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Rock pools are important desert ecosystems that provide rare sources of surface water in arid regions. Hydroperiod is one of the primary limiting factors on aquatic macroinvertebrates living in rock pools. Resident macroinvertebrates must complete their life cycles before drying, and may employ active or passive dispersal strategies to survive drying. Quantifying dispersal and functional feeding traits across rock pool macroinvertebrate communities in multiple regions could provide insight into how rock pool ecosystems will respond to shorter hydroperiods predicted by climate change models. Here, we analyze taxonomic data (26 species lists) obtained from 24 published studies of rock pools to assess the dispersal and feeding strategies of macroinvertebrates, and how ecosystem functions may change with shorter hydroperiods. On average across all datasets, taxa were equally comprised of active dispersers and passive dispersers. Most active disperser taxa were predators (60%) and gatherers (33%). In contrast, passive disperser taxa were generally filterers (39%), gatherers (29%), and scrapers (21%). Climate change scenarios may result in shorter rock pool hydroperiods in many regions, which could reduce habitat availability for passive dispersers with weak overland dispersal abilities. If passive disperser populations decrease, their associated ecosystem functions, such as fine organic matter processing, could be disrupted. These results provide a foundation for future work investigating changes in rock pool ecosystem function due to altered hydroperiods.
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INTRODUCTION

Rock pools are small (<1 hectare area), often temporary, bodies of water located in depressions on rock outcrops. Commonly found in arid regions, these pools fill with rain and slowly evaporate over time, making them important habitat “islands” for aquatic macroinvertebrates in a harsh, dry landscape (Jocqué et al., 2010b). Rock pools are often regarded as hotspots of biodiversity and endemism due to their unique biotas (Bogan et al., 2014; McBurnie et al., 2015; Porembski et al., 2016). Macroinvertebrate communities within rock pools are tightly controlled by hydroperiod (Table 1), the duration of inundation from filling to drying. Hydroperiod itself is a function of pool size and geometry, precipitation, runoff, climate variability, and evaporation rates (Hulsmans et al., 2008; Vanschoenwinkel et al., 2009b).


Table 1. Rock pool studies investigating controls on taxonomic composition, sorted by the primary community structuring mechanisms identified by the authors.
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To survive in temporary water bodies, resident species have to either persist through drying events or disperse away from drying habitats. Jocqué et al. (2010b) categorized rock pool taxa into two major mobility groups: active dispersers and passive dispersers. Active dispersers are less restricted by hydroperiod because they fly or crawl overland from pool to pool to escape drying (Jocqué et al., 2010b). These macroinvertebrates can colonize rock pools almost immediately upon inundation. Depending on expected pool permanence, which is partly cued by habitat size, active dispersers lay eggs in newly-filled pools to start the next generation, which must fully develop before the pool dries (Jocqué et al., 2010b). When they reach their adult stage, these macroinvertebrates fly to more permanent water sources to wait until rock pools fill again. Active dispersers are commonly insect taxa, such as hemipterans, coleopterans, and dipterans, and are likely habitat generalists due to their ability to travel to other water bodies (Jocqué et al., 2010b). Many of these same insect taxa are also predators (e.g., hemipterans) that need to consume high-protein prey to reach adulthood and become aerial dispersers before pools dry (Jocqué et al., 2010b; O'Neill and Thorp, 2014; Brendonck et al., 2016; Lund et al., 2016).

Conversely, passive dispersers employ strategies that allow them to survive drying in situ. These organisms are largely branchiopod crustaceans, such as anostracans, notostracans, and cladocerans, and other crustaceans such as ostracods (Jocqué et al., 2010b). When rock pools begin to dry, these crustaceans lay eggs that remain viable in dry sediment for years. When pools refill, conductivity, and temperature cue the eggs to break dormancy, and crustaceans continue their life cycles (Calabrese et al., 2016). Occasionally, wind disperses dormant eggs to other rock depressions, inadvertently maintaining metacommunities (Vanschoenwinkel et al., 2009a). Given these life history traits, rock pool crustaceans are considered specialists for temporary habitats, and are rarely found in permanent systems (Jocqué et al., 2007). These same crustaceans frequently exhibit herbivorous functional feeding traits (Jocqué et al., 2010a,b; Brendonck et al., 2016). These feeding traits allow passive dispersers to take advantage of newly deposited organic matter and spikes in microbial production when pools refill (Jocqué et al., 2010a).

