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Introduction

Ecogeographical patterns in body size have been described across a wide range of vertebrate species. However, insects have shown inconsistent patterns in studies to date. Aquatic insects, particularly those from remote regions, have barely been explored.





Methods

The Magellanic sub-Antarctic ecoregion offers an ideal natural laboratory with near pristine environments, limiting the potential influence of confounding variables. In this study, we evaluated the influence of elevation on body and wing size and aspect ratio patterns for 10 species of mayfly (Ephemeroptera) and stonefly (Plecoptera) along a steep coastal elevation gradient (~0–600 m a.s.l.).





Results

We detected significant relationships between altitude and morphological features for the studied species. Additionally, we found that in females, morphological changes were slightly more pronounced than in males, probably due to their role as dispersers. While body size showed an increase along the elevation gradient, there was a notable decrease in some species' wing length over a relatively short geographic distance.





Discussion

Our data suggest that morphological plasticity might be promoted in response to the harsh environmental conditions that typify the steep coastal Magellanic sub-Antarctic mountain ranges.
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1 Introduction

Morphological plasticity along environmental gradients has long interested naturalists and ecologists. Body size is considered a significant organism trait, correlated with various aspects of ecology and biology (Blackburn and Gaston, 2001; Chown and Klok, 2003; Chown and Gaston, 2010). Bergmann’s rule (Bergmann, 1847) remains one of the most debated ecogeographical patterns, addressing body size variation in response to decreasing environmental temperature (e.g., latitudinal, altitudinal). Originally, Bergmann’s rule referred to endothermic animals, but patterns have been also explored in ectotherms. In insects, reported patterns are inconsistent (conventional, converse, or no pattern at all), and mechanisms are unclear, which has led to the generality of the rule being questioned (Blackburn et al., 1999; Blanckenhorn and Demont, 2004; McCulloch and Waters, 2017; Pallarés et al., 2019). While very few studies have addressed aquatic insect taxa, some have reported similar inconsistencies (McCulloch et al., 2017; Pallarés et al., 2019). Conversely to Bergmann’s rule, the temperature–size rule refers to developmental rates in colder environments, such as at higher latitudes or elevations (Atkinson and Sibly, 1997; Angilletta and Dunham, 2003). Cold temperatures result in slow growth rates in ectotherms, leading to increased adult body size, and in turn also to increased fecundity. Increased body size is often considered as a proxy indicator of fitness, potentially as a trade-off in adverse conditions. Wing length and wing shape, through their direct influence on flight characteristics, have been suggested to be directly related to dispersal ability, influencing species distributions and flight activity (Malmqvist, 2000; McCulloch et al., 2017). Insects inhabiting higher elevations are expected to show a greater incidence of wing reduction (brachyptery) or wing loss (aptery). However, wing morphological patterns also show inconsistent correlations with environmental parameters, varying from strong (Plecoptera, McCulloch and Waters, 2017), moderate (Ephemeroptera, Malmqvist, 2000), weak (Plecoptera, Malmqvist, 2000) to the absence of such patterns (Orthoptera, Levy and Nufio, 2015).

The Cape Horn Biosphere Reserve (CHBR) is in the southern part of the Magellanic sub-Antarctic ecoregion, lying between 54 and 56°S. This region is considered unique due to the absence of a biogeographic replicate globally, its unpolluted water courses and bodies, the world’s southernmost rainforests and wetlands, and minimal human-associated development, enabling the opportunity to study species and communities under pre-industrial conditions with minimal confounding influences (Contador et al., 2015). Embedded in the CHBR lies Navarino Island (55°S), whose mountain ranges span steep elevation gradients (~1000 m a.s.l.) over short geographic distances, with clear changes in air and water temperatures and biotic assemblages (Contador et al., 2015; Rendoll-Cárcamo et al., 2019). Additionally, these acute elevation gradients have strong influence on aquatic insect diversity, shaping community structure, composition, function, life cycles and thermal physiology (Contador and Kennedy, 2016; Rendoll-Cárcamo et al., 2020). Navarino Island is also the global southern-most distributional limit of some major aquatic insect lineages, such as Ephemeroptera and Plecoptera (henceforth mayflies and stoneflies, respectively). In these southern catchments mayflies are represented three families: Baetidae, Leptophlebiidae and Nesameletidae, while stoneflies are represented by two: Gripopterygidae and Notonemouridae. Species representing these families are present throughout the elevation gradient, while their life history and phenology have been studied (Contador and Kennedy, 2016), little is known about their morphology.

