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Abstract

:

Simple Summary


Prior to the invasion and spread of Dreissena mussels in the late 1980s, the nearshore waters of the Laurentian Great Lakes were home to diverse assemblages of native aquatic insects, including the net-spinning caddisfly Hydropsyche alternans, which occurred in rocky surf-exposed habitat throughout the system from Lake Superior downstream to Lake Ontario. These surf zone caddisflies are still abundant in the largely Dreissena-free waters of Lake Superior where the present study was conducted. They have not been reported in the lakes below Lake Superior for decades, and are presumed to have been extirpated from Dreissena-infested habitats. The ecological profile presented here documents the life history of H. alternans in Lake Superior, and reveals details of its feeding biology that shed light on the roles that surf zone net-spinners play in the native nearshore food webs of the Great Lakes. The H. alternans life history in Lake Superior begins in mid-summer shortly after oviposition, which features females swimming to surf-exposed lake bottom substrates. Larval development takes approximately 10 months, but most of it occurs during their first 100 days. Adult emergence is broadly synchronous, with large numbers present from the summer solstice through mid-July. Gut content analyses showed that larvae opportunistically feed on algal, animal, and detrital material of aquatic and terrestrial origin. δ13C and δ15N stable isotope data indicate that they function as omnivores that link coastal, nearshore, and pelagic food webs. These energetic links, and the very existence of surf zone insect assemblages in the Great Lakes, depend on the Dreissena populations in Lake Superior remaining relatively small and isolated.




Abstract


We studied the life history, diet, and trophic ecology of Hydropsyche alternans in four rocky sites located along the south-central coast of Lake Superior. The H. alternans life history and broad trophic niche space were similar to those of its riverine relatives. Quantitative sampling over the course of one ice-free season revealed that most individuals lived univoltine life histories that featured early to mid-summer mating, and oviposition and rapid growth and development through summer into fall. Most individuals overwintered as ultimate or penultimate larval instars. Pupation followed ice-out in the spring. Gut content sampling and δ13C and δ15N stable isotope analyses indicated that the typical larval diet is a mix of benthic, pelagic, and terrestrial food resources, including diatoms, small arthropods, sloughed periphyton, and in one site, fugal hyphae apparently of foredune origin. As a suspension-feeding omnivore that relies on waves and currents to deliver food to its nets, H. alternans larvae form energetic links between coastal, nearshore, and offshore food webs. These connections have been lost throughout the lower Laurentian Great Lakes as a consequence of the invasion and spread of Dreissena mussels.
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1. Introduction


Net-spinning caddisflies (Trichoptera: Hydropsychidae) are among the most well-known aquatic insects. Larval hydropsychids filter food particles from flowing water using silken mesh nets rigged to retreats made of silk and bits of mineral and plant material. These little “fishing shacks” are common features of stream bottoms worldwide. Hydropsychids also inhabit the rocky, wave-swept shorelines of large lakes alongside other familiar stream insects such as flathead mayflies (Ephemeroptera: Heptageniidae), perlid stoneflies (Plecoptera: Perlidae), riffle beetles (Coleoptera: Elmidae), and Antocha crane flies (Diptera: Limoniidae) [1,2,3].



The flows that impart a riverine nature to the nearshore waters of large lakes are produced by wave energy surging up beaches and running back out, forming longshore currents during prolonged wind events [4]. In very large lakes, of which there are 253, globally exceeding 500 km2 in surface area [5], wind energy can produce circulating lake-wide currents and strong surf along exposed shores [4,6,7,8]. Rocky surf zone habitats in these lakes host a wide variety of insects, including larval Hydropsychidae, which typically occur in lean-to shelters built with silk and gravel within cracks and crevices in bedrock and boulders [1].



Waves and currents deliver suspended food particles to surf zone hydropsychid nets. By limiting the accumulation of fine sediments [1,2], wave energy also promotes the establishment of benthic diatoms, a staple food source of many flowing water insects [9], including hydropsychids, which capture sloughed cells in their nets and graze directly on epilithic forms [10]. Large lake net-spinners also presumably enjoy periodic deliveries of planktonic food drawn into the surf zone with upwelling pelagic water following strong offshore winds. Long-duration winds and rapidly travelling storms can also feed offshore energy to the surf zone by setting in motion internal gravity waves called seiches, which travel throughout lakes, mixing nearshore and offshore waters and connecting coastal and pelagic food webs [11].



Like many aquatic insects, larval Hydropsychidae are omnivorous feeders [12]. Gut content analyses have shown hydropsychid diets to be a mix of small animals and algae, with distinct changes coinciding with developmental stage and season [10,13,14,15,16,17]. Lake flows that deliver pelagic food items to the surf zone also transport nearshore benthic energy in the form of sloughed periphyton and relocating invertebrates, as well as terrestrial subsidies washed in from shore [18]. Therefore, surf zone hydropsychids likely have access to a very broad range of food resources, including epilithic and planktonic algae, benthic and planktonic invertebrates, and terrestrial plants and animals. These food sources can be gleaned from nets with labral bristles, grazed from substrates, or collected and macerated with their formidable mandibles [10,15,19].



Stable isotope studies have shown that larval Hydropsychidae tend to fall in the middle of available energy sources within a system, and that their trophic position ranges from primary consumer (trophic level 2) to predators of small invertebrates (trophic level 3) [3,17,20,21,22,23,24]. Past observations from the south-central shore of Lake Superior indicate that surf zone net-spinners occupy a particularly broad trophic space within this system, incorporating benthic and planktonic energy as primary and secondary consumers [3]. It is not known whether this apparently broad trophic range resulted from highly variable diets among all individuals within habitats, or from life history factors, e.g., increasing carnivory with increasing age, or site-specific factors, e.g., differing exposure to currents carrying pelagic resources.



Prior to the invasion of Dreissena mussels, hydropsychids were common in the nearshore waters of all five Laurentian Great Lakes [1]. As populations of zebra mussels (Dreissena polymorpha) and quagga mussels (Dreissena bugensis) expanded throughout Lakes Michigan, Huron, Erie, and Ontario over the past three decades [25,26], with widely reported average abundances of thousands of mussels per square meter [27,28], surf zone caddisflies, along with many other aquatic insects, have nearly disappeared from Great Lakes habitats where Dreissena populations are thriving [29,30]. Although far too few studies have been conducted in the nearshore waters of the Great Lakes to know for certain [31], it presently appears as though intact native surf zone insect communities occur only in Lake Superior. Along the boulder-strewn sandstone pavement lake bottom of Lake Superior’s south-central shore, the most lacustrine hydropsychid and the star of this paper, Hydropsyche alternans (Walsh), still flourishes in the last stronghold of the Great Lakes surf zone insects.



Habitat and Historical Biogeography


While describing a southern Lake Michigan population of the species he knew as Hydropsyche recurvata (see Supplementary Materials S1:Taxonomic History), legendary trichopterist Herbert H. Ross [32] was first to write about the dual identity of H. alternans, which seems to be equally at home in cold, swift rivers and the wave-swept littoral zones of large lakes. Barton and Hynes [1] suggested that this high degree of habitat flexibility may have been key to the divergence of this lotic lineage into lacustrine habitats. Observations by Schmude and Hilsenhoff [33] indicate that this flexibility also extends to the dynamic chemical environments of some lacustrine habitats. Although they determined that the species referred to as Ceratopsyche alternans (see Supplementary Materials S1: Taxonomic History) was more sensitive to organic enrichment than other Wisconsin (USA) Hydropsyche species, a subpopulation of H. alternans in a lacustrine zone (Lake Butte des Morts) of the Fox River, the largest tributary of Lake Michigan, persisted in shallow water lake margins despite massive cyanobacterial blooms during summer months and the dramatic water quality changes that followed. This apparent tolerance of widely fluctuating lacustrine water quality was aptly deemed “remarkable” by the authors.



The present distribution of H. alternans suggests a strong influence of Pleistocene glacial–interglacial cycles in shaping its broad niche space [34]. Williams and Eyles [35] surveyed the caddisfly fauna assembled from sclerotized exoskeleton fragments collected from an 80,000-year-old glacial deposit just north of the modern Lake Ontario shoreline. Hydropsyche alternans dominated the insect assemblage of the large lake that formed there during the final interglacial (warm) period before the advance of the Laurentide Ice Sheet that ultimately carved out the modern Great Lakes. Eleven interglacials, which are separated by long periods of cold temperatures and advancing glaciers, have occurred over the past 800,000 years [36]. Although the fossil record of aquatic insects from Pleistocene interglacial streams and lakes is understandably scarce, it is easy to imagine that the Hydropsyche alternans range expanded from unglaciated refugia streams into large glacial scour lakes formed during interglacial periods, as it has during the present (Holocene) interglacial, which began approximately 11,700 years ago.



Published collection records from its modern range indicate that the ancestors of Great Lakes H. alternans may also have occurred in glacial meltwater lakes, including the glacial Lake Agassiz, the immense proglacial lake that extended up to 500 km outward from the Laurentide Ice Sheet (Figure 1). Lake Agassiz, which had a maximum volume 1.5 times greater than the total volume of the modern Great Lakes [37], was inhabited by the ancestors of many of the species that populated the newly forming Great Lakes. Over its brief 4000-year existence at the end of the Pleistocene, Lake Agassiz had outflow connections to the Arctic Ocean, the Gulf of Mexico, Hudson Bay (North Atlantic), and the North Atlantic, through the Great Lakes and the St. Lawrence River [38]. The Great Lakes connection occurred approximately 10,400 years ago, when water carrying suspended organisms from Lake Agassiz drained into the basin that now holds Lake Nipigon, which expanded and overflowed into the Lake Superior basin [39,40]. Inter-system comparisons by Patalas [41] focused on modern Lake Winnipeg and other lakes within the ancestral Lake Agassiz basin, indicated that almost all of the zooplankton populations in the Great Lakes were founded via emigration from Lake Agassiz. The origins of the aquatic insect fauna of the Great Lakes likely consist of a mix of aerial colonization from distant sources and within-basin aerial and fluvial movement. Neave’s 1934 [42] report of H. alternans being common and widespread in Lake Winnipeg, an extant remnant of Lake Agassiz, along with the distribution information presented in (Figure 1), suggests that the Lake Superior population of the present study was founded by colonists from lacustrine or riverine populations from the Lake Agassiz basin. The modern H. alternans range extends northwest to waters flowing to the Gulf of Alaska and east through the former basin of Glacial Lake Chippewa [43] and the St. Lawrence River to Lake Champlain [44]. This transcontinental distribution indicates that the recently extirpated populations in the lower Great Lakes may have emigrated from eastern refugia, as these oldest Great Lakes basins became habitable at the end of the Pleistocene.



This paper documents the autecology of H. alternans in one of its last Great Lakes strongholds along a 20 km stretch of coastline on Michigan’s Upper Peninsula. Our approach combined introduced substrate sampling, gut content analysis, and δ13C and δ15N stable isotope analyses to reveal details of the life history, diet, and trophic niche space of this remarkable caddisfly.





2. Materials and Methods


2.1. Research Area


The research presented here was conducted in four sites in the vicinity of Marquette, Michigan, USA (Figure 2). Detailed site descriptions are presented in Supplementary Materials S1: Site Descriptions.



Hydropsychidae habitat quality is largely determined by a combination of the availability of solid substrates suitable for net and retreat construction, and moving water to deliver food. Most retreat sites within our research area (Figure 2) are found along exposed slabs of Jacobsville sandstone and among boulders comprising sandstone and a wide variety of igneous and metamorphic rock fractured from local strata or deposited by Pleistocene glaciers.



All four sites, which are numbered 1–4 north to south, are protected from westerly winds and experience daily lake breezes during much of the open-water season. These onshore winds, which occur when heat on land produces updrafts that draw cool lake air shoreward, are a common feature of lakes large enough to support hydropsychids [2]. Evidence of lake breezes can be seen in the cloud patterns over Lake Superior on the satellite photo in Figure 2. All sites also experience periodic upwelling events and seiches. The effects of these mixing events at the site-specific level are not known, but due to the close proximity of our sites to each other and the generally similar coastal aspect, we expect that large-scale upwellings and seiches affect all of the sites to varying degrees.



The three northernmost sites (Sites 1–3) are located along a 7 km stretch of northeast facing coast. Granitic headlands to the north (Thoney Point) and south (Little Presque Isle) exert considerable influence on the surf and current exposure. All of these sites periodically receive strong surf from long-duration gale-force (≥40 km per hour) north, northwest, northeast, and easterly winds. The larval retreat sites in Site 4 occur along the west side of a granitic headland that forms an embayment which captures wind swells arriving from the northwest, north, and northeast.