Climate change is expected to alter aquatic communities in rock pools via its effect on hydroperiod. Climate change models for many arid regions predict fewer rainy days, decreased mountain snowpack, longer dry seasons, and increased temperatures (Tadross et al., 2005; Abatzoglou and Kolden, 2011; Hughes and Steffen, 2013; Jaeger et al., 2014; Meixner et al., 2016). These climatic changes are also expected to reduce hydrologic connectivity and groundwater recharge (Jaeger et al., 2014; Meixner et al., 2016). Longer dry seasons will likely result in shorter hydroperiods for rock pools through a combination of reduced filling and faster drying. In fact, a hydrologic model predicted shorter hydroperiods for 85% of rock pools in Botswana, as well as decreased hydroperiod predictability (Hulsmans et al., 2008). Models also suggest shorter hydroperiods may impede the reproduction and survival of passively-dispersing crustaceans in smaller, shallower pools (Hulsmans et al., 2008). Specifically, reduced hydroperiods in small pools may alter water chemistry dynamics and eliminate the temperature or conductivity cues that trigger dormant eggs to hatch (Spencer and Blaustein, 2001; Jocqué et al., 2010b). Furthermore, hydroperiods may become too short for passive dispersers to complete their life cycles before drying (Hulsmans et al., 2008; Timms et al., in press).

The objectives of this review were to (i) assess the macroinvertebrate dispersal and functional feeding traits of rock pools across arid regions globally and (ii) to explore how macroinvertebrate communities and the ecosystem functions they provide could shift under climate change. We hypothesized that rock pool taxa are dominated by active dispersers, because aerial dispersal allows individuals to colonize new habitat and escape drying habitat. We also hypothesized that overall functional feeding group composition would be dominated by predators (given their previously documented association with active dispersal traits), but that herbivorous traits would dominate within the passive dispersers group. If the latter hypothesis is supported, then the shorter hydroperiods predicted under climate change could negatively impact ecosystem processes in rock pools by eliminating populations of herbivorous passive dispersers.

ANALYSES

Taxa lists provided in studies of rock pool communities were reviewed to understand the distribution of taxa, and their dispersal and functional feeding traits, across and within arid regions. Data were collected through Google Scholar and Web of Science searches for the terms “rock pool,” “pool,” “tinaja,” “gnamma,” “macroinvertebrate,” “community,” “arid,” “desert,” “freshwater,” “ephemeral,” and “temporary.” Studies containing macroinvertebrate community data for freshwater, non-riverine rock pools were selected, and taxa lists were analyzed. In cases where taxa lists were not provided, the authors were contacted to request taxa lists. Our analyses include 26 taxa lists from 24 studies worldwide (see Table 1 for citations).

Taxa were assigned into passive and active disperser groups based on their dispersal abilities. Passive dispersers included Crustacea, Turbellaria, Rotifera, Tardigrada, Nematoda, Oligochaeta, Mollusca, and Orobatidae, while active dispersers included most aquatic insects and non-Orobatid mites (Williams, 1998; Jocqué et al., 2010b; Brendonck et al., 2016). However, insect taxa were classified as passive if they have dormant egg or larval stages that can survive drying (e.g., Dasyhelea, Diptera: Ceratopogonidae). For example, genera of non-biting midge (Diptera: Chironomidae) were classified as passive if they were included in a published list of drought-resistant taxa (Cañedo-Argüelles et al., 2016) or if they were known to be endemic to rock pools (Pinder et al., 2000).