These remote and pristine mountainous landscapes offer a unique opportunity to assess morphological patterns in a close-to-natural state, serving as a baseline for mid- and long-term monitoring of climate-change-derived effects. Our objective is to investigate the changes in wing and body size through the elevation gradient. We hypothesize that the steep elevation gradients prevalent in Magellanic sub-Antarctic catchments will promote larger body sizes across all mayfly and stonefly species at higher elevations, while also resulting in wing reduction as a plastic response to harsh environmental conditions. Additionally, we predict that female individuals will exhibit greater morphological variation due to their role as the dispersing sex.




2 Materials and methods



2.1 Study area and site characterization

Navarino Island is located south of Tierra del Fuego and the Beagle Channel within the CHBR (Figure 1). Sampling surveys took place during austral summer of 2021 (January) to ensure the collection of emerging adults. Twelve malaise traps (Watkins and Doncaster; dimensions: 1.7m long x 1.2m wide, and 1.7m highest point, 0.95m) were installed for 80–90 h adjacent to three streams (one per elevation belt, and four elevations) draining to the north coast of Navarino Island, the Róbalo, Bronces and Ukika rivers, each in different catchments. Each catchment was sampled at a time with four malaise traps installed within the same day. After retrieval, it took a 24 h lapse to install traps in the following catchment. All sampling occurs in the span of two weeks. The selection of these was based on their marked elevation belts, faunal composition (Contador et al., 2015; Rendoll-Cárcamo et al., 2019; Rendoll-Cárcamo et al., 2020), vegetation types, and practical accessibility. The four elevation belts were identified based on biotic (southern beech forests composition) and abiotic features and based on previous assessments: 130–180 m a.s.l., evergreen forests (Nothofagus betuloides) and Sphagnum peatlands; 230–280 m a.s.l., mixed forests (N. betuloides dominant) and shrubs; 350–380 m a.s.l., mixed forests (N. pumilio dominant) and Sphagnum and Astelia-Donatia peatlands; 450–500 m a.s.l., krummholz (treeline of N. antarctica and N. pumilio) and cushion peatlands. A key consideration when identifying elevation belts was to sample away from the presence of invasive salmonids in the lower parts of the streams (Maldonado-Márquez et al., 2020). Invasive fishes can drastically influence the ecology and biology of insect species by predation and, without proper delimitation, could mask any natural patterns present (Koch et al., 2020).




Figure 1 | Location of Navarino Island in Southern South America, with surveyed river catchments (Bronces, Róbalo and Ukika rivers) highlighted. Each symbol represents a different elevation belt as shown in legend.






2.2 Specimen processing and measurements

A total of 553 mayfly (n = 332) and stonefly (n = 221) imagos were collected from the malaise traps and stored in containers in ethanol (95%). All individuals were identified to species level following pertinent literature (Nieto, 2004; Mclellan and Zwick, 2007; Domínguez and Fernández, 2009), and sex was determined to assess a priori if sexual dimorphism was present within species. Nevertheless, all specimens were included in the analyses regardless of sex due to low male abundances. Forewings were dissected from the body as close to the thorax as possible, then mounted and fixated onto microscope slides. Photographs were taken using a Leica S6D stereoscope with attached camera (M-SHOT MD90), and measurements of body length and wing length were performed on ImageJ 1.53e (Schneider et al., 2012). Body length was measured from the anterior margin of the head (clypeus) to the tip of the last abdominal segment (excluding cerci), while wing length was measured as the distance between the base and the apical margin. Relative wing length (wing length/body length) was used along wing length as body size varies between species, as in McCulloch et al. (2017).




2.3 Data analyses

Due to the mixed linear and non-linear nature of our data we tested morphological variation in body, wing and relative wing length by fitting a generalized additive model (GAM) with elevation, species and sex as predictors. GAM analyses captures linear and non-linear relationships between predictors and the response variables, and also provides an adjusted r2 value and deviance as measures of the proportion of variability in the response variable that is explained by the model. Additionally, we explored the interaction between elevation and species for all morphological features. All analyses were performed in R Studio 1.4.1717 (R Studio, 2022) using the packages mgcv.