2.2. Life History Analysis


Larvae used for life history analyses were collected with multiple-plate samplers [54] in an 8-plate, 0.1 m2 configuration [55]. Samplers were attached with 0.3 cm flexible steel wire to 0.6 steel rebar handles embedded in 37 × 28 × 7.5 cm poured concrete substrates. Substrates were placed in approximately 1.5 m deep water (Figure 2), approximately 8 m from shore, at Sites 1 and 2. Seven samplers were deployed at each site during each sampling period. Samplers were deployed for 4 sequential, approximately 28-day sampling periods over June–September 2020. Samplers were removed from the lake by a diver who bagged each in a 225-micron mesh bag (17 cm round opening, 40 cm long) while underwater, taking care to minimize handling until the sampler was safely in the bag. Samplers were disassembled on shore. Plates, invertebrates, and associated debris were placed in plastic boxes, covered in 95% ETOH, and transported to the lab. Macroscopic animals were picked from samples under 10–40× magnification. Larval caddisfly head measurements were taken using an ACU-RITE linear encoder measuring system. Larval identification followed [49]; adult identification followed [32,56].



2.2.1. Larval Instar Determination


Larval Hydropsychidae pass through five instars prior to pupation. As they grow, the head capsule width of successive instars increases in a consistent geometric progression [57], typically by a factor of approximately 1.5 [58]. By collecting a relatively large number (1919) of H. alternans larvae over the course of a full growing season and by accurately measuring the widths of their heads, we were able to reliably differentiate among larval instars. Additionally, identification of 5th instar Hydropsychidae by head capsule width can be verified by the presence of bud-like pupal gills on the sides of the abdomen [59].




2.2.2. Adult Flight Period


The approximate beginning, peak, and end of the adult flight period were determined with evening collections made with a portable light trap equipped with a 395 nm LED flashlight (Figure 2) six times during the summer of 2020 at Sites 1 and 2. Sample dates were 18 June, 28 June, 13 July, 17 July, 23 July, and 14 August. A small number of H. alternans adults from each sample were identified using male genitalia characteristics, which allowed us to establish adult presence. Peak abundance was determined when the sampling jars containing 95% ethanol were overflowing with thousands of specimens after approximately 6 h of sampling.




2.2.3. Adult Leg Morphology


Most female Hydropsychidae oviposit underwater and some species are known to swim to substrates using flattened mesothoracic legs, a behavior that would presumably be adaptive in Lake Superior where suitable habitat extends from shore for hundreds of meters in many locations. To assess the potential for female swimming and deep oviposition in H. alternans, we calculated the length:width ratio of the first mesothoracic tarsal segments of 10 females and 10 males with an ACU-RITE linear encoder measuring system. Although not definitive evidence of swimming behavior, significant sexual dimorphism in this character has been linked to swimming and deep oviposition in hydropsychid species [60,61].





2.3. Gut Content Analyses


Gut content analyses were performed on 39 larvae from Site 4 (9 fourth instar and 13 fifth instars) collected on 6 October 2017 and 17 larvae from Site 3 (4 fourth instars, 12 fifth instars, and 1 unknown instar due to lost head) collected on 16 October 2017. Gut content samples were processed and prepared using Cummins’ standard protocols [62]. Foregut and midgut contents were slide mounted with Euparal medium. Slides were analyzed under 40–1000× magnification. Large food items were highly fragmented by the chewing and grinding actions of the mandibles and proventriculus. This generally limited the taxonomic precision of our identifications. Identifiable items were categorized as algae, animal, fungus, sediment, or amorphous matter.




2.4. Stable Isotope Analyses


After removing the foregut and midgut for gut content analyses, specimens were processed for stable isotope analysis by removing the hindgut and the head, which was retained as a voucher specimen. The rest of the specimen was then dried at 55 °C and sent to the Alaska Isotope Facility for sample preparation and δ13C and δ15N stable isotope analyses.



Specimens from Sites 1 and 2 were processed using a modified protocol. While removing the midgut and hindgut, which is standard practice, particularly for predators or omnivores [21], we noticed considerable variation in the silk gland fullness among individuals. Because silk glands are full of dense granules of silk precursor materials and a gel-like protein polymer that is extruded as silk [63], we surmised that silk glands are likely to be isotopically distinct from the rest of the body, which could lead to the misinterpretation of isotope data from individuals with differing gland fullness at the time of collection. To test this supposition, glands were removed and analyzed separately. The bodies of three 4th instar larvae, and three 5th instar larvae collected in July 2020 from Sites 1 and 2, and their silk glands were analyzed. Silk glands were pooled by instar and site. A technical error made it impossible to assign larval bodies to either of the two 4th instar silk gland samples from Site 2. One of these samples certainly contained the silk glands from the three 4th instar H. alternans larvae included in the body tissue analysis. The other sample contained silk glands from two 4th instar H. alternans and one similarly sized Cheumatopsyche larva. Data from both samples, which were isotopically similar and thus of general value in assessing the relationship between 4th instar H. alternans body and silk gland isotopic compositions, are included in the results.



Although the focus of the present study was on larval trophic ecology, three adult males and three adult females from Sites 1 and 2 were analyzed in order to characterize differences in resource allocation that occur as male and female reproductive tissues differentiate. These samples will also serve as the baseline data for future investigations of energy flow from the surf zone to the swash zone, and nearshore terrestrial food webs in the Lake Superior basin.




2.5. Data Analyses


Unpaired (independent samples), two-tailed t-tests, with an a priori significance level of p ≤ 0.05 were used to evaluate the observed differences in adult vs. larval body δ13C and δ15N, adult male vs. female body δ13C and δ15N, and sexual dimorphism in adult legs. Single factor ANOVA models were used to test the effects of larval instar and site on isotopic ratios, and the effects of instar and site on larval silk gland and body isotopic ratios. Post hoc Tukey–Kramer tests were used to test for pairwise differences among treatment means. All data analyzed met the assumptions of independence and normality (Kolmogorov–Smirnov tests). All isotope data met the assumption of homogeneity of variance (Levine’s tests). Adult leg data were log transformed to correct for heteroskedasticity.





3. Results


3.1. Life History Analysis


UV light sampling detected a small number of adults on 18 June, establishing the approximate beginning of the 2020 flight period. Adults were abundant from late June through mid-July, tapering off dramatically by early August. During the daylight hours, adults nervously rested on lakeside vegetation and other shaded habitats. Small, loose swarms, approximately 2 to 5 m above ground along the forest–beach edge were generally present throughout the day. At dusk, adults appeared en masse along the shoreline. Pre-mating behavior featured a dizzying blend of low swarming flights, frenetic scrambling over, under, and around lakeshore rocks, and excited nuzzling by males alongside of females emitting pheromonal signals from paired abdominal glands [64].



Head width data, instar determination cutoff points, and the relative sizes of egg and larval life stages are shown in Figure 3. The images of the early and late developmental stages are presented in Figure 4 and Figure 5, respectively. As can be seen in Figure 3, a variation in body size and general body shape can also be used to inform instar determinations. Stage-specific life history data are presented in Figure 6. The first H. alternans eggs were observed on larval samplers in late July, although adult collections showing oviposition were likely occurring at least a month earlier. This is further supported by the presence of large numbers of 2nd and 3rd instar larvae in the late July samples. Larval development appeared to be largely completed by fall, with most individuals overwintering as 5th instars. However, the presence of some 4th instar larvae in early winter samples indicates a degree of developmental flexibility at the end of a larva’s first open-water season.




3.2. Adult Morphology


The first tarsal segments of the 10 females measured were much wider relative to their length, than were those of the 10 males measured (average L:W ± 1 SE, t(df) = 3.54 ± 0.08 for females, 6.99 ± 0.22 for males, t(18) = 18.32, p < 0.00001) (Figure 7). Our samplers were approximately 1.5 m deep and 8 m offshore. Thus, the presence of Hydropsychidae egg masses on our samplers suggests that surf zone hydropsychid females are capable of diving and swimming to oviposition substrates. First instar larvae can be seen eclosing from eggs laid on one of the samplers (Figure 4B).




3.3. Gut Content Analyses


Although a very general level of identification of gut content items was employed here, a close look at the partially masticated remains in the guts of a late-instar H. alternans collected in October from Sites 3 and 4 indicates that a wide variety of food items were consumed (Figure 8). Algal remains were green algae cell wall fragments and diatom frustules. Animal remains included bits of exoskeleton and chitinous spines from arthropod prey. Fungal remains were pieces of hyphae. The ingested sediments were fine sand particles apparently bound in amorphous organic material, as could be expected if this material was consumed along with epilithic and epipsammic diatoms (Figure 8B,C).



Larvae from both sites (Sites 3 and 4) had broadly similar diets and were clearly omnivorous. Approximately half of the larvae examined had recently consumed arthropod prey, supplementing common diets comprising diatoms, green algae, and detritus (Table 1). There was, however, one interesting difference between the sites: most of the larvae from Site 3 had recently consumed fungal hyphae. The origin of these hyphae is unknown; however, we suspect that they were washed in from the eroding dune front on the shoreline of this site. Hyphae collected from the dune front appear to be very similar to those found in the guts of the caddisflies from this site (Figure 9). To our knowledge, mycophagy was previously unknown in the Hydropsychidae, and is probably limited to specific ecological settings, but it was apparently widespread at this site in mid-October 2017.




3.4. Stable Isotope Analyses


δ13C and δ15N isotope analyses were conducted on the specimens used in the 2017 gut content analysis from Sites 3 and 4, and also on some of the larvae and adults collected from Sites 1 and 2 as part of the 2020 life history analysis. The data from these analyses, which are treated in this section as four separate studies, are presented together in Table 2. The four studies are: (1) Larval Instar Effects—a comparison of 3rd, 4th, and 5th instar larvae from Site 3 that tests for trophic differences over a broad larval size range; (2) Intersite Variation and Gut Content Associations—a comparison of 4th and 5th instar larvae from Sites 3 and 4 that tests for the effects of site and instar, and also allowed us to look for associations between a larva’s gut contents and its isotopic signatures; (3) Silk Glands—a comparison of 4th and 5th instar larvae from Sites 1 and 2 and their silk glands; and (4) Adults—a comparison of adult males and females from Sites 1 and 2.



3.4.1. Larval Instar Effects


This study compared 3rd, 4th, and 5th instar larvae from Site 3. An ANOVA model that included δ13C data detected significant effects of instar on the principal energy pathway (F = 8.23, p = 0.0003). Specifically, 3rd instars were, on average, depleted in 13C relative to the 4th and 5th instars, but some overlap with both older instars was apparent as well (Table 2, Figure 10). The corresponding δ15N ANOVA model revealed strong effects of instar (F = 10.30, p = 0.0009). A post-hoc analysis showed that this pattern was driven by apparent broad trophic separation between 3rd instars and the more 15N-enriched 5th instars (Table 3, Figure 10).




3.4.2. Intersite Variation and Gut Content Associations


This study compared δ13C and δ15N values from 4th and 5th instar larvae collected from Sites 3 and 4 in October 2017. An ANOVA model that included δ13C data detected a significant effect of site (F = 8.2263, p = 0.0003) (Figure 11). Post-hoc analysis showed that 4th and 5th instar larvae from Site 3 were enriched in 13C relative to Site 4 larvae, and that within sites, 4th and 5th instars had similar δ13C signatures (Table 4). The corresponding δ15N ANOVA model revealed significant effects of site and instar (F = 3.2407, p = 0.0339). Post-hoc analysis showed this effect resulted from apparent trophic separation between the most 15N-enriched group, 5th instars from Site 4, and the most depleted group, 4th instars from Site 3 (Table 4, Figure 11).



Arthropod exoskeleton fragments were found in approximately 50% of the guts analyzed (Table 1). This recent carnivory had no apparent effect on δ15N values (Figure 12), indicating that prey-derived 15N may have contributed to all of our observations. Similarly, larvae without fungal hyphae in their guts had δ15N and δ13C signatures that fell within the range of variation observed in larvae that had recently eaten hyphae (Figure 12), suggesting that if fungal consumption affected their body isotopic compositions, it was a general effect for all Site 3 larvae.




3.4.3. Silk Glands


This study compared 4th and 5th instar larval bodies and silk glands collected from Sites 1 and 2, as part of the artificial substrate sampling-based life history analysis (Section 3.1). Results are presented in Figure 13. An ANOVA model that compared larval body mean δ13C values indicated little difference between instars or sites (F = 3.68, p = 0.0623), although a post-hoc Tukey test detected that 4th instars from Site 1 were slightly depleted in 13C relative to 4th instars from Site 2 (Tukey HSD p = 0.0480). The corresponding ANOVA model for δ15N showed no trophic separation between instars or sites (F = 2.50, p = 0.1332).



