability is that in experimental or comparative studies, magnitudes of difference in microphytobenthic and bacterial biomass between engineered (+ thalassinideans) and non-engineered states (− thalassinideans) are likely to be small or negligible (relative to finer sediments), due to the strength of habitat dynamism superseding that of thalassinidean engineering. In other words, the dynamic nature of the habitat may hinder microbial colonisation and persistence, even in the absence of ecosystem engineering by thalassinideans. Similarly, differences in epifaunal community structure and associated community metrics (diversity, abundance) are likely to be minimal, due to the dynamic nature of sediments, particularly at the upper surficial layers. Differences in infaunal assemblages would also likely be small or negligible in coarse sediments relative to finer ones. This is because while deeper sediments may be less affected by wave action and general surface instability, infaunal colonisation is likely to be negatively impacted by such instability [61,62], implying that potential positive effects of thalassinids on resource creation and/or increases in their availability [11,36,37,38] could be countered by a recruitment bottleneck.



In finer sediments, biotic differences between thalassinidean presence and absence should be magnified relative to coarser sediments, mainly due to environmental dynamism being weak and thus being unable to override thalassinidean ecosystem engineering strength. Thus, in finer sediments, the absence of thalassinidean engineering is likely to result in levels of epibenthic bacteria and microalgae being much greater than in sediments in which thalassinideans are present, relative to coarser sediment. Relatively stable surface sediments would also result in epifaunal assemblages in the presence of thalassinids being very different to those in the absence of thalassinids, potentially with metrics for this group (e.g., biomass, richness) being greater in thalassinid absence [61,62]. This disparity could also be explained by differences in levels of trophic resources (bacteria and microalgae) between thalassinid presence and absence, with higher resource levels in the absence of thalassinids leading to positive bottom-up effects on populations and possibly community metrics (e.g., greater community richness and abundance) [29]. Similar contrasts may emerge for infauna, due to habitat creation (burrows) and increased trophic resources [11,36,37,38]. Lastly, higher levels of bacteria and microalgae associated with thalassinid absence may stimulate epifaunal and infaunal recruitment. Prior experimental studies have shown that surface sediments with low levels of bacteria, microalgae and their exopolymeric secretions (which are major constituents of microbial biofilms) are associated with low levels of macroinvertebrate recruitment. This is mainly due to biofilm components acting as settlement cues for invertebrates and functioning as sediment stabilisers and/or trophic resources for recruits [29]. Experiments have also shown that high densities of thalassinids can limit biofilm development and recruitment [29].



The points raised in this section point to sediment traits being potentially important contextual variables that can shed light on response variability to thalassinid bioengineering. This may be the case at a local South African level, where almost identical experiments on engineering by burrowing sandprawns yielded very different outcomes. The study of Henninger and Froneman [44] took place in the mouth region in an estuary (Kasouga Estuary) during a period when it was closed off from the sea, while the study of Pillay et al. [27] took place in sheltered intertidal sandflats of a marine embayment. While specific details of the benthic environment in the respective studies are lacking, it can be deduced based on local knowledge and existing literature that the sedimentary contexts in which these studies were conducted were likely very different. Substrates in the mouth regions of estuaries are much coarser, given the dynamic nature of the habitat, whereas sediment in sandflats is finer due to their sheltered nature [61,62]. Thus, the lack of major effects of the sandprawn Callichirus (as Calianassa) kraussi on community metrics, individual taxa and microalgal biomass in the Kasouga study may potentially be linked to the dynamic and coarser nature of the benthos, whereas large declines in abundance of individual taxa, community metrics, microalgal biomass and epibenthic taxa may be related to shelter from wave action and finer sediments in the Durban Bay study.