3 Results

In general terms, we found that elevation as a negative effect on wing length on both orders, Ephemeroptera and Plecoptera (Figure 2), suggesting that with increasing elevation, wings decrease in size. For mayflies this negative effect of elevation on wing length was significant (p = 0.066), although for stoneflies was not (p = 0.372). When the pattern is explored with the interaction of elevation and each species it is noticeable that wing length reduction varies among species, and particularly for mayflies, it occurs for larger sized species (Figure 3). In stoneflies, the pattern is species dependant, some species show a decrease on wing length, while others show an increase, even cases in which the direction of the effect is sex related (Figure 3). A particular case of increase wing length towards higher elevations was found in the mayfly species Massartelopsis irarrazavali and the stonefly Senzilloides panguipulli (Figure 3, Table S1), showing the variability of patterns in sub-Antarctic mayflies. Furthermore, our analysis also indicated a negative wing length coefficient between sexes, suggesting that males have, on average, shorter wings than females, regardless of elevation (mayflies, p = 0.031; stoneflies, p < 0.001). The model on wing length explained a relatively high percentage of variability for both insect orders (mayflies, r2 = 0.874; stoneflies, r2 = 0.858, for details see Table 1).




Figure 2 | Elevation (m a.s.l.) versus wing length (mm), body length (mm) and relative wing length (mm) for Magellanic sub-Antarctic (A) mayflies (Ephemeroptera) and (B) stoneflies (Plecoptera). Females and males are represented by red and light blue circles and lines respectively.






Figure 3 | Elevation (m a.s.l.) versus wing length (mm) for Magellanic sub-Antarctic (A) mayfly species (Ephemeroptera) and (B) stonefly species (Plecoptera). Females and males are represented by red and light blue circles and lines respectively.




Table 1 | Predictor estimates obtained by generalized additive models (GAMs) for morphological features (WL = wing length, BL = body length, RWL = relative wing length) of sub-Antarctic mayfly and stonefly species.



The effect of elevation on body length was found to be negligible for mayflies (p = 0.851), although for stoneflies we found a significant positive effect (p <0.0001), indicating that as elevation increases, body length tends to increase as well (Figure 2). Similar to the trends on wing length, we found that body length varies within species (Figure 4, Table S1). Four of the five mayfly species showed an increase of body size with increasing elevation, and in the case of Andesiops peruvianus female body length decrease (Table 1). All stonefly species tend to have longer body length in higher elevations. The effects of sex on body length resulted to be non-significant for both, mayflies and stoneflies, yet particular cases such as the described A. peruvianus exists. In the case of body length, predictors of the model explained a relatively high percentage of variability for both insect orders (mayflies, r2 = 0.877; stoneflies, r2 = 0.838, for details see Table 1).




Figure 4 | Elevation (m a.s.l.) versus body length (mm) for Magellanic sub-Antarctic (A) mayfly species (Ephemeroptera) and (B) stonefly species (Plecoptera). Females and males are represented by red and light blue circles and lines respectively.



Relative wing length changes in elevation (which represents the ratio of wing length to body length) was statistically significant for mayflies (p < 0.0001) and stoneflies (p < 0.0001) (Figure 2). All studied species of mayflies and stoneflies showed a decrease in relative wing length along the elevation gradient (Figure 5, Table S1). Since this measure standardizes sizes when species have different wing or body lengths, elevation is suggested to be the only predictor that accounts for variability (mayflies, r2 = 0.335; stoneflies, r2 = 0.409). Interestingly, males have lower relative wing length ratios than females, an effect only found to be significant within stoneflies (p = 0.0145, for details see Table 1).




Figure 5 | Elevation (m a.s.l.) versus relative wing length (mm) for Magellanic sub-Antarctic (A) mayfly species (Ephemeroptera) and (B) stonefly species (Plecoptera). Females and males are represented by red and light blue circles and lines respectively.






4 Discussion

Elevation, as a proxy for various environmental variables, has a significant association with body size and wing length. In remote areas, such as the Magellanic sub-Antarctic ecoregion, elevation gradients are short and steep, influencing the biology and ecology of the species that inhabit these pristine environments.