Larval silk glands were significantly enriched in both 13C and 15N, relative to bodies (δ13C t(15) = 7.18, p < 0.00001; δ15N t(15) = 3.68, p = 0.0022). These results were consistent with contrasts addressing the discrepancy that resulted in two silk gland samples from 4th instars of Site 2 (without silk gland sample 1, t = 6.38, p = 000017; without silk gland sample 2, t = 3.52, p = 0.0034). Within Site 1, 5th instar larval silk glands were enriched in 13C by approximately 9.4% (silk gland δ13C vs. mean body δ13C = 21.64 vs. −23.10) and contained approximately 2.5× more 15N by mass than 5th instar body samples (silk gland vs. bodies δ15N = 1.70‰ vs. 0.68‰). Within Site 2, 5th instar silk glands were 2.6× enriched in 15N relative to bodies (silk gland vs. bodies δ15N = 1.75‰ vs. −0.67‰), and were approximately 9.1% enriched in 13C (average body vs. silk gland δ13C = −23.34 vs. −21.33‰). Silk glands from 4th instar Site 1 larvae were similarly (9.2%) enriched in δ13C (average body vs. silk gland δ13C = −23.74 vs. −21.85‰) (Table 2, Figure 13).




3.4.4. Adults


Adults from Sites 1 and 2 were significantly enriched in 13C and 15N relative to larvae (mean δ13C ± 1SE all adults vs. mean δ13C all larvae ± 1SE = −25.40 ± 0.32 vs. −23.23 ± 0.14, t(22) = −6.14, p < 0.00001). This strong pattern was also evident in contrasts between adults and 4th instars (t(16) = −4.37, p = 0.00048), and between adults and 5th instars (t(16) = −4.57, p = 0.00031). Within the sexes, δ13C and δ15N values were nearly identical between sites, as were between-sex δ15N values (Table 2). Females were, on average, significantly depleted in 13C relative to males (female mean ± 1 SE vs. male mean ± 1 SE = −26.03 ± 0.31 vs. −24.77 ± 0.45, t(22) = −2.28, p = 0.046). However, within sites, this effect was evident in Site 1 (t(10) −3.00, p = 0.040), but not in Site 2 (t(10) = −1.07, p = 0.34) (Figure 14).






4. Discussion


4.1. Life History


Rutherford and Mackay [67] conducted a detailed study of the life histories of five stream-dwelling Hydropsyche species within the range of H. alternans, and concluded that voltinism was “not immutable” in this group, with species showing variable numbers of annual cohorts in response to changes in food resource availability and water temperature. Our look at of the life history of H. alternans supports this observation, indicating that most, but perhaps not all, of the population in 2020 belonged to a cohort that overwintered in the 4th or 5th instars, pupated in the spring, and enclosed as adults between mid-June and late-August. Eggs laid on our samplers and black light sampling indicated that oviposition started around the summer solstice and peaked in the first weeks of July. Eggs on the samplers included hatched and hatching larvae at the time of collection (Figure 4). The samplers were in the water for approximately 28 days; thus, the maximum time for substrate location by females, oviposition, and embryonic development was less than 4 weeks. This is consistent with past reports of Hydropsychidae embryonic development times, which range from 13–22 days under field conditions [65,67,68] and 8–11 days in the lab [69].



Larvae grew rapidly through August, with many achieving the 4th instar and some their 5th by the middle of the month. From September through October, much of population had molted to the 5th and final instar, and were presumably in the process of accumulating energy reserves for overwintering and reproduction. It seems likely that larvae that overwinter in the penultimate 4th instar complete their development, while the bulk of the population is pupating in the spring, but winter growth and development cannot be ruled out.



While most of the population in 2020 appeared to show univoltine development, we also observed evidence of a possible smaller second cohort that overwintered as 2nd or 3rd instars. Our inability to capture second cohort larvae in our early season samplers could have been due in part to instar-specific dispersal behaviors. To end up on one of our plate-style samplers, larvae had to have either been there as eggs or happened upon the sampler while repositioning by wandering or drifting. Hydropsyche larvae in streams disperse by drifting downstream throughout development, exhibiting the typical aquatic insect behavior of increasing drifting behavior just after dusk and right before dawn, to limit detection by visual feeding fish [70]. Local environmental factors, population density, season, and life stage are also known to affect Hydropsyche drifting behavior [70,71,72]. Larvae also commonly reposition by wandering in search of new retreat locations [73]. Flows in our sites fluctuate in strength, direction, and duration, so larval drifting could conceivably allow for movement in multiple directions whenever there are waves. Longshore currents that form during and after strong surf events could also allow for riverine-like “downstream” drifting along the coast. We assume that H. alternans and other surf zone hydropsychid larvae also commonly crawl to relocate, perhaps along with drifting, but we have yet to observe these behaviors.



So how did the nearly two thousand H. alternans larvae that we collected end up on our samplers? Due to the presence of egg masses and hatching larvae, we know that some of the 1st instar larvae were eclosed on our samplers. Beyond this, we know that some of the larvae, particularly later instars, must have dispersed to our samplers, because four weeks would have been insufficient time for them to have achieved the 4th or 5th instar. The instar distribution for all of our samplers combined was 14, 24, 10, 34, and 18% for instars 1–5, respectively. The relatively large percentage of 2nd instars (24%) could reflect a dispersal away from the natal substrate and/or 1st instars remaining on the natal substrate and molting to the second instar before the samples were retrieved. Instar 3 was clearly under-represented, which could represent low mobility or low effectiveness of the samplers at attracting this life stage. Fourth instars were the most commonly collected larvae overall, indicating a relatively high mobility and attraction to the samplers. The much larger 5th instar larvae colonized the samplers at a lower rate than the 4th instars, but they were also quite mobile, which is consistent with past reports of high rates of drifting by late-instar hydropsychids [71,72]. Our results indicate that most of the H. alternans in our study area overwinter in the 5th instar, which would likely require mobility to avoid advancing and shifting ice.



Our understanding of the overwintering strategy of H. alternans in Lake Superior is limited to observations made before shore ice forms when larvae can be found near the shore, but in low densities compared to the autumn months. Key questions remain about what they do when ice accumulations form, whether they remain active under ice, and if their strategy or strategies differ from those of stream populations, which are also unknown. This rudimentary state of scientific understanding of H. alternans overwintering is generally consistent with that of the winter biology of most of the benthic organisms of the Great Lakes. This is particularly true of the winter life on the bottom of Lake Superior, which remains largely unexplored [74]. Based on the general observations made over the past two decades, the surf zone habitat in our research area is typically ice-free into January. During most years, shore ice accumulates by mid-winter and lake ice floes drift in, packing the nearshore habitat with ice. We suspect that H. alternans larvae overwinter beyond this ice accumulation zone, which would allow them to remain active or at least surrounded by liquid water throughout the winter. Stream-dwelling Hydropsyche species within the range of H. alternans cease net-spinning activity during the winter, but continue to feed on epilithic organisms [10]. If H. alternans larvae feed throughout the winter, the staple diet of epilithic algae could also be subsidized by pulses of offshore energy, which could be more available at this time of year, due to increased nearshore-offshore mixing [75,76] The abundance of some Great Lakes diatoms [77] and zooplankton species peaks during winter, which indicates that food may be plentiful for net-spinning caddisflies in retreat sites beyond the shore ice zone. For example, the fellow post-glacial colonist Limnocalanus macrurus, the dominant copepod in the lake and perhaps the lake’s most abundant animal, loads the pelagic realm with nauplii during winter reproduction [78]. Opportunities for learning more about the winter biology of H. alternans in Lake Superior present researchers with obvious technical challenges. Overcoming them may be the key to understanding their apparent divergence to post-glacial lacustrine conditions, and their continued dominance of rocky surf zone habitats in Lake Superior.




4.2. Adult Characteristics


Larval crawling and drifting accounts for movement within habitat patches; for example, newly open retreat locations in the form of our plate samplers, but population persistence in isolated habitat patches such as exposed bedrock slabs along the shores of Lake Superior likely requires aerial dispersal and habitat recognition from above. The 2020 flight period of H. alternans at our sites extended over eight weeks. Adult hydropsychids typically live for one to two weeks on the wing [79,80], indicating that late-instar larval development, pupation, adult emergence, mating, and oviposition occur simultaneously throughout mid-summer. If H. alternans has adult dispersal capabilities similar to those of its congeners H. hageni and H. phalerata in Lake St. Clair, which lies between Lakes Huron and Erie, most females oviposit close to their larval habitat, but long-distance dispersal over 5 km occurs within a subset of the population [81]. Sode and Wiberg-Larsen [82] reported that forested stream populations of H. pellucidula and H. siltalai also maintained low levels of long-distance dispersal. These observations indicate that Hydropsyche females can survey the landscape and underwater habitats from the air to identify specific habitat features required for larval development. Because females attach eggs directly to the substrates on which larval development begins [79], the cues that they use to identify specific habitat types must differ among species with differing habitat requirements. Modern distribution records suggest that the ancestral habitat search parameters for H. alternans include silt-free, rocky substrates under clear waters in forested watersheds within a dynamic glacial landscape. The extension of the basal lotic habitat search parameters to include large lake littoral zones allowed this lineage and a few others within the family to exploit ecological opportunities available to attached, suspension-feeding animals in the vast expanses of large lake shorelines that have periodically formed and disappeared within their range over the past 800,000 years (the Pleistocene glacial–interglacial period).



The final step in this possible habitat divergence may have occurred when female H. alternans began to crawl or dive into proglacial lakes to oviposit. Most female Hydropsychidae oviposit underwater, and many species are known to utilize widened, paddle-shaped segments on their middle legs to swim to substrates (Figure 7B) [60,61]. Using an underwater light trap, Fremling [83] determined that Hydropsyche orris and Cheumatopsyche campyla females could swim down to 3.6 m in depth in the Mississippi River at a site where the channel is approximately 1 km wide, and Potamyia flava females swam down to an astounding 6 m. Oviposition was most concentrated at approximately 1 m, but the light trap illustrates the remarkable swimming abilities of these big river hydropsychids. We did not witness H. alternans oviposition in Lake Superior, but the presence of their eggs on our substrates 8 m from shore in 1.5 m deep water strongly suggests that the females can recognize lake bottom substrates from above, and are capable of deep oviposition. Deutsch [60] proposed that significant sexual dimorphism in mesothoracic leg shape, estimated using the length–width ratios of the first tarsal segments of the middle legs of females and males, was indicative of deep-diving and swimming behaviors. Specifically, females known to swim had ratios of between 2.9–4.7, compared to conspecific male ratios of 7.0–10.3. Our sample of the H. alternans population at Sites 1 and 2 had an average female ratio of 3.54 and a male ratio of 6.99, which indicates that female H. alternans legs are adapted for swimming. Barton and Hynes [1] suggested that large lake hydropsychids may not dive into surf zone waters, writing that “… this technique would seem hazardous, at best, on wave swept shores.” Although not incontrovertible, our observations indicate that H. alternans females in Lake Superior dive and swim to oviposit. Along with the aerial recognition of lake bottom substrates, diving, swimming, and deep oviposition behaviors may have been key adaptations allowing habitat expansion to glacial lake surf zones.




4.3. Gut Content Analyses


Larval hydropsychids are capable of feeding in multiple ways, a fact often overlooked in the trophic ecology literature. Capturing particles with nets is undoubtedly the primary mode of feeding when there is an abundance of high-quality food items present, but grazing algae, especially diatoms from nearby substrates and hunting for small invertebrates, are also common behaviors [9,10,15,84], particularly during winter in north-temperate waters when net-spinning is abandoned for general grazing [10]. Meiofaunal organisms that live in lake periphyton assemblages are known to disperse using wave energy to drift to new substrates [18,85]. They can also to be displaced by powerful waves that sweep them into suspension [86]. Moving in these ways, diatoms as well as meiofaunal animals such as benthic crustaceans would seem to be vulnerable to capture by hydropsychid nets. It is thus difficult to assign a feeding mode, i.e., filtering, grazing, collecting, or hunting, to hydropsychid gut content observations. Our gut content analyses, which were conducted on 4th and 5th instar larvae collected in October, offer a snapshot of the diet of large larvae at a time late in the growing season when benthic algal production has slowed from early summer peaks and strong surf is frequently experienced.



Diatoms were found in nearly all of the guts examined and thus appear to be a staple component in of the diets of surf zone net spinners. Fuller and Mackay [10] determined that diatoms contributed more than any other food type to the growth of all instars of three Hydropsyche species, H. betteni, H. slossonae, and H. sparna, which are hypothesized to be closely related to H. alternans [49]. Our algal identifications were too general to allow us to assess the relative importance of any particular diatom species in the H. alternans diet, but these closely related Hydropsyche species are known to discriminate among diatom species, including the active avoidance of Melosira sp., a chain-forming planktonic group with heavily silicified frustules [10]. If exhibited by H. alternans, this type of selectivity, particularly if it also includes benthic diatoms, could influence algal community structure and govern energy flows between benthic and pelagic food web components. Like most aspects of nearshore primary production and herbivory in Lake Superior, the details of these important trophic interactions await discovery. The research opportunities are particularly promising for collaborative endeavors of phycologists and entomologists.