While the preceding paragraphs have emphasized the role of sedimentary characteristics in driving assemblage differences, and its potential role in mediating the strength of thalassinid ecosystem engineering, predicting thalassinid engineering effects across contrasting sedimentological contexts is complicated by the fact that sediment attributes are likely to additionally influence thalassinid behavioural traits. Such sediment-mediated shifts in behaviour can have important implications for the strength of ecosystem engineering activities such as sediment turnover and burrowing. While there have been few explicit tests of this within thalassinid-related studies, the potential for sediment-mediated shifts in thalassinid behaviour to alter ecological responses can be inferred from studies elsewhere. Needham et al. [63] for example, demonstrated that the burrowing activities of the crab Austrohelice crassa is modified by sediment attributes. Specifically, sediment reworking by A. crassa was increased 16-fold in sandy sediment relative to more cohesive sediment (i.e., with a greater silt-clay content), with burrow: crab ratios and burrow durability being greater in the latter sediment type. Thus, developing an understanding of how variability in sedimentary contexts influence ecosystem engineering by thalassinids may require knowledge of potential sediment-mediated shifts in engineer behaviour over-and-above changes to sympatric biotic assemblages mediated by sediment traits.




2.4. Temperature


Environmental temperature is arguably the most influential determinant of organismal biology, influencing processes such as metabolism and nutrition [64]. Temperature is a particularly important contextual variable for ectothermic species, since they are unable to regulate internal body temperatures, and thus, passively conform to ambient thermal conditions [64]. In such species, physiological performance and behaviour are strongly affected by ambient temperature, with increasing temperature causing both positive and negative effects at the organismal level on either side of thermal optima [64]. In addition to direct temperature effects on organismal performance, indirect ecosystem-level effects can also manifest, due to temperature altering trait-mediated processes. For example, increased temperature has been shown to increase feeding rates in some consumers, resulting in an increase in the strength of top-down regulation in food webs [65]. In the context of marine sedimentary ecology, studies have shown that changes in temperature can modify bioturbation rates. For example, White at al. reported a reduction in sediment reworking rates by 90% by oligochaetes due to a decline in temperature from 10 to 4 °C [66]. Ouelette et al. reported increased sediment transport by the polychaete Neanthes virens from cold (1 and 6 °C) to warm (13 and 18 °C) conditions [67]. Similarly, bioturbation activity of heart urchins and sediment re-working of a deposit-feeding bivalve increased with higher temperatures [68,69]. Lastly, mesocosm experiments on freshwater fish have reported increases in surface sediment disturbances with increases in temperature from 10 to 20 °C [70].



In terms of thalassinideans, few studies have explored the effects of temperature on bioturbation rates. In one of the few studies of its kind, Berkenbusch and Rowden quantified rates of sediment expulsion from burrows of Biffarius (as Callianassa) filholi in an intertidal sandflat in New Zealand over a 12-month period and demonstrated a significant relationship between expulsion and temperature [59]. In particular, expulsion rates were greatest in summer and lowest in winter. This finding is consistent with the work of Rowden et al., who reported relative inactivity of Callianassa subterannea at low temperatures (7 °C), and lower sediment expulsion in spring and winter temperatures but higher levels in summer temperatures [16]. Thus, based on combined evidence from studies on thalassinids and other benthic ecosystem engineers, it is apparent that temperature can be a major determinant of sediment turnover activity, which is in turn a critical pathway by which engineering effects manifest at a biotic level. In addition, based on the above-mentioned studies, it would appear that within thermal limits, increasing temperatures are likely to lead to increased sediment turnover rates [66,67,68,69,70]. This, in turn, would lead to a general prediction or hypothesis that up to thermal optima, increasing temperatures would strengthen amensalistic effects generated by thalassinideans due to increased sediment reworking having stronger negative effects on epifauna and microbial biofilms. At a local level, this idea could additionally explain disparities in outcomes of South African exclusion experiments. Experiments conducted in Durban Bay, which is in a warm subtropical biogeographical region, identified very strong negative effects of Callichirus (as Callianassa) kraussi on microphytobenthic biomass and benthic macrofaunal community metrics, with strong amensalism detected on surface feeders [26,27]. In contrast, work in the Kasouga Estuary, which is in a warm-temperate bioregion, showed negligible effects of C. kraussi on microphytobenthos, community structure and metrics, with only one surface taxon being negatively affected [44]. Apart from biogeographical differences in temperature, thermal differences in these studies could additionally have arisen due to intertidal conditions in Durban Bay, with the benthos being subjected to warmer air temperatures during low tide.