Trends of wing length variation are mixed; showing decrease pattern and in some case an increase. Wings features are commonly associated with dispersal ability, and wing reduction is suggested to influence conformity to Bergmann’s rule (Levy and Nufio, 2015). In harsher high elevation habitats, wing reduction may imply a trade-off with body size and overall fitness (Roff, 1977). Such wing reduction has been described in various stoneflies (McCulloch and Waters, 2017), and specifically in the southern South American genus Notoperla (Vera, 2011). Additionally, it has been suggested that conditions in high elevation habitats might influence wing reduction by selecting against fully winged individuals (Roff, 1990; McCulloch et al., 2017). Moreover, we found that taking sexual dimorphism into account is crucial. In general, females (mayflies and stoneflies) as dispersers, have significantly larger wings than males. Due to the low male abundances for certain species in our samples, species-specific sexual dimorphism driven differences as yet to be explored. Previous studies have also taken into account the impact of sexual dimorphism, selecting only females for their analyses (McCulloch et al., 2017). Few studies have documented species with reduced or absent wings inhabiting above the treeline (~500 m) in these sub-Antarctic environments. However, these cases may not be as uncommon, examples of such species include Andiperla willinki (Gripopterygidae), limoniid craneflies, mycetophilids, among others (RIM pers. obs.).

Our study detected a body size increase for studied mayfly and stonefly species towards higher elevations, following the ecogeographical pattern known as Bergmann’s Rule. Studies examining the application of Bergmann’s Rule to insects have generated widely varying outcomes, with findings in conformity (McCulloch and Waters, 2017; this study), converse (Pallarés et al., 2019), or detecting no discernible pattern (Levy and Nufio, 2015). For example, results consistent with Bergmann’s Rule have been reported more commonly than the inverse for stoneflies, while inverse clines have been reported for mayflies (Shelomi, 2012; McCulloch and Waters, 2017). Several mechanisms have been proposed to underly Bergmann’s Rule (see Blackburn et al., 1999), however the phylogenetic coherence of the study group remains key, as well as study design (Shelomi, 2012). Body size clines are, to some extent, better explained by the temperature–size rule (Atkinson and Sibly, 1997; Angilletta and Dunham, 2003). Insects and other ectotherms inhabiting cooler environments grow more slowly but as a result gain more mass over longer periods of time, achieving larger adult sizes (Atkinson, 1994). The elevation gradient of catchments on Navarino Island is characterized by marked changes in water temperature in short distances, influencing the ecology and biology of freshwater taxa (Contador et al., 2015; Rendoll-Cárcamo et al., 2020). The relatively steep decline in temperature towards higher elevation allows for longer periods of ice and snow duration, with some habitats remaining totally or partially frozen for up to half the year (Rendoll-Cárcamo et al., 2019). While bodies of water are completely frozen during this period, streams still flow bellow layers of ice. The increase in body size detected for all studied species (except for Andesiops peruvianus females which body length decrease towards high elevations), might be linked to thermal resources promoting longer life cycles (Chown and Klok, 2003).

Our findings highlight the significance of the short and steep elevation gradient that characterize sub-Antarctic Navarino Island. Higher elevation belts (350–380 m and 450–500 m) can be considered a transitional environments due to its proximity to both scrubby forests or krummholz and the tree-line at higher elevations and evergreen-dominated forests below. Additionally, it is one of the most aquatic insect species-rich environments in the Magellanic sub-Antarctic ecoregion (Contador et al., 2015), and also a ecophysiological standpoint where thermal breadth influences species (Rendoll-Cárcamo et al., 2020). Our results emphasize the importance of studying and monitoring these ecosystems since the ice-thawing, snow-melt, and permanent and temporal ponds in this elevation are starting to dry out earlier in summer, with shrubs and dwarf trees colonizing the once hyper-humid peatbogs (JR-C pers. obs.). This is similar to the first stages of shrubification found in Arctic tundra (Zhang et al., 2013; Mekonnen et al., 2021). Moreover, the recent declaration of the Magallanes region as a drought-prone area calls for proper focus, characterization, and monitoring of these environments and their biota. It is worth noting that this and other studies dealing with high-elevation or mountaintop insect species could be indicators of the escalator effect (Wilson et al., 2005). Climate change and its associated warming are expected to influence organism’s thermal associations, resulting in range contractions and in long term extirpation of populations and/or extinction of species (Urban, 2018). Due to the short metric distances of sub-Antarctic Magellanic elevation ranges and its strong influence on freshwater biota, the escalator effect should be taken in consideration when exploring new hypotheses related to morphological variation and insect dispersal.

Body size and wing length are key morphological features of insect species that help in understanding how the environment selects for such features, and which potential trade-offs and/or mechanisms are involved. Our data illustrate how elevation, even over a short geographic range, can have an important influence on insect morphology. Further population connectivity studies are now required to assess the extent to which the observed changes influence insect dispersal ability in these remote southern environments in these and other insect orders.
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