Being selective feeders, hydropsychids are also known to avoid ingesting mineral particles [10], yet most of the larvae examined from Sites 1 and 2 had ingested relatively large amounts of sediment (Figure 8). It seems unlikely that they would consume this material without nutritional gain, and thus, we suspect that it was consumed incidentally while grazing on epilithic organisms such as epipsammic diatoms and other organisms that are bound along with fine sediments in the mucilaginous epilithon. This material, which has a pinkish color, has also been observed in the guts of other surf zone insects, including Antocha crane flies (Limoniidae) [3], which scrape epilithic algae from positions within silken tubes that are often built alongside surf zone hydropsychid retreats [1] (Figure 8).



4.3.1. Carnivory


Approximately half of the larvae from Sites 3 and 4 had arthropod remains in their guts (Table 1, Figure 12). This is most likely an underestimate of actual carnivory, because we were only able to positively identify arthropod exoskeleton fragments, leaving unrecorded any soft-bodied forms or other invertebrates that could have been consumed and macerated beyond recognition. A review of the literature indicates that most, it not all larval hydropsychids consume animal prey when available, although differences in the degree of carnivory among larval instars and among species have been widely observed [68,84,87,88,89,90]. Carnivory starts early for some, including close relative of H. alternans and H. slossonae, which have been shown to engage in extensive sibling cannibalism shortly after larval eclosion [65]. Although we did not observe cannibalistic behavior, Figure 4B shows a situation where newly eclosed H. alternans larvae remained for some time within the egg mass with their seemingly defenseless younger siblings.



Diet studies conducted on larval hydropsychids have generally shown increases in carnivory in later instars [10,84]. Our results were consistent with this pattern. Specifically, 5th instar larvae were significantly enriched in 15N relative to 3rd instars (Table 2 and Table 3, Figure 10), indicating that carnivory increased as the larvae grew. It is also possible that the dramatic size increase that occurs during the final larval molt (Figure 3) allows 5th instar larvae to capture a broader range of prey, including smaller carnivores, which could result in 15N enrichment without necessarily increasing carnivorous tendencies. There is much left to learn about predatory behavior by H. alternans. Our results suggest that larvae employ a mixed feeding strategy that combines suspension feeding, algal scraping, and frequent predation on smaller invertebrates that are either captured in or near retreats, or encountered during repositioning maneuvers.




4.3.2. Mycophagy


Although we do not know the taxonomic identity or identities of the fungal hyphae consumed by Site 3 larvae, the likely source of this material was the eroding beach dune face found just up-current from where we collected, as can be seen in Figure 9. Figure 9 also shows a side-by side comparison of fungal remains from the gut of a Site 3 larva and hyphae collected from the dune face near the hydropsychid habitat (Figure 9). This photographic evidence seems to confirm our suspicion about the source of the material. The ecological role of this fungus within the dune is likely mycorrhizal, and it may have been associated with vigorous patches of beach grass (Ammophila breviligulata) that line much of the shoreline at Site 3. The deep roots of A. breviligulata typically support extensive growths of mycorrhizae [91], which link dune plants and greatly extend their water and nutrient uptake capacities. These symbioses result in large fluxes of photosynthetically derived sugars into the hyphal network that permeates and stabilizes beach sands [92]. This sugar is converted by fungi into lipids, then transported through the hyphal web to be metabolized for energy, or stored in germ tubes and sporangia [93]. In the fall and early winter, large surf runs up unfrozen beaches, drawing large amounts of terrestrial organic matter into the surf zone (Figure 9). This is when most H. alternans larvae are in their final instar and accumulating resources for pupation and reproduction in the spring. Dune hyphae and other surf-delivered terrestrial subsidies could represent important sources of high-quality food for H. alternans larvae facing a long winter of predictably harsh environmental conditions.



The specimens that we used for gut content analyses were collected in October, when surf-producing storms are frequent. We do not have the wave height data for these sites, but past conditions can be assessed to a general level with wind speed and direction data from a NOAA Buoy, 60 km north-northeast of the research area (Stannard Rock, Station STDM4). Conditions in the two days leading up to the Site 4 collection date (6 October 2017) featured sustained strong west winds in the 50 km per hour range. All of our sites are sheltered from west winds (Figure 2), so on the collection day at Site 4, when conditions must be calm to collect from shore, wave action had been minimal for days. The conditions prior to the Site 3 collection were also stormy, but the wind direction produced strong surf. Over the course of 15 October 2017, the day before our collection date, gale-force, east-northeast to north winds battered the fully exposed coast. During a six-hour period in the middle of the day, winds averaged 76 km per hour, which is strong enough to cause significant dune erosion. If we are correct in our assessment of the source of the hyphae consumed by Site 3 larvae (Figure 9), then we expect that similar coastal terrestrial subsidies commonly fuel nearshore food webs following strong surf events. These beach and swash zone to surf zone connections may contribute substantially to nearshore energy flows, particularly in habitats downwind from thriving native dune vegetation communities.





4.4. Stable Isotope Analyses


4.4.1. δ13C


If the hyphae that we found in larval guts from Site 3 were washed into the surf zone from an eroding dune face (Figure 9), then it is likely that larvae at Site 4, which is also partially fronted by sand beach with a vegetative community dominated by Ammophila breviligulata, also have periodic access to these and other materials that accumulate in swash zones and that become mixed into shoreline waters. Therefore, we did not expect that the significant difference in δ13C between larvae from Sites 3 and 4 was necessarily related to the presence of hyphae in the guts of the Site 3 larvae. We do suspect, however, that hyphae, which had recently been consumed by 76% of the H. alternans larvae at Site 3 (Table 1) are important sources of energy at these and other sites. Because the δ13C values for larvae that had hyphae in their guts spanned the range of values for the site (Figure 12), we predict that all larvae selectively consume hyphae when they can catch them from the flow.



The apparent source of the hyphal energy delivered to the surf zone in Site 3 was photosynthesis by beach vegetation, most likely by the deep and extensively rooted Ammophila breviligulata. Plants deliver energy to their mycorrhizal fungal partners in the form of hexose, the production of which preferentially utilizes 13C [94]. This ultimately produces isotopic separation between mycorrhiza symbionts, which ranges from 6 to 10‰ [95,96]. The hyphae consumed by H. alternans could also have been produced by saprotrophic fungi, which are generally enriched in 13C by 4‰ relative to their substrates [94]. Published average δ13C values for Ammophila breviligulata range from −28 to −27‰ [97,98]. The forest vegetation above the beach at Site 3 largely comprises red pines (Pinus resinosa). Similar to dune grass, red pine needle δ13C is approximately −28‰ [99], and the organic layer detritus of a similar red pine stand was reported by Mellilo et al. [100] to be −26.2‰. Therefore, assuming an approximate 6‰ enrichment and an approximate source δ13C of −27, the δ13C of some of the common fungal hyphae in this habitat would be approximately −21, or perhaps a few mil higher, as a result of hexose conversion to lipids, which would be expected to discriminate against 13C [96]. This is obviously a speculative estimate, but it is intriguingly close to the δ13C −21.3 average for Site 3 larvae. This larval average may simply reflect a balance between benthic and pelagic production, but it is plausible that larval δ13C at Site 3 was in part also a reflection of these terrestrial energy subsidies which were based on the amount of direct, up-current location during our most common surf-producing storms.




4.4.2. δ15N


The reported average trophic position for lotic Hydropsychidae is 2.5 [17,23], and approximately half of the secondary production of southeastern US stream species is estimated to be derived from animal prey energy [87,88,89,90]. Therefore, our data, and those from a prior study [3], suggest that Lake Superior H. alternans occupies the typical lotic Hydropsychidae niche within the surf zone food webs. Figure 12 shows this niche to be roughly between herbivorous Antocha crane flies, which specialize on epilithic algae, and Hydra, which are suspension-feeding benthic carnivores. Our analysis of 3rd instar larvae from Site 3 indicated that they may have been less carnivorous than the much larger 4th and 5th instar larvae (Table 2, Figure 3 and Figure 10), which is consistent with past reports for stream-dwelling hydropsychids [84].



Gut content and δ15N analyses showed that the H. alternans diet and trophic position are typical of those of most well-known hydropsychids; i.e., they are opportunistic carnivores that become increasingly more carnivorous as they develop (Figure 10). It also seems likely that some of the apparent trophic separation that is observed between small and large larvae could have resulted from an increasing capacity to capture and kill larger prey as the larvae grow, including fellow predators. For example, the consumption of Tanypodinae midges (Diptera: Chironomidae) caught hunting among the lairs of 5th instar H. alternans would contribute substantially to the body’s 15N content. Future research that includes detailed taxonomic and seasonal analyses of H. alternans prey species is needed to allow for the identification of specific energetic connections linking surf zone net spinners to benthic and planktonic food webs via carnivory.




4.4.3. Larval Silk Glands


Silk production has likely evolved multiple times within Insecta, allowing a myriad of lineages to address ecological challenges using various forms of this lightweight, strong, sticky, elastic, and waterproof wonder fiber [101]. For hydropsychid larvae, silk production is central to feeding and lodging strategies, and also allows them to rappel to safety and to find their way back home when dislodged by currents and crashing waves [102]. Along with the alimentary canal, the large and folded Z-shaped silk glands are the most obvious features of the internal anatomy of larval hydropsychids. We observed that the fullness of silk glands varied considerably among H. alternans larvae, with some being thin and apparently empty, while most were plump full of silk proteins and precursor molecules. As expected, the silk glands that we analyzed were enriched in 13C and 15N, relative to the body tissues (Table 2, Figure 13). This observation can be explained, at least in part, by the specific amino acid composition of the silk dope and the precursor materials stored within the glands. The major silk proteins of another Hydropsyche species (H. angustipennis) comprise roughly equal fractions of glycine, serine, and a combination of isoleucine, leucine, and valine [103]. In general, isotopic fractionation during nitrogen metabolism accounts for the progressive enrichment of 15N during trophic transfers, which is commonly assessed using δ15N bulk analyses. However, the relative amounts of 15N atoms that become sequestered into individual amino acids varies considerably. So too do the relative amounts of 13C in amino acid precursors. The major silk protein constituents glycine and serine exhibit strong positive δ15N and δ13C fractionation [104,105]. Isoleucine, leucine, and valine exhibit small positive fractionations of nitrogen, but no fractionation of carbon isotopes [104]. Therefore, compared to the whole body average, full silk glands have isotopic signatures that increase the estimated trophic position and shift the main energy source estimate toward benthic producer values, which is consistent with our results (Table 2, Figure 13). This suggests that a larva could, from the perspective of stable isotope analysis, undergo an apparent niche shift after expelling large amounts of silk. To avoid this potential source of error, which could have produced some of the variability observed in our analyses from Sites 3 and 4, silk gland fullness should be considered when selecting larvae for isotope analyses. This would be an easy addition to a protocol that already includes removing gut contents, which is recommended for carnivores and carnivorous omnivores like hydropsychids, to avoid prey remain contributions to analytical results [21].




4.4.4. Adults


The physiological processes that occur during pupation produce major changes in isotopic values. Most of the energy and amino acids required for these biosynthesis activities is produced by the catabolism of larval proteins, while fat reserves from larval feeding are reserved for adult activities [106,107]. The significant 15N enrichment that we observed for adults relative to larvae (Figure 14) likely resulted from the excretion of 15N-depleted metabolic waste meconium produced during this period of extensive protein metabolism and voided at the end of pupation [108]. The depleted δ13C values of adults relative to larvae, and adult females relative to males, were likely due to the metabolism of 13C-enriched proteins catabolized during pupation, and to the relatively high concentration of 13C-depleted lipids stored for adult energy [106,107,109]. Although we do not know if H. alternans is an important component of the diets of tertiary consumers in Lake Superior, we suspect that emerging adults and ovipositing females diving and swimming with a sheen of air trapped within body setae could be easily spotted by fish, and thus may contribute substantially to the diets of native coastal fishes such as brook trout (Salvelinus fontinalis), lake trout (Salvelinus namaycush), and lake whitefish (Coregonus clupeaformis). We hope that the stable isotope values presented here for larval and adult H. alternans from Lake Superior will be useful in future attempts to clarify the roles that these common caddisflies and other native surf zone insects play in nearshore food webs.