Understanding the responses of benthic assemblages to ecosystem engineering by thalassinideans within the context of temperature variability is complicated by the fact that apart from influencing the engineers themselves, temperature can also directly influence sympatric assemblages. For example, studies elsewhere indicate that increasing temperature can induce stimulatory effects on microalgae [71]. If such positive temperature-driven effects on basal resources manifest in thalassinid-dominated sedimentary systems, then this can weaken amensalistic effects on surface fauna. This is because amensalism is thought to be driven, at least in part, by thalassinidean effects on trophic dynamics in surface sediments, due to turned over sediment either reducing trophic resources available to surface consumers or impairing feeding efficiency in filter-feeders by clogging feeding apparatus [6,26,30]. However, with increasing temperatures, bottom-up processes may strengthen, resulting potentially in higher trophic resource levels stimulating increases in surface grazer biomass. In terms of filter-feeders, similar effects may manifest due to increased resource availability in the form of phytoplankton. In addition, reductions in feeding rate due to turned over sediment interfering with filtration apparatus may be countered by higher phytoplankton availability. Lastly, if bacteria are stimulated by warming along with microalgae, then positive effects on microbial biofilms will likely emerge, thus stimulating colonisation and re-enforcing bottom-up trophic effects [29]. Infaunal responses to thalassinidean ecosystem engineering may also potentially be temperature-dependent. Increasing bioturbative activity due to rising temperatures suggests that sediment loosening would increase, thus favouring sympatric burrowers. In addition, if increased temperatures stimulate microalgal biomass [71], then positive effects on infauna will likely strengthen due to increased trophic resource levels within engineer burrows.



Apart from impacting basal resources, temperature can also modify the physiological processes of consumers in sympatric assemblages, over and above that of thalassinids. In terms of sympatric benthic invertebrates, processes such as reproduction, colonisation and feeding are all likely to be affected by temperature, with increasing temperature potentially having stimulatory effects on these processes, up to thermal optima [64]. This, together with the points made in the preceding paragraphs highlight the complexities that underlie predictions on how biotic responses to ecosystem engineering by thalassinideans are altered by increasing temperature. Collectively, this section demonstrates the need for a clear understanding of how temperature influences the strength of thalassinidean ecosystem engineering activities, the trophic environment and physiological processes of sympatric assemblages in order to confidently make predictions of temperature effects on thalassinid-dominated ecosystems.




2.5. Productivity and Nutrients


Productivity and nutrient levels (hereafter productivity for convenience) in marine sedimentary ecosystems vary across multiple spatial and temporal scales [72]. At a global level, productivity varies latitudinally, with higher chlorophyll levels and production rates at the equator and high latitudes [72]. Productivity also varies between upwelling and downwelling coastlines, but upwelling intensity also varies seasonally [73,74]. Moreover, human activities in coastal watersheds, mainly in the form of agricultural activities, influence land-aquatic runoff and hence productivity levels in coastal ecosystems [75]. At a global level, variation in background nutrient levels is thus potentially a significant contextual variable that determines how systems respond to engineering by thalassinidean crustaceans, based on studies elsewhere that have demonstrated the importance of productivity in determining ecosystem function and organismal interactions [73,74].



