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Abstract 

Rare and elusive benthic macroinvertebrate (BMI) taxa are difficult to detect and 

sampling methods often require preserving live specimens, a concern for monitoring 

species-at-risk. Here, we aim to understand spatial and temporal variation in BMI 

communities within a complex, understudied river-wetland system using exuviae (shed 

exoskeletons), environmental DNA (eDNA) water samples and bulk-sequenced benthic 

samples. Samples were collected across wetland, tributary, and mainstem habitats within 

the lower Saint John River and Grand Lake Meadows, New Brunswick. Using exuviae, 

we demonstrate that terrestrial factors (e.g. riparian vegetation community) affect 

emergent dragonfly community composition more than aquatic factors (e.g. water 

temperature). Further, BMI communities identified via eDNA water samples did not 

differ from bulk-sequenced benthic communities, except during higher flow conditions in 

larger systems. Using non-invasive methods to capture biodiversity allowed us to explore 

ecological linkages, crossing boundaries between life stages and ecotones, to elucidate 

mechanisms between spatial and temporal drivers of BMI communities in a complex 

river-wetland system. 
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Chapter 1. General Introduction 

 

Aquatic benthic invertebrates and freshwater biomonitoring 

 Benthic macroinvertebrates have functional roles in freshwater ecosystems, such 

as shredding of leaf litter, decomposition, and nutrient cycling (Covich et al. 1999; 

Dudgeon et al. 2006). The high abundance and relatively short lifespans of benthic 

macroinvertebrates allow us to use these communities for detecting change in a river 

system (Bonada et al. 2006). Therefore, benthic macroinvertebrate community indices are 

often used as bioindicators of disturbance or pollution (Golfieri et al. 2016). The 

influence of aquatic benthic macroinvertebrates also extends to the terrestrial 

environment in which their mass emergence events provide nutrients for riparian 

predators such as birds, bats, and riparian spiders (Baxter et al. 2005). Therefore, benthic 

macroinvertebrates can provide linkages from the aquatic to the terrestrial environment in 

terms of nutrient transfer and production. 

Monitoring of benthic macroinvertebrates is also important, whether detecting 

invasive species or the presence of species-at-risk. Current methods of benthic 

invertebrate detection are time-consuming, lethal in sampling method and may not detect 

rare and elusive species. Moreover, rare or endangered species are often protected, 

making their assessment particularly difficult. Thus, we explore two non-invasive 

methods of examining benthic invertebrate communities in a freshwater system. 
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The lower Saint John River and Grand Lake Meadows 

This study is focused on the freshwater network of the Saint John River watershed 

in New Brunswick. The Saint John River is the longest inland river in the Maritimes at 

673 km long (ESTR Secretariat 2014). The Saint John River drainage basin covers 

55,000 km2, and more than half of this area is within New Brunswick, with headwaters 

located in Quebec and Maine. Three hydropower dams on the mainstem (Beechwood, 

Mactaquac, and Grand Falls) regulate the river with additional structures on some of the 

major tributaries (e.g. Tobique).  

The Grand Lake Meadows is located in the lower Saint John River floodplain, 

where it comprises the largest wetland complex in the Maritimes (ECCC 2016). This 

wetland contains protected habitat areas for conservation, including the federally-

protected Portobello Creek National Wildlife Area and the provincially-protected Grand 

Lake Meadows conservation area. The Grand Lake Meadows is known as the most 

productive habitat for wildlife in the province (ECCC 2016). The spring freshet each year 

floods the meadows and replenishes it with nutrients. The Grand Lake Meadows also 

provides protection to surrounding residential areas from flooding. The Grand Lake 

Meadows provides habitat for many species including migratory birds, endangered plants 

species, and dragonfly species (ECCC 2016). This freshwater system allowed us to 

explore benthic macroinvertebrate communities in a variety of habitat types and flow 

regimes throughout the year. 
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Developing novel non-invasive monitoring for insect species-at-risk 

Currently, methods of sampling and morphologically identifying dragonflies and 

other benthic macroinvertebrate species are time-consuming, expensive and often require 

lethal sampling. Benthic macroinvertebrates are often collected using kicknet sampling 

and identified from morphological traits under a microscope to family or genus-level 