5. Conclusions


The earliest record of net-spinning caddisflies in Lake Superior was the capture during the 1871 United States Lakes Survey of a single Hydropsyche larva in a dredge sample taken from 26 m deep water along the north shore, approximately 200 km northeast of our research area. The presence of Hydropsyche larvae in water so deep in Lake Superior is intriguing and begs for further exploration, but perhaps even more notable was a statement by Chief Zoologist Sidney I. Smith regarding the discovery. He reported that “the larvae, pupae, and sub-imago of the same or closely allied species were found in great abundance in stomachs of white-fish taken at Sault Sainte Marie” [110]. The predator–prey relationship that he described, quite possibly between the lake whitefish (Coregonus clupeaformis) and Hydropsyche alternans, illustrates the potential importance of net-spinning caddisflies and other native aquatic insects in the Lake Superior food web. We are still in the discovery phase of understanding most aspects of the ecology of most of these species. Barton and Hynes conducted the most comprehensive study on the nearshore insects of the Great Lakes to date. They considered this work to be “a preliminary step toward expanding our knowledge of the benthos of large lakes to include the unique habitat found in such bodies of water—namely the continuously wave-swept shores of the Great Lakes.” [1]. This study takes a preliminary step toward an understanding of one of the 29 native invertebrate species that they found along the rocky, surf-exposed shores of Lake Superior.



The high-latitude, periglacial conditions experienced by the westernmost documented population of H. alternans [49] (see Supplementary Materials S3: Periglacial Habitat) indicate that divergence to glacial lake conditions may have involved existing adaptations for survival just beyond the grip of the ice. These caddisflies live in a tributary to a small remnant of the once massive proglacial Lake Atna that existed for 50,000 years at the end of the Pleistocene [111]. Their environment may represent the ancestral conditions that selected for adaptations, allowing H. alternans to exploit isolated pockets of relatively productive riverine and wave-swept lacustrine habitats within the vast, harsh, and dynamic glacial landscape.



Earth’s rapidly changing climate has forced significant changes in environmental conditions in lakes globally [112]. Particularly pronounced effects of lake warming have occurred in Lake Superior, including increases in air–lake energy exchange, decreases in winter ice coverage [113,114], and the recent highly unusual occurrences of noxious cyanobacteria blooms in otherwise oligotrophic nearshore plankton assemblages during the warmest summers [115]. Many more life history studies like the one presented here for H. alternans are required to begin to understand the biological responses of native organisms of Lake Superior to these rapid, systemwide changes in this globally important freshwater resource.



Many of the historical collection records presented in Figure 1 are from watersheds that have been dramatically altered by human activities. These likely represent declining or extirpated populations, particularly in watersheds converted to large-scale agriculture [47], and in habitats that are densely populated by Dreissena mussels [30]. The rocky surf zone habitats in Lake Superior remain largely mussel-free at present, but the recent appearance of established juvenile and adult Dreissena in the Apostle Islands, 90 km from their likely source in the St. Louis River estuary [116] indicates that long-distance dispersal during the planktonic veliger stage is occurring along the south shore. A low-density Dreissena population exists on the iron ore loading dock in Marquette’s upper harbor, just down-current of our research area. It is not known whether this assemblage is a self-sustaining population or a group of displaced hitchhikers sustained by recruitment from established populations elsewhere in the Great Lakes. An established Driessena population in the Au Train river system, a popular canoeing and kayaking destination approximately 50 km down the coast from our research area, appears to pose an even greater threat to local surf zone insect communities (see Supplementary Materials S4: Tributary Dreissena). We fear that this and possibly other yet to be discovered tributary populations are poised to expand downstream to surf zone habitats. It is unclear whether environmental conditions in Lake Superior have thus far presented insurmountable challenges to invading mussels, or if Dreissena is slowly spreading [117,118]. What is certain is that anthropogenic changes to Earth’s atmosphere are affecting the limnological environment in Lake Superior [113], and that these changes will test the ancient adaptive strategies that have allowed Hydropsyche alternans to thrive in the last remaining stronghold of the surf zone insects of the Laurentian Great Lakes.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/insects13070659/s1, Supplementary Materials S1: Taxonomic History [119,120,121,122,123,124,125,126,127,128,129,130,131,132,133], Supplementary Materials S2: Detailed Site Descriptions [134,135], Supplementary Materials S3: Periglacial population [49,111,136], Supplementary Materials S4: Tributary Dreissena.





Author Contributions


Conceptualization, M.S.; methodology, M.S.; validation, M.S.; formal analysis, M.S.; investigation, S.M., A.C. and M.S.; resources, M.S.; data curation, M.S.; writing—original draft preparation, S.M. and M.S.; writing—review and editing, M.S.; visualization, M.S.; supervision, M.S.; project administration, M.S.; funding acquisition, M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. Equipment, analyses, and publication costs were covered by Northern Michigan University.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Voucher specimens are housed in the Northern Michigan University Insect Collection.




Acknowledgments


Equipment and support were provided by the Northern Michigan University Department of Biology and the NMU Freshman Fellowship Program. We thank four generous shoreline residents for access to their properties, and for their continuing support of our research. Three anonymous peer reviewers contributed substantially to the manuscript with their thoughtful comments and suggestions. We thank Neil Cumberlidge and Alan Rebertus for technical their assistance. Finally, we thank John Wallace for his encouragement, spot-on insight, and steadfast determination to guide this paper through to publication.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barton, D.R.; Hynes, H.B.N. Wave-zone Macrobenthos of the Exposed Canadian Shores of the St. Lawrence Great Lakes. J. Great Lakes Res. 1978, 4, 27–45. [Google Scholar] [CrossRef]

	



Barton, D.R.; Smith, S.M. The Ecology of Aquatic Insects; Resh, V.H., Rosenberg, D.M., Eds.; Praeger: New York, NY, USA, 1984; pp. 456–483. [Google Scholar]

	



Strand, M. Trophic Ecology of the Lake Superior Wave Zone: A Stable Isotope Approach. Hydrobiologia 2005, 544, 271–278. [Google Scholar] [CrossRef]

	



Rao, Y.R.; Schwab, D.J. Transport and Mixing Between the Coastal and Offshore Waters in the Great Lakes: A Review. J. Great Lakes Res. 2007, 33, 202–218. [Google Scholar] [CrossRef]

	



Herdendorf, C.E. Large Lakes of the World. J. Great Lakes Res. 1982, 8, 379–412. [Google Scholar] [CrossRef]

	



Beletsky, D.; Saylor, J.H.; Schwab, D.J. Mean Circulation in the Great Lakes. J. Great Lakes Res. 1999, 25, 78–93. [Google Scholar] [CrossRef]

	



Van Luven, D.M.; Huntoon, J.E.; Maclean, A.L. Determination of the Influence of Wind on the Keweenaw Current in the Lake Superior Basin as Identified by Advanced Very High Resolution Radiometer (AVHRR) Imagery. J. Great Lakes Res. 1999, 25, 625–641. [Google Scholar] [CrossRef]

	



Chen, C.; Zhu, J.; Ralph, E.; Green, S.A.; Budd, J.W.; Zhang, F.Y. Prognostic Modeling Studies of the Keweenaw Current in Lake Superior. Part I: Formation and Evolution. J. Phys. Oceanogr. 2001, 31, 379–395. [Google Scholar] [CrossRef]

	



Fenoglio, S.; Tierno de Figueroa, J.M.; Doretto, A.; Falasco, E.; Bona, F. Aquatic Insects and Benthic Diatoms: A History of Biotic Relationships in Freshwater Ecosystems. Water 2020, 12, 2934. [Google Scholar] [CrossRef]

	



Fuller, R.J.; Mackey, R.J. Feeding Ecology of Three Species of Hydropsyche (Trichoptera: Hydropsychidae) in Southern Ontario. Can. J. Zool. 1980, 58, 2239–2251. [Google Scholar] [CrossRef]

	



Sierszen, M.; Peterson, G.S.; Trebitz, A.S.; Brazner, J.C.; West, C.W. Hydrology and Nutrient Effects on Food-Web Structure in Ten Lake Superior Coastal Wetlands. Wetlands 2006, 26, 951–964. [Google Scholar] [CrossRef]

	



Hynes, H.B.N. The Ecology of Running Waters; University of Toronto Press: Toronto, ON, Canada, 1970. [Google Scholar]

	



Fuller, R.L.; Mackay, R.J. Effects of Food Quality on the Growth of Three Hydropsyche Species (Trichoptera: Hydropsychidae). Can. J. Zool. 1981, 59, 1133–1140. [Google Scholar] [CrossRef]

	



Matczak, T.Z.; Mackay, R.J. Territoriality in filter-feeding caddisfly larvae: Laboratory experiments. J. N. Am. Benthol. Soc. 1990, 9, 26–34. [Google Scholar] [CrossRef]

	



Oliveira, L.G.; Froehlich, C.G. Natural History of Three Hydropsychidae (Trichoptera, Insecta) in a “Cerrado” Stream from Northeastern Sao Paulo, Brazil. Revta Bras. Zool. 1996, 13, 755–762. [Google Scholar] [CrossRef]

	



Sieglstetter, R.; Agasse, F.; Caquet, T. Ecological Segregation of Two Species of Hydropsyche (Trichoptera: Hydropsychidae) in a European Second-Order Stream (Essonne, France). J. Freshw. Ecol. 1997, 12, 269–279. [Google Scholar] [CrossRef]

	



Hellmann, C.; Wissel, B.; Winkelmann, C. Omnivores as Seasonally Important Predators in a Stream Food Web. Freshw. Sci. 2013, 32, 548–562. [Google Scholar] [CrossRef]

	



Peters, L.; Wetzel, M.A.; Rothaupt, K.O. Epilithic Communities in a Lake Littoral Zone: The Role of Water-Column Transport and Habitat Development for Dispersal and Colonization of Meiofauna. J. N. Am. Benthol. Soc. 2007, 26, 232–243. [Google Scholar] [CrossRef]

	



Ferrier, M.D.; Wissing, T.E. A Scanning Electron Microscopic Study of the Mouthparts of Cheumatopsyche analis (Trichoptera: Hydropsychidae). Ohio J. Sci. 1980, 80, 38–40. [Google Scholar]

	



Doucett, R.R.; Power, G.; Barton, D.R.; Drimmie, R.J.; Cunjak, R.A. Stable Isotope Analysis of Nutrient Pathways Leading to Atlantic Salmon. Can. J. Fish. Aquat. Sci. 1996, 53, 2058–2066. [Google Scholar] [CrossRef]

	



Jardine, T.D.; Curry, R.A.; Heard, K.S.; Cunjak, R.A. High fidelity: Isotopic Relationship Between Stream Invertebrates and Their Gut Contents. J. N. Am. Benthol. Soc. 2005, 24, 90–299. [Google Scholar] [CrossRef]

	



Ulseth, A.J.; Hershey, A.E. Natural Abundances of Stable Isotopes Trace Anthropogenic N and C in an Urban Stream. J. N. Am. Benthol. Soc. 2005, 24, 270–289. [Google Scholar] [CrossRef]

	



Anderson, C.; Cabana, G. Estimating the Trophic Position of Aquatic Consumers in River Food Webs Using Stable Nitrogen Isotopes. J. N. Am. Benthol. Soc. 2007, 26, 273–285. [Google Scholar] [CrossRef]

	



Ridzuan, D.S.; Salmah, C.; Rawi, M.; Hamid, S.A.; Al-Shami, S.A. Determination of Food Sources and Trophic Position in Malaysian Tropical Highland Streams Using Carbon and Nitrogen Stable Isotopes. Acta Ecol. Sin. 2017, 37, 97–104. [Google Scholar] [CrossRef]

	



Benson, A.J. Quagga and Zebra Mussels: Biology, Impacts, and Control; Nalepa, T.E., Schloesser, D.W., Eds.; CRC Press: Boca Raton, FL, USA, 2013; pp. 9–31. [Google Scholar]

	



Karatayev, A.Y.; Burlakova, L.E.; Pennuto, C.; Ciborowski, J.; VKaratayev, V.A.; Juette, P.; Clapsadl, M. Twenty Five Years of Changes in Dreissena spp. Populations in Lake Erie. J. Great Lakes Res. 2014, 40, 550–559. [Google Scholar] [CrossRef]

	



Patterson, M.W.R.; Ciborowski, J.J.H.; Barton, D.R. The Distribution and Abundance of Dreissena Species (Dreissenidae) in Lake Erie. J. Great Lakes Res. 2005, 31, 223–237. [Google Scholar] [CrossRef]

	



Nalepa, T.F.; Fanslow, D.L.; Lang, G.A.; Mabrey, K.; Rowe, M. Lake-Wide Benthic Surveys in Lake Michigan in 1994–95, 2000, 2005, and 2010: Abundances of the Amphipod Diporeia spp. and Abundances and Biomass of the Mussels Dreissena polymorpha and Dreissena rostriformis bugensis; NOAA Technical Memorandum GLERL-164; NOAA: Washington, DC, USA, 2014.