Strengthening of bottom-up processes is one potential way in which increasing productivity can influence benthic community responses to thalassinideans. In thalassinid dominated sediments, such bottom-up effects are likely to occur not only at the sediment-water interface, but also deeper in sediments, due to overlying waters being actively pumped through burrows [6,54]. This would likely contrast with non-thalassinidean states, where bottom-up effects would probably manifest mainly at upper sediment layers. Therefore, one possible effect of increased water column productivity is that levels of trophic resources in burrow walls may increase, leading to stronger positive effects on infauna. Stronger facilitation of trophic resources in burrows with increasing productivity is likely to arise by blooming phytoplankton in overlying waters being adsorbed onto burrow walls during irrigation, or due to higher ambient nutrient levels magnifying thalassinid gardening activities. Increasing productivity is likely to also induce positive effects on epifauna, due to higher levels of surficial trophic resources. If this prediction is upheld, then increasing productivity would likely weaken amensalistic effects generated by thalassinids. In systems with lower productivity, sediment turnover by thalassinideans would probably reduce levels of microalgae, bacteria and other trophic resources available to consumers [6,29], accompanied by reduced surface consumer abundance due to resource limitation. However, this may be negated in more productive systems due to higher levels of trophic resources overcoming the amensalistic effects of sediment turnover, thus inducing stimulatory effects on surface consumers. In addition, metabolic costs incurred by filter-feeders due to turned over sediment impinging upon feeding time may be overcome by higher levels of ambient trophic resources. Thus, in systems with high productivity, thalassinidean ecosystem engineering is likely to generate stronger positive effects on infauna and weaker amensalistic effects on epifauna, assuming that differences in other biotic and abiotic variables are negligible. However, this prediction is complicated by the fact that nutrient addition experiments in marine sedimentary systems have had mixed results, with variable strengths of bottom-up effects reported [76,77,78,79]. In addition, shifts in microalgal community composition with increased nutrient levels can in some instances induce negative bottom-up effects [80].



Another dimension relevant to understanding how biotic responses to thalassinideans are altered by productivity is that productivity can theoretically influence thalassinid behavioural traits, which in turn has important implications for the strength of ecosystem engineering activities undertaken over-and-above the trophic effects outlined in the previous paragraph. This is an interesting idea that has been proposed previously [59], but is also one for which little empirical support exists. In an in situ study of sediment turnover rates, Berkenbusch and Rowden documented low turnover in low tide habitats inhabited by Biffarius (as Callianassa) filholi relative to sites further up the shore. Berkenbusch and Rowden suggested that in habitats where food availability is high, such as in the low shore where inundation times are high, the feeding rate of B. filholi may decrease due to high levels of trophic resources, causing sediment turnover rate to decline. If productivity does indeed alter thalassinid feeding traits and sediment turnover activities, as suggested by Berkenbusch and Rowden, then this mechanism needs to be considered along with the trophic effects highlighted in the preceding paragraph to develop a robust understanding of how productivity influences biotic responses to thalassinid ecosystem engineering.




2.6. Community and Organismal-Level Traits


Biological traits of sympatric assemblages are significant determinants of how they respond to disturbances induced by organisms [47,61,62,81] but understanding of this aspect is limited in the context of thalassinidean ecosystem engineering. Sensitivity to disturbance is one such trait that can influence biotic responses to ecosystem engineering by thalassinideans. Classical theory suggests that assemblages dominated by r-selected species are able to tolerate high levels of disturbance due to physiological traits that allow for persistence under high disturbance levels and high colonisation rates that can offset disturbance-induced mortality. In contrast, assemblages dominated by K-selected organisms are disturbance sensitive due to traits that negatively predispose them to disturbances, such as slow colonisation and growth rates [62]. Thus, depending on whether assemblages under investigation are dominated by r- or K-selected organisms, which in turn is a product of background disturbance levels, biotic responses to thalassinideans may be very different. Outcomes may be weak or negligible if responding assemblages are disturbance tolerant (i.e., r-selected), but the opposite may be true for communities that are sensitive to disturbances (i.e., K-selected). This idea is supported by work on estuarine benthos, where it has been suggested that highly dynamic and/or frequently disturbed systems are dominated by a set of core species that persist under a range of abiotic and biotic states. Thus, disturbance induced shifts in abiotic conditions does not radically change species composition because of the disposition to withstand disturbance [82,83].