(Environment Canada 2012). Further, these methods cannot always find rare and elusive 

species or those not easily captured using traditional methods. Non-lethal methods of 

sampling are also important for monitoring species-at-risk that are protected and may be 

vulnerable to disturbance or population loss. In the Saint John River and Grand Lake 

Meadows, for example, there are numerous dragonfly species, including a dragonfly 

species-at-risk: the Skillet Clubtail (Gomphus ventricosus). G. ventricosus has only three 

known locations in New Brunswick and is most prominently known in the lower Saint 

John River (COSEWIC 2010). G. ventricosus populations likely began to decline in the 

1960s due to anthropogenic disturbances including agriculture, human development, and 

introduced fish and bird species (COSEWIC 2010). The larvae and adults are rarely 

found in traditional surveys, which can make monitoring this species difficult 

(COSEWIC 2010).  

Exuviae, or shed larval exoskeletons from emergent aquatic insects, are a useful 

tool for conservation studies involving Odonate species-at-risk because they allow 

populations to be surveyed without having to collect and sacrifice larval or adult 

individuals. Exuviae have been used as a management and assessment tool to evaluate 

other dragonfly species-at-risk (Foster and Soluk 2004; Boda et al. 2015). Specifically, 

Boda et al. 2015 found that the Hungarian Balkan Goldenring (Cordulegaster heros), a 
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threatened dragonfly in Central and Southeastern Europe, is affected by riparian habitat 

during emergence: C. heros emerges primarily on tree trunks and is only found in stream 

sections with forest cover. Knowing the critical habitat and factors related to the 

immature life stages of threatened dragonfly species are crucial for conserving and 

managing populations. Other studies have found that aquatic resources, such as 

macrophytes, affect emergence and distribution (Remsburg and Turner 2009; Suhonen et 

al. 2013). 

The aquatic larval stage of invertebrates, such as dragonflies, typically lasts much 

longer than the adult stage, and larval distribution may not be consistent with the 

observations of adults. Some larvae are not detected using traditional benthic 

macroinvertebrate sampling methods, such as kicknet sampling, because of low 

population density and a preference for larger rivers, adding to the difficulty of sampling 

small populations effectively. A developing method using next-generation genetic 

sequencing, which are modern sequencing methods which replace Sanger sequencing, 

that can potentially be used to detect invertebrate larva from environmental DNA 

(eDNA) found in water samples without the need for traditional lethal sampling 

(Hajibabaei et al. 2012; Thomsen et al. 2012; Goldberg et al. 2013; Bohmann et al. 2014; 

Mächler et al. 2014). Species can be detected from DNA fragments using primers for 

amplification typically derived from mitochondrial cytochrome c oxidase (COI) DNA 

barcodes (Hajibabaei et al. 2012; Bohmann et al. 2014; Mächler et al. 2014). Detection 

using eDNA is also advantageous because this method can detect aquatic larvae at any 

stage. Aquatic macroinvertebrate species detection using eDNA has been explored 
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recently with some success (Goldberg et al. 2013; Mächler et al. 2014; Klymus et al. 

2017). 

 

Objectives 

Understanding and monitoring invertebrate communities in various life stages is 

important for freshwater conservation and species-at-risk. This thesis aims to quantify the 

spatial and temporal effects of habitat factors on emergent dragonfly communities and 

benthic macroinvertebrate communities, and explore the use of non-invasive and non-

lethal sampling of benthic macroinvertebrates, which could be useful for monitoring 

insect species-at-risk. Chapter 2 quantifies the relative influence of aquatic and terrestrial 

habitat factors on the spatial (between-habitat) and temporal (between-year) variation of 

the structure, abundance, and biomass of emergent dragonfly communities using 

collected Odonate exuviae. Chapter 3 quantifies differences in beta diversity and 

macroinvertebrate communities generated from environmental DNA sequenced from 

water samples and bulk sequencing from traditional benthic samples. Replicate samples 

were obtained from three sites along a flow habitat gradient as well as at two different 

times of year: June (high flows) and September (low flows). Chapter 4 summarises and 

synthesises the broad findings from Chapters 2 and 3 and provides recommendations for 

future research and applications for management. 
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Abstract 