	



Ratti, C.; Barton, D.R. Decline in the diversity of benthic invertebrates in the wave-zone of eastern Lake Erie, 1974–2001. J. Great Lakes Res. 2003, 29, 608–615. [Google Scholar] [CrossRef]

	



Barton, D.R. Differences in Wave-Zone Benthic Invertebrate Communities in Lake Huron and Georgian Bay, 1974–2003. J. Great Lakes Res. 2004, 30, 508–518. [Google Scholar] [CrossRef]

	



Ives, J.T.; McMeans, B.C.; McCann, K.S.; Fisk, A.T.; Johnson, T.B.; Bunnell, D.B.; Frank, K.T.; Muir, A.M. Food-Web Structure and Ecosystem Function in the Laurentian Great Lakes—Toward a Conceptual Model. Freshw. Biol. 2019, 64, 1–23. [Google Scholar] [CrossRef]

	



Ross, H.H. The Caddis Flies, or Trichoptera, of Illinois. Bull. Ill. Nat. Hist. Surv. Div. 1944, 23, 1–326. [Google Scholar] [CrossRef]

	



Schmude, K.L.; Hilsenhoff, W.L. Biology, Ecology, Larval Taxonomy, and Distribution of Hydropsychidae (Trichoptera) in Wisconsin. Great Lakes Entomol. 1986, 19, 123–145. [Google Scholar]

	



Sykora, J.L.; Swegman, B.G.; Weaver, J.S. Occurrence of the Genus Hydropsyche in the North American Great Lakes. In Proceedings of the 3rd International Symposium on Trichoptera, Series Entomologica 20; Moretti, G.P., Ed.; Junk: The Hague, The Netherlands, 1981; Chapter 45; pp. 337–346. [Google Scholar]

	



Williams, N.E.; Eyles, N. Sedimentary and Paleoclimatic Controls on Caddisfly (Insecta: Trichoptera) Assemblages During the Last Interglacial-to-Glacial Transition in Southern Ontario. Quat. Res. 1995, 43, 90–105. [Google Scholar] [CrossRef]

	



Past Interglacials Working Group of PAGES. Interglacials of the last 800,000 years. Rev. Geophys. 2016, 54, 162–219. [Google Scholar] [CrossRef]

	



Mann, J.D.; Leverington, D.W.; Rayburn, J.; Teller, J.T. The Volume and Paleobathymetry of Glacial Lake Agassiz. J. Paleolimnol. 1999, 22, 71–80. [Google Scholar] [CrossRef]

	



Teller, J.T.; Leverington, D.W.; Mann, J.D. Freshwater Outbursts to the Oceans and Glacial Lake Agassiz and Their Role in Climate Change During the Last Deglaciation. Quat. Sci. Rev. 2002, 21, 879–887. [Google Scholar] [CrossRef]

	



Teller, J.T.; Thorleifson, L.H. The Lake Agassiz-Lake Superior Connection. Geol. Assoc. Can. Spec. Pap. 1983, 26, 261–290. [Google Scholar]

	



Leverington, D.W.; Teller, J.T. Paleotopographic Reconstructions of the Eastern Outlets of Glacial Lake Agassiz. Can. J. Earth Sci. 2003, 40, 1259–1278. [Google Scholar] [CrossRef]

	



Patalas, K. Lake Winnipeg, Remnant of Glacial Lake Agassiz, an Efficient Dispersal Route of Planktonic Crustaceans through Central and Northern Canada. Aquat. Ecosyst. Health Manag. 2006, 9, 285–306. [Google Scholar] [CrossRef]

	



Neave, F. A Contribution to the Aquatic Insect Fauna of Lake Winnipeg. Int. Rev. Gesamten Hydrobiol. Hydrogr. 1934, 31, 157–170. [Google Scholar] [CrossRef]

	



Connallon, C.B.; Schaetzl, R.J. Geomorphology of the Chippewa River Delta of Glacial Lake Saginaw, Central Lower Michigan, USA. Geomorphology 2017, 290, 128–141. [Google Scholar] [CrossRef]

	



Myers, L.W.; Kondratieff, B.C.; Mihuc, T.B.; Ruiter, D.E. The Mayflies (Ephemeroptera), Stoneflies (Plecoptera), and Caddisflies (Trichoptera) of the Adirondack Park (New York State). Trans. Am. Entomol. Soc. 2011, 137, 63–140. [Google Scholar] [CrossRef]

	



Upham, W. The Glacial Lake Agassiz. Monographs of the United States Geological Survey 1895. Volume 25. 658p. Available online: https://commons.wikimedia.org/wiki/File:Agassiz.jpg (accessed on 8 October 2021).

	



Leverington, D.W.; Mann, J.D.; Teller, J.T. Changes in the Bathymetry and Volume of Glacial Lake Agassiz between 11,000 and 9300 14C yr B.P. Quat. Res. 2000, 54, 174–181. [Google Scholar] [CrossRef]

	



Houghton, D.C. Biological Diversity of Minnesota Caddisflies (Insecta: Trichoptera). Zoo Keys 2012, 189, 1–389. [Google Scholar] [CrossRef] [PubMed]

	



Leonard, J.; Leonard, F. An Annotated List of Michigan Trichoptera; Occasional Papers of the Museum of Zoology; University of Michigan: Ann Arbor, MI, USA, 1949; 522p. [Google Scholar]

	



Schefter, P.W.; Wiggins, G.B. A Systematic Study of the Hydropsyche Morosa Group (Trichoptera: Hydropsychidae); Royal Ontario Museum, Life Sciences Miscellaneous Publications: Toronto, ON, Canada, 1986.

	



Sebastion, R.J.; Rosenberg, D.M.; Wiens, A.P. A Method for Subsampling Unsorted Benthic Macroinvertebrates by Weight. Hydrobiologia 1988, 157, 69–75. [Google Scholar] [CrossRef]

	



Houghton, D.C.; DeWalt, R.E.; Pytel, A.J.; Brandin, C.M.; Rogers, S.E.; Ruiter, D.E.; Bright, E.; Hudson, P.L.; Armitage, B.J. Updated Checklist of the Michigan (USA) Caddisflies, with Regional and Habitat Affinities. Zoo Keys 2018, 730, 57–74. [Google Scholar] [CrossRef]

	



NOAA Coastwatch Great Lakes. Available online: coastwatch.glerl.noaa.gov/modis (accessed on 8 October 2021).

	



Google Earth. Available online: https://earth.google.com/web/ (accessed on 8 October 2021).

	



Hester, F.E.; Dendy, J.S. A Multiple-Plate Sampler for Aquatic Macroinvertebrates. Trans. Am. Fish. Soc. 1962, 91, 420–421. [Google Scholar] [CrossRef]

	



Ohio Environmental Protection Agency. Biological Criteria for the Protection of Aquatic Life: Vol III. Standardized Biological Field Sampling and Laboratory Methods for Assessing Fish and Macroinvertebrate Communities; Division of Water Quality Planning and Assessment, Ecological Assessment Section: Columbus, OH, USA, 1989. [Google Scholar]

	



Schefter, P.W.; Wiggins, G.B.; Unzicker, J.D. A Proposal for Assignment of Ceratopsyche as a Subgenus of Hydropsyche, with New Synonyms and a New Species (Trichoptera: Hydropsychidae). J. N. Am. Benthol. Soc. 1986, 1, 67–84. [Google Scholar] [CrossRef]

	



Dyar, H.G. The Number of Moults of Lepidopterous Larvae. Psyche 1890, 5, 420–422. [Google Scholar] [CrossRef]

	



Mackay, R.J. Larval Identification and Instar Association in Some Species of Hydropsyche and Cheumatopsyche (Trichoptera: Hydropsychidae). Ann. Entomol. Soc. Am. 1978, 71, 499–509. [Google Scholar] [CrossRef]

	



Waringer, J. Tools for Instar Determination of European Caddisfly Larvae (Insecta: Trichoptera). Zootaxa 2021, 4908, 85–101. [Google Scholar] [CrossRef]

	



Deutsch, W.G. Swimming Modifications of Adult Female Hydropsychidae Compared with Other Trichoptera. Freshw. Invertebr. Biol. 1985, 4, 35–40. [Google Scholar] [CrossRef]

	



Metcalfe, A.N.; Muehlbauer, J.D.; Kennedy, T.A.; Yackulic, C.B.; Dibble, K.L.; Marks, J.C. Net-Spinning Caddisfly Distribution in Large Regulated Rivers. Freshw. Biol. 2021, 66, 89–101. [Google Scholar] [CrossRef]

	



Cummins, K.W. Trophic Relations of Aquatic Insects. Annu. Rev. Entomol. 1973, 18, 183–206. [Google Scholar] [CrossRef]

	



Ashton, N.N.; Taggart, D.S.; Stewart, R.J. Silk Tape Nanostructure and Silk Gland Anatomy of Trichoptera. Biopolymers 2012, 97, 432–445. [Google Scholar] [CrossRef] [PubMed]

	



Löfstedt, C.; Hansson, B.S.; Petersson, E.; Valeur, P.; Richards, A. Pheromonal Secretions from Glands on the 5th Abdominal Sternite of Hydropsychid and Rhyacophilid Caddisflies (Trichoptera). J. Chem. Ecol. 1994, 20, 153–170. [Google Scholar] [CrossRef]

	



Willis, L.D.; Hendricks, A.C. Life History, Growth, Survivorship, and Production of Hydropsyche slossonae in Mill Creek, Virginia. J. N. Am. Benthol. Soc. 1992, 11, 290–303. [Google Scholar] [CrossRef]

	



Keough, J.R.; Sierszen, M.E.; Hagley, C.A. Analysis of a Lake Superior coastal food wed with stable isotope techniques. Limnol. Oceanogr. 1996, 41, 136–146. [Google Scholar] [CrossRef]

	



Rutherford, J.E.; Mackay, R.J. Variability in the Life-History Patterns of Four Species of Hydropsyche (Trichoptera: Hydropsychidae) in Southern Ontario Streams. Holarct. Ecol. 1986, 9, 149–163. [Google Scholar] [CrossRef]

	



Rhame, R.E.; Stewart, K.W. Life Cycles and Food Habits of Three Hydropsychidae (Trichoptera) Species in the Brazos River, Texas. Trans. Am. Entomol. Soc. 1976, 102, 65–99. [Google Scholar]

	



Huryn, A.D.; Wallace, J.B. Habitat, Life History, Secondary Production, and Behavioral Adaptations of Aquatic Insects. In An Introduction to the Aquatic Insects of North America, 4th ed.; Merritt, R.W., Cummins, K.W., Berg, M.B., Eds.; Kendall Hunt: Dubuque, IA, USA, 2019; pp. 65–116. [Google Scholar]

	



Waters, T.F. Diurnal Periodicity in the Drift of Stream Invertebrates. Ecology 1962, 43, 316–320. [Google Scholar] [CrossRef]

	



Elliot, J.M. The Life Histories and Drifting of Trichoptera in a Dartmoor Stream. J. Anim. Ecol. 1968, 37, 615–625. [Google Scholar] [CrossRef]

	



Statzner, J.; Elouard, M.; Dejoux, C. Field Experiments on the Relationship Between Drift and Benthic Densities of Aquatic Insects in Tropical Streams (Ivory Coast). II. Cheumatopsyche falcifera (Trichoptera: Hydropsychidae). J. Anim. Ecol. 1986, 55, 93–110. [Google Scholar] [CrossRef]

	



Tachet, H.; Pierrot, J.P.; Chantel, R.; Bournaud, M. Net-Building Behaviour of Six Hydropsyche Species (Trichoptera) in Relation to Current Velocity and Distribution along the Rhône River. J. N. Am. Benthol. Soc. 1992, 11, 350–365. [Google Scholar] [CrossRef]

	



Ozersky, T.; Bramburger, A.J.; Elgin, A.K.; Vanderploeg, H.A.; Wang, J.; Austin, J.A. The Changing Face of Winter: Lessons and Questions from the Laurentian Great Lakes. J. Geophys. Res. Biogeosci. 2021, 126, 1–25. [Google Scholar] [CrossRef]

	



Assel, R.J. Fall and Winter Thermal Structure of Lake Superior. J. Great Lakes Res. 1986, 12, 251–262. [Google Scholar] [CrossRef]

	



Titze, D.J.; Austin, J.A. Winter Thermal Structure of Lake Superior. Limnol. Oceanogr. 2014, 59, 1336–1348. [Google Scholar] [CrossRef]

	



Kovalenko, K.E.; Reavie, E.D.; Bramburger, A.J.; Cotter, A.; Sierszen, M.E. Nearshore-offshore trends in Lake Superior phytoplankton. J. Great Lakes Res. 2019, 45, 1197–1204. [Google Scholar] [CrossRef]

	



Vanderploeg, H.A.; Cavaletto, J.F.; Liebig, J.F.; Gardner, W.S. Limnocalanus macrurus (Copepoda: Calanoida) Retains a Marine Arctic Lipid and Life Cycle Strategy in Lake Michigan. J. Plankton Res. 1998, 20, 1581–1597. [Google Scholar] [CrossRef]