Taxa were further assigned to one of the following functional feeding groups: predators/parasites (hereafter predators), gatherers, shredders, scrapers, filterers (Kubly, 1992; Ode, 2003; Merritt et al., 2008; DraŽina et al., 2014; Ramírez and Gutiérrez-Fonseca, 2014; Centre for Freshwater Ecosystems, 2019). This metric is coarse for two reasons. First, some studies only identified taxa to family, so we used coarser family-level feeding group assignments. Second, most studies did not provide the life stage or the proportion of larvae to adults for Coleoptera, which may change functional feeding groups. In these cases, we assigned coleopterans to adult-stage feeding groups unless the presence of larvae was noted. If larvae and adults were distinguished, then larvae were assigned to different functional feeding groups when appropriate (e.g., Hydrophilidae: Berosus larvae- predators, adults- gatherers).

For each dataset, the percentages of taxa classified as passive dispersers, active dispersers, predators, and herbivore functional feeding groups (scraper, shredder, gatherer, and filterer) were calculated. The number of taxa in each group was divided by the total number of taxa in the list to calculate the percentages. Percentages of each group were then compared to identify patterns in trait dominance. The comparisons calculated were: (i) average percent active and passive dispersers for the taxa in each study, (ii) percent of each functional feeding group overall, (iii) percent of each functional feeding group represented within actively dispersing taxa, and (iv) percent of each functional feeding group represented within passively dispersing taxa. Differences between percentages of active and passive disperser taxa were tested through analysis of variance (ANOVAs), and differences in percentages of each functional feeding group were tested through Kruskal-Wallis tests and post-hoc paired Wilcoxon tests. Test types were based on the distribution of data, which could not always able to be normalized. All statistics were run in the R computing program (R Core Team, 2017). To explore continental differences, each test was also run for the subsets of data from North American and Australian studies. There were not enough studies from Africa to run separate statistical analyses.

Taxa lists were utilized in this study because they were readily available in published journal articles or in the Supplementary Materials of articles. However, these lists lack abundance measurements. By not accounting for the abundances of each taxon, we are likely overestimating the contributions of rare species and underrepresenting those of dominant species. Abundance data were unavailable because full datasets were not accessible, and authors were reluctant to share raw data. Despite these shortcomings, taxa lists provide a coarse examination of the entire community and allow the development of testable hypotheses for future studies.

TAXONOMIC STRUCTURE

We gathered macroinvertebrate community data from 24 rock pool studies in arid regions on three continents. On average, there was no difference between percentages of active and passive disperser taxa in rock pools (ANOVA (n = 26): F1,50 = 0.60, p = 0.444). Active dispersers composed an average of 52% of listed taxa for rock pools, while passive dispersers contributed 48% (Figure 1i). Not all studies included microfauna, such as cladocerans, copepods and rotifers, but those that did reported numerous taxa, which may account for the similarity in percentages between active and passive taxa. This similarity may also result from lack of separation between pools of different sizes during analyses, as small and large pools have been shown to support distinct macroinvertebrate taxa (Anderson et al., 1999; Anusa et al., 2012; Timms, 2013, 2016). Refining the resolution of data by pool type and by abundance measurements would aid in refining analyses of dispersal trait structure.
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FIGURE 1. Composition of macroinvertebrate dispersal and functional feeding traits in rock pools. Globally, the percentages of taxa classified as active vs. passive disperser were equal (i), but more taxa were classified as predators and gatherers than any other functional feeding group (ii). Within active dispersing taxa, most taxa were predators and gatherers (iii), but the majority of passive dispersing were filterers, gatherers, and scrapers (iv). Letters above bars indicate groups by significance, such that two bars with the same letter are not statistically different. Letters can only be compared within a graph, not across graphs.