In freshwater ecosystems, habitat alteration contributes directly to biodiversity 

loss. Therefore, understanding the habitat factors affecting dragonfly emergence could 

inform management practices to prioritize communities with species-at-risk. During the 

transition from larvae to adult, dragonflies leave behind their larval exoskeletons, called 

exuviae, which provide information about the emergent population without the need for 

lethal sampling. Here, 3638 exuviae were collected across 14 sites representing wetland, 

tributary, and mainstem habitats within the lower Saint John River and the Grand Lake 

Meadows complex, New Brunswick, from 2014 - 2016.  We assessed the relative 

contribution of aquatic (e.g. water temperature) and terrestrial (e.g. riparian vegetation 

community) factors on emergent dragonfly assemblages. We found that terrestrial factors 

play a larger role in driving the dragonfly community than aquatic and geographic 

factors. Management should incorporate riparian protection to conserve dragonfly 

communities in freshwater ecosystems. 
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Introduction 

Aquatic insects are small individually, but due to their large abundance and 

biomass they contribute to fundamental ecological functions in aquatic and terrestrial 

ecosystems (Cummins and Klug 1979). Benthic macroinvertebrates contribute to 

important processes, such as decomposition (e.g., through shredding of leaf litter) and 

nutrient cycling (e.g., through predation or grazing); they are also used as key indicators 

of water quality (Quinn and Hickey 1990). Each year, aquatic macroinvertebrates provide 

a significant energy subsidy to the riparian ecosystem during emergence (Jackson et al. 

1986; Murakami and Nakano 2002). As little as 3% of emerging aquatic insect biomass 

(i.e., secondary production) returns to the stream, suggesting that aquatic insects 

contribute a large nutrient input to the riparian food web annually (Jackson et al. 1986), 

an observation that has been quantitatively measured and confirmed in field studies.  For 

example, Nakano and Murakami (2001) found that multiple species of forest birds obtain 

50-90% of their prey from aquatic sources. Emerging aquatic insects make up 25-100% 

of the nutrition for riparian spiders and riparian spider distributions are higher in riparian 

areas (Henschel et al. 2001; Sanzone et al. 2003). The size, emergence patterns, and 

predatory status of dragonflies specifically have significant effects to the surrounding 

terrestrial environment through trophic cascades and aquatic environment through 

dynamic functional roles as predators and prey (Knight et al. 2005; Rudolf and 

Rasmussen 2017). Emerging insects require suitable emergence habitat and species that 

exhibit synchronous emergence need specific environmental cues (Falck and Johansson 

2000; Farkas et al. 2013). The timing of emergence is critical for supporting the terrestrial 

ecosystem processes, especially when terrestrial insect production is low (Nakano and 
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Murakami 2001). Threats such as intensification of land use, global warming, and sea 

level rise threaten dragonflies and their habitat (Cardoso et al. 2011; Daigle 2011). For 

instance, the Skillet Clubtail dragonfly (Gomphus ventricosus) used to be distributed 

throughout Eastern Canada, but now this species-at-risk is only found in the lower Saint 

John River and Grand Lake Meadows area due to anthropogenic disturbance (COSEWIC 

2010). Warming water temperatures may affect emergence timing and the development 

of dragonfly larvae, which could disrupt the reciprocal subsidy provided by aquatic 

insects (sensu Nakano and Murakami 2001). Therefore, a better understanding of the 

critical habitat and factors related to the immature life stages of dragonflies is important 

for conserving and managing populations. 

Previous studies of threatened dragonfly species have investigated the 

environmental conditions required for successful emergence. Water chemistry and 

macrophytes, for example, can influence dragonfly species at the larval stage by 

providing suitable habitat and conditions for survival and emergence (Bell 1971; Quinn 

and Hickey 1990; Suhonen et al. 2013). For example, a threatened dragonfly species, the 

Green Hawker (Aeshna viridis), is dependent on a specific species of macrophyte called 

water soldiers (Stratioites aloides) for protection from predators prior to emergence 