	



Badcock, R.M. Observation of Oviposition Under Water of the Aerial Insect Hydropsyche angustipennis (Curtis) (Trichoptera). Hydrobiologia 1953, 5, 222–225. [Google Scholar] [CrossRef]

	



Kjær, C.; Sørensen, P.B.; Wiberg-Larsen, P.; Bak, J.; Bruus, M.; Strandberg, B.; Larsen, S.E.; Rasmussen, J.J.; Strandberg, M. Vulnerability of Aquatic Insect Species to Insecticides, Depending on their Flight Period and Adult Life Span. Environ. Toxicol. Chem. 2021, 40, 1778–1787. [Google Scholar] [CrossRef]

	



Kovats, Z.; Ciborowski, J.H.; Corkum, L.D. Inland Dispersal of Adult Aquatic Insects. Freshw. Biol. 1996, 36, 265–276. [Google Scholar] [CrossRef]

	



Sode, A.; Wiberg-Larsen, P. Dispersal of Adult Trichoptera at a Danish Forest Brook. Freshw. Biol. 1993, 30, 439–446. [Google Scholar] [CrossRef]

	



Fremling, C.R. Biology and Possible Control of Nuisance Caddisflies of the Upper Mississippi River. Iowa Agric. Home Econ. Exp. Stn. Res. Bull. 1960, 33, 856–879. [Google Scholar]

	



Wallace, J.B. The Larval Retreat and Food of Arctopsyche; with Phylogenetic Notes on Feeding Adaptations in Hydropsychidae Larvae (Trichoptera). Ann. Entomol. Soc. Am. 1975, 68, 167–173. [Google Scholar] [CrossRef]

	



Hoagland, K.D.; Zlotsky, A.; Peterson, C.G. Algal Biofouling; Evans, L.V., Hoagland, K.D., Eds.; Elsevier Science Publishing: Amsterdam, The Netherlands, 1986; pp. 21–39. [Google Scholar]

	



Barton, D.R.; Carter, J.C.H. Shallow-Water Epilithic Invertebrate Communities of Eastern Georgian Bay, Ontario, in Relation to Exposure to Wave Action. Can. J. Zool. 1982, 60, 984–993. [Google Scholar] [CrossRef]

	



Petersen, L.B.M. Food Preferences in Three Species of Hydropsyche (Trichoptera). Verh. Int. Ver. Limnol. 1985, 22, 3270–3274. [Google Scholar] [CrossRef]

	



Benke, A.C.; Wallace, J.B. Trophic Basis of Production among Net-Spinning Caddisflies in a Southern Appalachian Stream. Ecology 1980, 61, 108–118. [Google Scholar] [CrossRef]

	



Benke, A.C.; Wallace, J.B. Trophic Basis of Production among Riverine Caddisflies: Implications for Food Web Analysis. Ecology 1997, 78, 1132–1145. [Google Scholar] [CrossRef]

	



Benke, A.C.; Wallace, J.B.; Harrison, J.W.; Koebel, J.W. Food Web Quantification using Secondary Production Analysis: Predaceous Invertebrates of the Snag Habitat in a Subtropical River. Freshw. Biol. 2001, 46, 329–346. [Google Scholar] [CrossRef]

	



Koske, R.E.; Polson, W.R. Are VA Mycorrhizae Required for Sand Dune Stabilization? Bioscience 1984, 34, 420–424. [Google Scholar] [CrossRef]

	



Koske, R.E.; Gemma, J.N. Mycorrhizae and Succession in Plantings of Beach Grass in Sand Dunes. Am. J. Bot. 1997, 84, 118–130. [Google Scholar] [CrossRef]

	



Bago, B.; Zipfel, W.; Williams, R.M.; Jun, J.; Arreola, R.; Lammers, P.J.; Pfeffer, P.E.; Shachar-Hill, Y. Translocation and Utilization of Fungal Storage Lipid in the Arbuscular Mycorrhizal Symbiosis. Plant Physiol. 2002, 128, 108–124. [Google Scholar] [CrossRef]

	



Gleixner, G.; Danier, H.J.; Werner, R.A.; Schmidt, H.L. Correlations Between the 13C Content of Primary and Secondary Plant Products in Different Cell Compartments and that in Decomposing Basidiomycetes. Plant Physiol. 1993, 102, 1287–1290. [Google Scholar] [CrossRef] [PubMed]

	



Trudell, S.A.; Rygiewicz, P.T.; Edmonds, R.L. Patterns of Nitrogen and Carbon Stable Isotope Ratios in Macrofungi, Plants and Soils in Two Old-Growth Conifer Forests. New Phytol. 2004, 164, 317–335. [Google Scholar] [CrossRef] [PubMed]

	



Klink, S.; Giesemann, P.; Hubmann, T.; Pausch, J. Stable C and N Isotope Natural Abundances of Intraradical Hyphae of Arbuscular Mycorrhizal Fungi. Mycorrhiza 2020, 30, 773–780. [Google Scholar] [CrossRef] [PubMed]

	



Colombini, I.; Brilli, M.; Fallaci, M.; Gagnarli, E.; Chelazzi, L. Food Webs of a Sandy Beach Macroinvertebrate Community using Stable Isotopes Analysis. Acta Oecol. 2011, 37, 422–432. [Google Scholar] [CrossRef]

	



Harris, A.L.; Zinnert, J.C.; Young, D.R. Differential Response of Barrier Island Dune Grasses to Species Interactions and Burial. Plant Ecol. 2017, 218, 609–619. [Google Scholar] [CrossRef]

	



Powers, M.D.; Webster, C.R.; Pregitzer, K.S.; Palik, B.J. Spatial Dynamics of Radial Growth and Growth Efficiency in Residual Pinus resinosa Following Aggregated Retention Harvesting. Can. J. For. Res. 2009, 39, 109–117. [Google Scholar] [CrossRef]

	



Melillo, J.M.; Aber, J.D.; Linkins, A.E.; Ricca, A.; Fry, B.; Nadelhoffer, K.J. Carbon and Nitrogen Dynamics along the Decay Continuum: Plant litter to Soil Organic Matter. Plant Soil 1989, 115, 189–198. [Google Scholar] [CrossRef]

	



Sutherland, T.D.; Young, J.H.; Weisman, S.; Hayashi, C.Y.; Merritt, D.J. Insect Silk: One Name Many Materials. Annu. Rev. Entomol. 2010, 55, 171–188. [Google Scholar] [CrossRef]

	



Wallace, J.B. Silk Spinning as an Escape Mechanism in Hydropsyche orris Larvae Following Removal from Water (Trichoptera: Hydropsychidae). Ann. Entomol. Soc. Am. 1975, 68, 549–550. [Google Scholar] [CrossRef]

	



Sehnal, F.; Sutherland, T. Silks Produced by Insect Labial Glands. Prion 2008, 2, 145–153. [Google Scholar] [CrossRef]

	



Steffan, S.A.; Chikaraishi, Y.; Horton, D.R.; Ohkouchi, N.; Singleton, M.E. Trophic Hierarchies Illuminated via Amino Acid Isotopic Analysis. PLoS ONE 2013, 8, e76152. [Google Scholar] [CrossRef] [PubMed]

	



Takizawa, Y.; Takano, Y.; Choi, B.; Dharampa, P.S.; Steffan, S.A.; Ogawa, N.O.; Ohkouchi, N.; Chikaraishi, Y. A New Insight into Isotopic Fractionation Associated with Decarboxylation in Organisms: Implications for Amino Acid Isotope Approaches in Biogeoscience. Prog. Earth Planet. Sci. 2020, 7, 50. [Google Scholar] [CrossRef]

	



Arrese, E.L.; Canavoso, L.E.; Jouni, Z.E.; Pennington, J.E.; Tsuchida, K.; Wells, M.A. Lipid Storage and Mobilization in Insects: Current Status and Future Directions. Insect Biochem. Mol. Biol. 2001, 31, 7–17. [Google Scholar] [CrossRef]

	



Bartrons, M.; Grimalt, J.O.; Catalan, J. Concentration Changes of Organochlorine Compounds and Polybromodiphenyl Ethers during Metamorphosis of Aquatic Insects. Environ. Sci. Technol. 2007, 41, 6137–6141. [Google Scholar] [CrossRef]

	



Tibbets, T.M.; Wheeless, L.A.; Martínez del Rio, C. Isotopic Enrichment Without Change in Diet: An Ontogenetic Shift in δ15N During Insect Metamorphosis. Funct. Ecol. 2008, 22, 109–113. [Google Scholar] [CrossRef]

	



Post, D.M.; Layman, C.A.; Arrington, D.A.; Takimoto, G.; Quattrochi, J.; Montana, C.G. Getting to the Fat of the Matter: Models, Methods and Assumptions for Dealing with Lipids in Stable Isotope Analyses. Oecologia 2007, 152, 179–189. [Google Scholar] [CrossRef]

	



Smith, S.I. Sketch of the Invertebrate Fauna of Lake Superior; Report of Commissioner of Fish and Fisheries XXVII; U.S. Commission on Fish and Fisheries: Washington, DC, USA, 1873.

	



Wiedmer, M.; Montgomery, D.R.; Gillespie, A.R.; Greenberg, H. Late Quaternary Megafloods from Glacial Lake Atna, Southcentral Alaska, U.S.A. Quat. Res. 2010, 73, 413–424. [Google Scholar] [CrossRef]

	



Woolway, R.L.; Kraemer, B.M.; Lenters, J.D.; Merchant, C.J.; O’Reilly, C.M.; Sharma, S. Global Lake Responses to Climate Change. Nat. Rev. Earth Environ. 2020, 1, 388–403. [Google Scholar] [CrossRef]

	



Austin, J.A.; Colman, S.M. Lake Superior Summer Water Temperatures are Increasing More Rapidly than Regional Air Temperatures: A Positive Ice-Albedo Feedback. Geophys. Res. Lett. 2007, 34, 1–5. [Google Scholar] [CrossRef]

	



Ye, X.; Anderson, E.J.; Chu, P.Y.; Huang, C.; Xue, P. Impact of Water Mixing and Ice Formation on the Warming of Lake Superior: A Model-Guided Mechanism Study. Limnol. Oceanogr. 2019, 64, 558–574. [Google Scholar] [CrossRef]

	



Sterner, R.S.; Rein, K.; Lafrancois, B.M.; Brovold, S.; Miller, T.R. A First Assessment of Cyanobacterial Blooms in Oligotrophic Lake Superior. Limnol. Oceanogr. 2020, 65, 2984–2998. [Google Scholar] [CrossRef]

	



Trebitz, A.T.; Hatzenbuhler, C.L.; Hoffman, J.C.; Meredith, C.S.; Peterson, G.S.; Pilgrim, E.M.; Barge, J.T.; Cotter, A.M.; Wick, M.J. Dreissena veligers in western Lake Superior—Inference from New Low-Density Detection. J. Great Lakes Res. 2019, 45, 691–699. [Google Scholar] [CrossRef]

	



Grigorovich, I.A.; Korniushin, A.V.; Gray, D.K.; Duggan, I.C.; Colutti, R.I.; MacIsaac, H.J. Lake Superior: An Invasion Coldspot? Hydrobiologia 2003, 499, 191–210. [Google Scholar] [CrossRef]

	



Grigorovich, I.A.; Kelly, J.R.; Darling, J.A.; West, C.W. The Quagga Mussel Invades Lake Superior. J. Great Lakes Res. 2008, 34, 342–350. [Google Scholar] [CrossRef]

	



Handfield, L.; Handfield, D. The Curious, and Incorrect, Case of “St. Martin’s Falls”, a Type Locality for Many Insect Species Described by Francis Walker. Zootaxa 2020, 4786, 437–443. [Google Scholar] [CrossRef]

	



Banks, N. American Trichoptera—Notes and Descriptions. Can. Entomol. 1914, 46, 149–156. [Google Scholar] [CrossRef]

	



Betten, C. The Caddis Flies or Trichoptera of New York State. N. Y. State Mus. Bull. 1934, 292. [Google Scholar]

	



Ross, H.H. Lectotypes of North American Caddis Flies in the Museum of Comparative Zoology. Psyche 1938, 45, 1–61. [Google Scholar] [CrossRef]

	



Banks, N. Descriptions of New Nearctic Neuropteroid Insects. Trans. Am. Entomol. Soc. 1905, 32, 1–20. [Google Scholar]

	



Nimmo, A.P. Francis Walker Types of, and New Synonymies for, North American Hydropsyche Species. Psyche 1981, 88, 259–263. [Google Scholar] [CrossRef]

	



Vorhies, C.T. Studies on the Trichoptera of Wisconsin. Trans. Wis. Acad. Sci. Arts Lett. 1909, 6, 647–738. [Google Scholar]

	



Schuster, G.A.; Etnier, D.A. A Manual for the Identification of the Larvae of the Caddisfly Genera Hydropsyche Pictet and Symphitopsyche Ulmer in Eastern and Central North America (Trichoptera: Hydropsychidae); 600/4-78-060; United States Environmental Protection Agency: Washington, DC, USA, 1978; 141p.