In contrast to these equivocal global patterns, studies from Australian rock pools had significantly more passive than active dispersers [p ANOVA (n = 15): F1,28 = 7.85, p = 0.009], while studies from North America had significantly more active than passive dispersing taxa [ANOVA (n = 9): F1,16 = 37.87, p <0.001; Figure S1]. These opposing patterns are likely due to varying levels of taxonomic resolution between continents. Australian studies usually identified microfauna to species, whereas North American studies generally identified to order. Thus, the number of passive dispersing microfauna reported from Australian studies was usually higher than in North American studies. This finding highlights the need for taxonomic consistency across studies to make robust regional comparisons.

Globally, the proportions of taxa belonging to various functional feeding groups were not equal [K-W (n = 26): χ2 = 77.49, df = 4, p <0.001]. On average, the highest percentage of taxa were predators, followed by gatherers, filterers, scrapers, and shredders (Figure 1ii). Functional feeding group composition within continents was similar to the global pattern (Figure S2). Within herbivorous functional feeding groups, a majority of taxa fed on fine particulate organic matter (FPOM). FPOM is washed in during rain events (Crawford, 1981) and also is produced autochthonously upon the death of algae (Kubly, 1990). Coarse particulate organic matter (CPOM), and the macroinvertebrate shredders that feed on it, may be rare in rock pools because organic matter is flushed away during heavy rain events (Kubly, 1990; Griffis-Kyle et al., 2014).

Similar to overall patterns, functional feeding groups within active disperser taxa also differed in the proportion of taxa they contained (K-W (n = 26): χ2 = 101.91, df = 4, p <0.001). Predators and gatherers dominated, with filterers, scrapers, and shredders being relatively uncommon among active disperser taxa (Figure 1iii). In fact, on average, over 60% of active dispersers were predators, while <10% of passive dispersers were predators. Analyses within Australia and North America largely mirrored global patterns (Figure S3). Examples of active disperser predators included hemipterans, such as notonectids and corixids, as well as coleopterans (e.g., Dytiscidae) and odonates (e.g., Aeshnidae). Gatherers within the active disperser taxa were mainly dipterans, such as culicids and chironomids, but also included adult hydrophilids and an occasional ephemeropteran (e.g., Baetidae).

Functional feeding group percentages within passive dispersers were also unequal [K-W (n = 26): χ2 = 70.26, df = 4, p <0.001]. Filterers, gatherers, and scrapers dominated, while predators were rare, and not statistically different from shredders, which were completely absent (Figure 1iv). Regional patterns were similar to global patterns (Figure S4). Filter-feeding passive dispersers included ostracods, copepods, and various crustaceans, while gatherers were mainly Rotifera and desiccation-resistant chironomids (Diptera).

COMMUNITY DYNAMICS AND ECOSYSTEM FUNCTION IN ROCK POOLS

Although little research has been done to quantify ecosystem functions within rock pools, analyzing rock pool taxa by functional feeding groups can lend insight to the ecosystem functions these taxa provide (Wallace and Webster, 1996). Predators were the dominant functional feeding group overall, and were especially dominant within active disperser taxa. Macroinvertebrate predators are known to structure local communities through prey depletion (Wallace and Webster, 1996; Downing, 2005). In rock pools, the influence of predators on prey assemblages may be heightened because prey emigration is limited (i.e., leaving the pool may lead to desiccation or terrestrial predation). By reducing prey abundance, predators influence the functions that prey perform, such as grazing and organic matter processing. Cascading impacts of predators on prey can affect ecosystem functions, such as primary productivity and carbon cycling (Downing and Leibold, 2002; Atwood et al., 2013, 2014a). However, different predators, or different combinations of predators, do not affect prey and ecosystem function uniformly (Atwood et al., 2014b). Overall, functional outcomes resulting from increased predator abundances in rock pools are difficult to predict given the high abundances and diversity of predators, suggesting the need for manipulative experimental studies to disentangle this complexity.