At the level of individual species, behavioural traits and plasticity in those traits are also likely to influence responses to ecosystem engineering by thalassinideans, and can thus shed light on processes influencing variability in biotic responses to thalassinid engineering. This must also be viewed within the context of explanatory models in the field of thalassinid engineering research being largely trait-based. For example, the trophic-amensalism hypothesis [30] proposes that sediment reworking by deposit-feeders negatively affects surface suspension feeders due to resuspended sediment clogging filtration apparatus, leading to metabolic losses and potentially spatial displacement. Mobility and two-dimensional habitat utilisation within the sediment have also been invoked to explain organismal responses to thalassinideans, with sedentary surface groups being argued to be more affected by sediment turnover than mobile surface and infaunal groups [23]. However, the generality and applicability of these models to thalassinideans has been hindered by a limited understanding of behavioural traits and plasticity in responding organisms [6]. Studies have largely assumed the biological traits of response organisms based on morphology or studies elsewhere, without explicitly quantifying these traits. The problem with such an approach is that it ignores plasticity in behaviour, and hence the possibility that organisms may alter behaviour under different abiotic and biotic conditions. As shown by Needham et al., assigning biological and functional traits to organisms without understanding the plasticity thereof, runs the risk of oversimplifying complex organism-environment and organism-organism interactions [63]. In turn, this has implications for developing a predictive understanding of benthic responses to change [63], including that induced by thalassinidean ecosystem engineering. Thus, refining the understanding of biotic responses to thalassinidean engineering requires quantification of traits of responding organisms and the plasticity thereof under different contextual settings, including those highlighted in this review.




2.7. Novel/Emerging Determinants of Thalassinidean Ecosystem Engineering


The previous sections have alluded to the potential for variability in abiotic factors to impact the strength of biotic responses by altering trait-mediated processes influenced by thalassinids (principally sediment turnover). In this context, recent research has shed light on novel and less appreciated pathways by which trait-mediated processes involving thalassinideans can be affected. Studies by Dairain et al. for example, have shown that parasite and pollutant levels can influence the strength of thalassinidean ecosystem engineering [84]. Using a 14-day experiment in which parasitised (by the bopyrid isopod Gyge branchialis) and non-parasitised Upogebia cf. pusilla were exposed to cadmium contaminated and uncontaminated seawater, Dairain et al. demonstrated reductions in sediment reworking activity in parasitised Upogebia. Interestingly however, cadmium contamination elevated reworking [84]. This work raises the possibility that spatial variability in parasite and contaminant levels can impact the strength of abiotic modification, with potential ramifications for biotic assemblages.



In a different set of studies, Moyo et al. documented how interactions occurring within thalassinidean burrows can influence ecosystem engineering activities [85]. Using behavioural assessments, Moyo et al. highlighted complex processes and dependencies that influence the nature of interactions between the sandprawn Callichirus (as Callianassa) kraussi and a burrow symbiont, the alpheid shrimp Betaeus jucundus. Importantly, the outcomes of these interactions significantly influenced the amount of time spent by sandprawns on ecosystem engineering activities. Initial experiments indicated that sandprawn responses to B. jucundus were distinct, with individuals either tolerating the symbiont, semi-tolerating it, or being completely intolerant, in which case sandprawns ejected the symbiont out of burrows and sealed them. Importantly, intolerant sandprawns displayed a 50% increase in time spent on sediment turnover activities, but reduced time spent on irrigation by roughly 30%. In a second experiment, it was shown that male and female sandprawns displayed contrasting behavioural responses to B. jucundus, with male sandprawns reducing time spent on sediment turnover in the presence of B. jucundus, though this was not evident in females. However, individuals of both sexes reduced the time spent on burrow irrigation activity in the presence of the burrow symbiont [84]. Thus, the results of these experiments put into perspective how little we know about interactions occurring within burrows between thalassinideans and symbionts, and how they can influence the strength of ecosystem engineering activities.