	



Nielson, A. On the evolution of the phallus and other male terminalia in the Hydropsychidae with a proposal for a new generic name. In Proceedings of the 3rd International Symposium on Trichoptera, Series Entomologica 20; Moretti, G.P., Ed.; Junk: The Hague, The Netherlands, 1981; Chapter 34; pp. 273–278. [Google Scholar]

	



Morse, J.C. A Checklist of the Trichoptera of North America, Including Greenland and Mexico. Trans. Am. Entomol. Soc. 1993, 119, 47–93. [Google Scholar]

	



Wiggins, G.B. Trichoptera families. In An Introduction to the Aquatic Insects of North America, 3rd ed.; Merritt, R.W., Cummins, K.W., Eds.; Kendall Hunt: Dubuque, IA, USA, 1996; pp. 309–349. [Google Scholar]

	



Morse, J.C.; Holzenthal, R.W. Trichoptera genera. In An Introduction to the Aquatic Insects of North America, 3rd ed.; Merritt, R.W., Cummins, K.W., Eds.; Kendall Hunt: Dubuque, IA, USA, 1996; pp. 350–386. [Google Scholar]

	



Morse, J.C.; Holzenthal, R.W.; Robertson, D.R.; Rasmussen, A.K.; Currie, D.C. Trichoptera. In An Introduction to the Aquatic Insects of North America, 4th ed.; Merritt, R.W., Cummins, K.W., Berg, M.B., Eds.; Kendall Hunt: Dubuque, IA, USA, 2019; pp. 481–552. [Google Scholar]

	



Wiggins, G.B. Larvae of the North American Caddisfly Genera (Trichoptera), 2nd ed.; University of Toronto Press: Toronto, ON, Canada, 2000. [Google Scholar]

	



Geraci, C.J.; Zhou, X.; Morse, J.C.; Kjer, K.J. Defining the genus Hydropsyche (Trichoptera: Hydropsychidae) Based on DNA and Morphological Evidence. J. N. Am. Benthol. Soc. 2010, 29, 918–933. [Google Scholar] [CrossRef]

	



Cohen, J.G.; Kost, M.A.; Slaughter, B.S.; Albert, D.A.; Lincoln, J.M.; Kortenhoven, A.P.; Wilton, C.M.; Enander, H.D.; Korroch, K.M. Michigan Natural Community Classification [Web Application]; Michigan Natural Features Inventory, Michigan State University Extension: Lansing, MI, USA, 2020; Available online: https://mnfi.anr.msu.edu/communities/classification (accessed on 8 October 2021).

	



Anderton, J.B. The Jewel in the Crown: An Environmental History of Presque Isle Park, Marquette, Michigan; Center for Upper Peninsula Studies, Northern Michigan University: Marquette, MI, USA, 2009; 40p. [Google Scholar]

	



Ross, H.H. The Quaternary of the United States; Wright, H.E., Jr., Frey, D.G., Eds.; Princeton University Press: Princeton, NJ, USA, 1965; pp. 583–596. [Google Scholar]








[image: Insects 13 00659 g001 550] 





Figure 1. Late Pleistocene glacial geology map showing Lake Agassi and the approximate locations of published collection records from the central part of the range of Hydropsyche alternans. Base map, Plate III from [45]; overlay (gray shading): Lake Agassiz total geographic extent follows Figure 1 from [46]. Collection records from [32,42,47,48,49,50]. Additional distribution information from within the boundaries of this map not shown: multiple locations in Lakes Erie, Huron, and Superior [1,3] multiple streams in northern and central Wisconsin [33], multiple streams in northern Michigan [51]. 
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Figure 2. Research area, site locations, and caddisfly sampling equipment. Images clockwise from top: Lake Superior MODIS image showing location of research area [52]; deployed samplers underwater showing sandstone and boulder lake bottom habitat; UV light adult caddisfly sampler; research area showing location, satellite images [53], and photographs of the four sites. Detailed site descriptions are presented in Supplementary Materials S1: Site Descriptions. 
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Figure 3. Larval instar determinations using head capsule width distribution. Each circle marker represents an individual larva (n = 1919). Open circles represent the widest head capsule observed for each instar. The inset photo shows the relative sizes of preserved specimens of each life stage. 
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Figure 4. Early life stages of Hydropsyche alternans. (A) Egg, early embryo stage; (B) egg mass with developing eggs and newly hatched, unsclerotized, 1st instar larvae, which remain in the egg mass for a short time before emerging; sibling cannibalism is a major source of mortality during this period [65]; (C) egg, late stage embryo, its head is at the top, developing legs are visible along its sides; (D) fully sclerotized 1st instar larva. 
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Figure 5. Late-stage larval morphology of Hydropsyche alternans. (A) Fifth instar head, dorsal view showing quadrate head shape and markings; (B) 5th instar head, ventral view showing large mandibles, sensory sensilla and setae, and stridulatory files; (C) high contrast image of left file; (D) 5th instar larva; (E) pre-pupa. 
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Figure 6. Stage-specific abundance data from introduced substrate sampling in Sites 1 and 2 during the open water season of 2020. 
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Figure 7. Hydropsyche alternans adult characteristics. (A) Mating behavior, a female (center right) being examined by a male (under her wing); (B) female and male mesothoracic legs showing sexual dimorphism, widened female middle legs are a common feature hydropsychid females that dive and swim to oviposition sites. 






Figure 7. Hydropsyche alternans adult characteristics. (A) Mating behavior, a female (center right) being examined by a male (under her wing); (B) female and male mesothoracic legs showing sexual dimorphism, widened female middle legs are a common feature hydropsychid females that dive and swim to oviposition sites.



[image: Insects 13 00659 g007]







[image: Insects 13 00659 g008 550] 





Figure 8. Hydropsyche alternans feeding and diet, (A) silken net filled with fine particles; (B) bodies and partially removed gut contents of Antocha (Diptera: Limoniidae) and H. alternans showing fine sediment in guts; (C) micrographs of H. alternans gut content items. 
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Figure 9. Fungal hyphae from Site 3 larval guts and their likely origin; left and center: side-by-side comparisons of fungal hyphae from the gut contents of a late-instar larval H. alternans and hyphae from the eroding face of a beach dune at Site 3; Right: beach at Site 3 facing north; the H. alternans habitat from which specimens were collected lies just to the south of this position. Eroding dune faces are visible at the beach–forest transition on the upper right. Dune grass stems, roots, and associated fungal hyphae are concentrated along the swash line on the lower right. The black sediment is magnetite (Fe3O4) ground from bedrock by Pleistocene glacial ice and deposited at the high-water mark during the storm surge that eroded and carried the dune grass material into the surf zone. 
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Figure 10. δ13C and δ15N data for 3rd, 4th, and 5th instar larvae from Site 3. 
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Figure 11. δ13C and δ15N means and standard errors for 4th and 5th instar larvae from Sites 3 and 4. 
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Figure 12. Stable isotope data for 4th and 5th instar Hydropsyche alternans from Sites 3 and 4. Positions of Hydra (Cnidaria, Hydrozoa, and Hydridae) and Antocha (Insecta, Diptera, and Limoniidae) are included to show the relative positions of a trophic level 3 planktivore (Hydra) within this food web, and a trophic level 2 benthivore (Antocha) that commonly occurs in close association with Great Lakes surf zone Hydropsychidae retreats (Barton and Hynes 1978) [1]. Increasing trophic level is indicated by increasing δ15N values. Within this range, more negative δ13C values indicate pelagic (planktonic) energy. Less negative δ13C values indicate benthic energy. Antocha, Hydra, and Hydropsyche alternans δ15N and δ13C data and δ13C data for Lake Superior surf zone epilithon are from [3]. Lake Superior offshore phytoplankton δ13C data are from [66]. 
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Figure 13. δ13C and δ15N data for 4th and 5th instar larvae and their silk glands from Sites 1 and 2. Numbers next to silk gland values indicate larval instar associations. 
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Figure 14. δ13C and δ15N data for male and female adults, 5th instar larvae, and 5th instar silk glands from Sites 1 and 2. 
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Table 1. Gut contents from 39 Hydropsyche alternans larvae from two sites on the south-central shore of Lake Superior. Values are percentages of individuals that had recognizable remnants of the specified item in their guts. All guts also contained amorphous organic matter.
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	Algae

(Diatoms and Green Algae)
	Animal

(Arthropod Exoskeleton Fragments)
	Fungi

(Hyphae)
	Sediment

(Fine Particles)





	Site 3
	94
	50
	78
	72



	Site 4
	95
	48
	0
	57
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Table 2. Sample sizes, means, standard errors, and data ranges from stable isotope analyses.
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	Sample Type
	Site
	n
	Mean δ13C ± 1SE
	Low δ13C
	High δ13C
	Mean δ15N ± 1SE
	Low δ15N
	High δ15N





	3rd instar
	3
	5
	−22.95 ± 0.33
	−23.94
	−22.38
	−1.26 ± 0.53
	−2.90
	0.29



	4th instar
	3
	4
	−21.50 ± 0.40
	−22.58
	−20.77
	−0.06 ± 0.23
	−0.74
	0.30



	4th instar
	4
	12
	−22.48 ± 0.13
	−23.37
	−22.00
	0.74 ± 0.13
	−0.02
	1.29



	5th instar
	3
	13
	–21.28 ± 0.22
	−22.48
	−20.01
	0.80 ± 0.23
	−0.28
	2.50



	5th instar
	4
	9
	−22.83 ± 0.40
	−25.82
	−21.82
	0.23 vs. 1.10
	−0.06
	1.70



	4th instar
	1
	3
	−23.74 ± 0.12
	−23.89
	−23.51
	−0.14 ± 0.17
	−0.47
	0.06



	4th instar silk glands
	1
	1 (n = 3)
	−21.85
	
	
	0.83
	
	



	4th instar
	2
	3
	−22.73 ± 0.25
	−23.12
	−22.28
	0.08 ± 0.44
	−0.77
	0.68



	4th instar silk glands
	2
	1 (n = 3)
	−20.38
	
	
	1.25
	
	



	4th instar silk glands
	2
	1 (n = 3)
	−20.66
	
	
	1.07
	
	



	5th instar
	1
	3
	−23.10 ± 0.25
	−23.54
	−22.69
	0.68 ± 0.16
	0.50
	1.01



	5th instar silk glands
	1
	1 (n = 3)
	−21.64
	
	
	1.70
	
	



	5th instar
	2
	3
	−23.34 ± 0.24
	−23.82
	−23.11
	0.67 ± 0.19
	0.30
	0.87



	5th instar silk glands
	2
	1 (n = 3)
	−21.33
	
	
	1.75
	
	



	adult female
	1
	3
	−26.05 ± 0.35
	−26.70
	−25.51
	4.89 ± 0.26
	4.54
	5.41



	adult female
	2
	3
	−26.01 ± 0.61
	−26.52
	−24.80
	4.72 ± 0.60
	3.63
	5.68



	adult male
	1
	3
	−24.77 ± 0.24
	−25.14
	−24.31
	4.77 ± 0.43
	3.93
	5.32



	adult male
	2
	3
	−24.78 ± 0.98
	−26.26
	−22.92
	4.66 ± 0.21
	4.26
	4.99
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Table 3. Tukey–Kramer post-hoc contrasts, means, and p-values for analyses of δ13C and δ15N data for 3rd, 4th, and 5th instar larvae from Site 3. p-values indicating statistically significant differences are highlighted in bold text.
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	Contrast
	p-Value δ13C
	p-Value δ15N





	Instar 3 × Instar 4
	0.0271
	0.1235



	Instar 3 × Instar 5
	0.0027
	0.0007



	Instar 4 × Instar 5
	0.9482
	0.2251
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Table 4. Tukey–Kramer post-hoc contrasts, means, and p-values for analyses of δ13C and δ15N values from 4th and 5th instar larvae collected from Sites 3 and 4. Significant p-values are highlighted in bold text.
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	Contrast
	p-Value δ13C
	p-Value δ15N





	Site 3 Instar 4 × Site 3 Instar 5
	0.9683
	0.0958



	Site 3 Instar 4 × Site 4 Instar 4
	0.1817
	0.1384



	Site 3 Instar 4 × Site 4 Instar 5
	0.0486
	0.0189



	Site 3 Instar 5 × Site 4 Instar 4
	0.0047
	0.9956



	Site 3 Instar 5 × Site 4 Instar 5
	0.0006
	0.6686



	Site 4 Instar 4 × Site 4 Instar 5
	0.7615
	0.5513
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