Gatherers and filterers were the most dominant herbivore groups in rock pools, and these functional feeding traits were strongly associated with passively dispersing taxa. Collector-gatherers are known for their roles in detritus processing and nitrogen cycling, and when they are consumed by aquatic or terrestrial predators, they link basal and upper levels in food webs (Grimm, 1988). As gatherers seek food, they disturb sediments and particulate matter (bioturbation), resulting in re-suspension and movement of food and nutrients throughout the pool (Wallace and Webster, 1996; Brendonck et al., 2016). This process is important to filter-feeding taxa, which consume FPOM from the water column. Filtering can change nutrient cycling through removal of organic matter from suspension and the transformation of nutrients through filter-feeder excretion, which in turn affects primary production (Wallace and Webster, 1996; Cardinale and Palmer, 2002). Because passive dispersers are frequently gatherers and filterers, future climate regimes and hydroperiods that are unfavorable to passive dispersers could greatly reduce the ecosystem functions they provide.

BROADER IMPLICATIONS

Hydroperiod and predation likely will interact to assemble novel communities under climate change. With decreasing hydroperiods in shallow rock pools, inundation time may be so short that passive dispersers lack time for reproduction (Hulsmans et al., 2008; Timms et al., in press). Moreover, crustaceans cannot actively seek longer-lasting pools in which to lay their eggs (Jocqué et al., 2010b). If smaller pools dry quickly, FPOM processing and nutrient cycling could be disrupted through the loss of specialist crustaceans. In addition to hydroperiod disrupting passive disperser life cycles, increased prevalence of active dispersing predators may further modify local communities. In fact, predation may be nearly as strong of a community filter as hydroperiod (Jocqué et al., 2010b), because predators have the capacity to shape the primary consumer communities through prey selection (Dodson, 1987; Kubly, 1992; Blaustein et al., 1995; Anderson et al., 1999; Jocqué et al., 2007; Waterkeyn et al., 2016).

Although smaller rock pools will almost certainly face reduced hydroperiods under climate change, the presence of larger rock pools, which are generally slower to dry, may help to reduce local extinction rates of rock pool taxa. Larger rock pools have a wider variety of microhabitats and relatively stable physiochemical conditions, and thus tend to support a higher diversity of macroinvertebrates (Bayly, 1997; Vanschoenwinkel et al., 2009b; Anusa et al., 2012; Bogan et al., 2014). However, the hydroperiods of larger rock pools can be difficult to model due to high variability in the extent of inundation resulting from varying levels of rainfall (Vanschoenwinkel et al., 2009b; Cross et al., 2015). Thus, it is unclear whether these habitats will serve as long-term refugia under a drier or warmer climate. Furthermore, taxa associated with smaller rock pools may not be able to move to larger rock pools as climate changes, or even coexist with the taxa that usually inhabit larger rock pools. More permanent (often larger) pools tend to be dominated by active dispersers (Dodson, 1987; Anderson et al., 1999; Timms, 2013, 2014, 2016, 2017), the majority of which are predators (Figure 1). Many passive dispersers have evolved to live in shallow pools to escape predation (Jocqué et al., 2007), and these taxa may be unable to coexist with predators in deeper pools. Moreover, passive dispersers rely on seasonal or hydroperiod-dependent water chemistry cues to time their life cycles (Spencer and Blaustein, 2001; Jocqué et al., 2010b). In larger and more physiochemically-stable pools, passively dispersing taxa may not receive appropriate cues to trigger development.

As Vanschoenwinkel et al. (2009b) found, small rock pools are important—they may contain specialized taxa, and they may function as travel refuges between larger pools. Increasing regional habitat homogeneity, such as that resulting from altered hydroperiods and subsequent loss of smaller pools, may result in both reduced regional biodiversity (Kassen, 2002) and functional homogenization of remaining communities (Gámez-Virués et al., 2015). Thus, as climate change alters drying regimes, the likely outcome is reduced diversity within rock pool metacommunities and decreased ecosystem functionality in terms of organic matter processing and nutrient cycling. Because rock pools are small enough to experimentally modify, future studies should directly test these hypothesized outcomes by manipulating hydroperiod and the abundances of different taxa, and measuring the resulting impacts on ecosystem function.
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