3. Concluding Thoughts, Challenges and Directions for Future Research


It should be apparent from this review that abiotic and biotic contexts have the potential to mediate biological responses to thalassinidean ecosystem engineering and to explain some of the variability in ecological responses evident in global research. This would suggest that rigorously understanding these processes is a logical step in building an integrative understanding of thalassinidean ecosystem engineering, which in turn requires that contextual processes be explicitly built into study designs in future. To date, studies on thalassinidean ecosystem engineering have focused on the role played by particular species as ecosystem engineers, in order to raise awareness of their ecological significance in coastal ecosystems [6]. While such research should in no way be depreciated, it must be understood that such studies provide a snapshot of the functional relevance of thalassinids within a subset of constrained ecological conditions. Thus, expanding future research by including contextual processes would provide a more robust understanding of thalassinidean ecosystem engineering under an expanded range of ecological settings. In this regard, testing the ideas, hypotheses and predictions proposed in this review may be an effective starting point to furthering research on contextual processes and dependencies that influence biotic responses. In addition, the contextual dependencies outlined in this review are by no means the totality of processes that can variably impact responses to thalassinideans. Thus, significant opportunities remain to unravel other processes and conditionalities that can refine understanding of how thalassinid engineering influences ecological processes. It must also be appreciated that the contextual processes highlighted in this review can interact in complex ways to mediate ecological responses; understanding such interactions thus present added opportunities to grow understanding of the processes that mediate responses to thalassinid engineering.



One of the major impediments to growing research on the contingencies that underpin thalassinid engineering is the logistical difficulties associated with working with endobenthic organisms. The great depth to which thalassinids burrow allied with their spatial spread complicates experimental designs due to the sheer amount of sediment that needs to be processed. It is not unrealistic for such experiments to require the processing of close to a ton of sediment, if not more. However, if we are to grow our understanding of the contextual processes underlying ecological responses to thalassinidean ecosystem engineering, creative and innovative approaches and methodologies are needed to deal with logistical constraints.



Greater research collaborations and linkages would likely expedite growth in our understanding of the contextual processes that determine responses to ecosystem engineering. Inter-institutional collaborations would probably be much more effective in quantifying and understanding drivers of response variability across the distribution range of particular thalassinid species than individual researcher contributions. In a similar vein, international collaborations can contribute to the growing understanding of contextual processes at a global level, with interspecific comparisons of engineering strength being a valuable contribution. In other marine ecosystems, multi-institutional collaborations have contributed to major disciplinary advances, shedding light on processes occurring at regional to global scales [73,86]. In this regard, there is much room for improvement in studies related to thalassinids as ecosystem engineers. It would be important for collaborative studies to pay particular attention to standardising methodologies and approaches, while obtaining robust data on ecological contexts that could be subjected to robust statistical analyses. It would be counter-productive for well-intended collaborative research to fail ultimately due to poor study designs and haphazard/unstructured data collection. In addition, explicit measurements of resources modulated in future studies (e.g., nutrient fluxes, sediment mixing) along with biotic response data could allow for the strength of propagating pathways to be quantified (e.g., [86]), thus shedding light on how interaction webs involving thalassinideans are altered by contextual processes.



While this review has advocated for further research on contextual processes that influence biotic responses to thalassinid ecosystem engineering, studies on individual thalassinidean species as ecosystem engineers have an important role to play in broadening understanding of engineering by this group. This is because of the roughly 550 thalassinid species described taxonomically [87], knowledge of their roles as ecosystem engineers is restricted to a smaller subset of species. Thus, paradigms regarding resource flow modulation and ecological responses are based on a limited set of studies across a narrow range of species [6]. Expanding engineer impact studies to broaden species bases for such studies therefore has significant potential to refine current understanding and identify novel propagating pathways and processes. Such studies could be rendered more valuable were contextual information explicitly collected to provide broader-scale perspective on findings. Importantly, such contextual information could be invaluable in future meta-analyses, thereby contributing indirectly to developing an understanding of contextual processes that influence thalassinid ecosystem engineering. Elsewhere, such approaches have progressively refined understanding of seminal ecological models [88,89,90]