(Rantala et al. 2004; Suhonen et al. 2013). Environmental factors may also influence the 

transition to the adult stage, including optimal water temperature, which is necessary to 

coordinate emergence in synchronous species (Farkas et al. 2012). Furthermore, 

specialist species may depend on dwindling habitat, and changes in habitat quality or 

distribution can impact vulnerable species (Kalkman et al. 2008; Suhonen et al. 2013). 
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In addition to aquatic conditions, terrestrial factors such as riparian understory 

vegetation, trees, and canopy cover during emergence have also been identified as 

significant or limiting factors to several species of dragonflies, including protected 

species (Remsburg and Turner 2009; Suhonen et al. 2013; Boda et al. 2015). For 

example, the Hungarian Balkan Goldenring (Cordulegaster heros), a threatened 

dragonfly, emerges primarily on riparian vegetation, specifically tree trunks in stream 

sections with 90% or more forest cover (Boda et al. 2015). Larval dragonfly density prior 

to emergence can also be increased by riparian vegetation that provides emergence 

habitat and oviposition sites (Remsburg and Turner 2009). Therefore, while the aquatic 

environment clearly has a significant role for larval development, terrestrial factors may 

be more important than previously thought for emerging insects (Remsburg and Turner 

2009). To our knowledge, no studies have simultaneously determined the influence of 

terrestrial and aquatic factors on dragonfly emergence in a river ecosystem. Incorporating 

both aquatic and terrestrial environmental factors into our statistical models will allow a 

greater understanding of the impact of these factors on dragonfly emergence. 

Following emergence, dragonflies leave behind their aquatic larval exoskeletons, 

or exuviae, which provide a snapshot of the final larval stage as well as information about 

the adult life form, enabling species identification and body size measurements (Aoki 

1999; Paulson 2011). Exuviae provide an important tool for conservation studies 

involving species-at-risk because we can examine populations without having to collect 

or harm larval or adult individuals (Foster and Soluk 2004; Boda et al. 2015). Exuviae are 

also an important tool for ecological sampling to avoid bias towards adult and larval 
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stages that may not reflect emergence success or needed emergence habitat (Raebel et al. 

2010). 

 Here, we evaluate the relative influence of aquatic and terrestrial habitat factors 

on the spatial (between-habitat) and temporal (between-year) variation of the structure, 

abundance and biomass of emergent dragonfly communities, quantified by collected 

exuviae. We expect that dragonfly responses will be different between flow types, but 

sites with similar environmental conditions will have similar responses, measured as 

dragonfly community, diversity, abundance and biomass. Therefore, sites within flow 

types will be more similar than sites among flow types. If environmental conditions do 

not change significantly year-to-year, then dragonfly responses will be similar. We 

expected that aquatic environmental factors would affect abundance and biomass 

responses more due to developmental requirements of larvae. Terrestrial factors, 

however, were expected to affect diversity and community composition the most during 

emergence because these areas are crucial to successful emergence in providing cover 

and structure for protection and space. Addressing the interaction between environment 

and emergence responses, such as what factors influence the timing and extent of 

secondary production, can better inform management and conservation of dragonfly 

species, as well as their predators and prey. 
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Methods 

Exuviae field collections 

 Exuviae were collected from fourteen sites in the Grand Lake Meadows, 

including the federally-protected Portobello Creek National Wildlife Area, and along a 50 

km stretch of the lower Saint John River (catchment area 55,000 km2) in New Brunswick, 

Canada from 2014 to 2016 (Table 2.1, Figure 2.1). Eleven sites in the lower Saint John 

River and Grand Lake Meadows were chosen based on previous records of Skillet 

Clubtail (Gomphus ventricosus) dragonflies to examine the communities and habitats 

directly associated with this species-at-risk. Three sites were added, two located in the 

Nashwaak River and one located in the Grand Lake Meadows wetland area in 2016 to 

include a broader range of site-level variables and habitat differences. The three different 

habitat types, river, wetland and tributary, allow comparisons among a gradient of flow 

types (Figure 2.2). All sites were similarly impacted by anthropogenic disturbance, such 

as the proximity to roadways and bridges. 

We visited each site 3-4 times from late May to early July in 2014, 2015, and 

2016 to sample the peak emergence period for synchronous riverine dragonflies, 

including G. ventricosus. Sites were visited 1-2 times each week throughout the sampling 

period. Exuviae were systematically collected on a designated transect between the edge 

of the water and the tree line at each site during each visit. In 2016, the total time spent at 

a site ranged 2.5 hours to 10.5 hours, with an average of 4.5 total hours spent surveying 

each site. Each survey took approximately fifty minutes per visit. Transects were 40-

120m in length and contained 13-41 trees along the bank of the site. Each exuvia was 



 

 

 

16

placed in an individual container and marked with a unique identification number, 

indicating the date of collection, site location and substrate. 