In view of the dynamic role played by thalassinid crustaceans in modifying sedimentary ecosystems [6], it is important that research on the group as ecosystem engineers does not stagnate. In this context, the ideas put forward in this review are intended to contribute to growth in the discipline, in the hope of generating new knowledge that can refine current understanding and re-shape existing paradigms. This is particularly relevant given the global distribution of thalassinid crustaceans and the intensity and scales to which they engineer ecosystems [6]. Generating new knowledge on thalassinid engineering assumes great significance when viewed in the context of challenges faced by ecosystem sciences and management due to added uncertainties imposed by global change. While the ideas expressed in this review are essentially driven by a need to improve fundamental scientific knowledge, some ideas have immediate linkages to global change topics. Understanding temperature effects on thalassinid ecosystem engineering, for example, is of relevance to understanding ecological responses to ocean warming. Similarly, nutrient effects on thalassinid engineering are directly relevant to understanding responses to coastal eutrophication. Therefore, some of the contextual processes identified in this review are relevant not only to clarifying variability in biotic responses to thalassinid engineering, but also for predicting ecological responses of thalassinid-dominated ecosystems to global change. Importantly, the latter aspect can be used as traction to garner funding to broaden research on engineering by thalassinideans, which in its own context, has generally struggled to attract funding. It is hoped that the perspectives expressed in this review will form a useful platform to grow research on thalassinid engineering so that ecologists and managers are ultimately able to predict ecological responses to these engineers under a broad range of ecological conditions and global change scenarios with increased confidence.
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Figure 1. Irregular sediment topography created by engineering activities of the sandprawn Callichirus [as Callianassa] kraussi in Langebaan Lagoon, on the west coast of South Africa. Mid-shore sandflats are shown in the foreground and high-shore marshes in the background. Photos courtesy of Jessica Dawson. 






Figure 1. Irregular sediment topography created by engineering activities of the sandprawn Callichirus [as Callianassa] kraussi in Langebaan Lagoon, on the west coast of South Africa. Mid-shore sandflats are shown in the foreground and high-shore marshes in the background. Photos courtesy of Jessica Dawson.



[image: Diversity 11 00064 g001]







[image: Diversity 11 00064 g002 550]





Figure 2. Schematic overview of dependencies that can influence biotic responses to engineering by thalassinidean crustaceans. Abiotic contexts such as sedimentary and thermal regimes influence engineer traits, which in turn determine the strength of abiotic modification, principally by affecting sediment turnover and burrow irrigation. However, fundamental traits of thalassinids determine the degree to which they are influenced by abiotic settings. Community level responses are affected by abiotic contexts and the strength of ecosystem engineering, which are all influenced by biological traits of assemblages. The need to understand and integrate these aspects in future research form the central motivation for this review. Animal drawings courtesy of Jessica Dawson. 
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Figure 3. Predicted responses of (A) epi- and infaunal abundance/richness and (B) community richness to increasing thalassinid densities. In A, increasing thalassinid densities is expected to induce shifts from epifaunal- to infaunal-dominated states, due to increased sediment processing strengthening amensalism and facilitation on epifauna and infauna respectively. In (B), community richness is expected to respond unimodally to increasing thalassinid density. Thick arrow above y-axis denotes a non-engineered state. Note: responses are intended to be illustrative, not exhaustive – broad patterns are more important than specific response features. 
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Figure 4. Predicted responses of (A) epifauna and (B) infauna to increasing densities of two deposit-feeding thalassinid species that exhibit contrasting sediment processing behaviours. Species that exhibit high turnover (broken lines) rates induce changes in direction of infaunal and epifaunal responses at lower densities than those that exhibit low turnover (solid lines). Note: responses are intended to be illustrative, not exhaustive – broad patterns are more important than specific response features. 
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