Exuviae were identified to species level and measured. Body size was recorded by 

measuring the left, fore tibia to get a more accurate representation of adult body size, 

because exuviae bodies can become distorted after emergence (Falck and Johansson 

2000; Brodin and Johansson 2002; Johansson et al. 2005). A Leica M80 microscope at 

1.0x magnification was used with an ocular micrometer to measure tibia length in 

millimeters. 

Dragonfly abundance was the sum of individual exuviae for each species at each 

subsite over the sampling period. Dragonfly biomass was calculated using regressions. 

First, equations were developed (n = 27 individuals) by regressing the left fore tibia 

length of exuvia against the total length within each family (n = 5) (Falck and Johansson 

2000). Total length could then be used to convert to larval dry biomass using published 

length-mass relationships for each family (Sample et al. 1993; Sabo et al. 2002). 

Dragonfly diversity was represented using Shannon’s index (H) calculated using PC-Ord 

5.10 (Martín and Rey 2000; McCune and Mefford 2011). Dragonfly communities were 

represented using Sorensen distance-based nMDS scores in PC-Ord 5.10 (McCune and 

Mefford 2011).  

 

Habitat data 

Each site was divided into three subsites of equal length in order to assess within 

site variability for environmental analyses. Habitat variables were measured at either the 
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site or subsite level (upstream, midstream or downstream) at each of the sites (Table 2.2). 

Habitat factors were chosen based on a priori assumptions of contributing factors to 

dragonfly emergence. 

Terrestrial habitat variables included tree, understory vegetation, and site 

characteristics. The average slope of each site was measured using a clinometer at three 

points corresponding to three random trees. Tree water distance was determined by 

averaging the distance from water for each tree within a given subsite. Marked trees were 

identified and measured for diameter at breast height (DBH, ~1.3m). Bark depth was 

measured using a 20cm x 20cm template with nine holes 23.5cm in diameter equidistant 

from each other (Lamit et al. 2015). These templates were laid on each tree on the main 

trunk (largest and closest to water) at breast height and the depth at each point was 

recorded (mm). Bark depth was determined using the average of these measurements and 

bark roughness was determined using the standard deviation. Tree density was calculated 

using the number of trees within the subsite area. Canopy cover (%) was measured using 

a forest densitometer at the beginning, middle and end of each site, halfway from the 

water to the closest tree. Tree surface area was determined using the diameter of the tree 

and the height surveyed for exuviae (4m). Understory vegetation community and density 

variables were evaluated using images captured by a Nikon Coolpix camera held 100cm 

above the ground faced downward. Each picture covered a 104x139cm area. Three 

pictures were taken at each site: the beginning, middle and end of the site positioned 

halfway from the water to the closest tree at the same points as the canopy cover 

measurements. Understory cover was determined by the percentage of electronic grid line 
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intersections (n=63 total) that were superimposed on a plant in the photo. The number of 

plants found in the quadrat area estimated understory density. 

Aquatic habitat variables included macrophyte cover, water characteristics, and 

depth. Substrate size was measured using the Wolman 100 pebble count protocol at each 

site (Wolman 1954; Environment Canada 2012). Pebble counts were conducted in the 

wadeable area of the river and across the entire transect (first tree to last tree). 

Embededness (%) of the substrate was recorded after every tenth measurement. 

Macrophyte coverage (%) was recorded based on the area in the water surveyed during 

the pebble count. Water quality point measurements at each subsite were recorded using a 

multiparamater water quality meter (YSI 556 Multiprobe System) and electromagnetic 

velocity flow meter (Marsh McBirney Flo-Mate 2000 Flow Meter) in July 2016. The 

variables measured were velocity, depth, temperature, dissolved oxygen, salinity, 

conductivity, and pH.  Depth and temperature were measured using programmable 

HOBO Onset U20L loggers for water pressure and HOBO pendant loggers for 

temperature under water. Pressure loggers were also deployed at select sites to record 

atmospheric pressure in order to convert the water pressures to depth. Atmospheric 

pressures can be applied to water loggers within a 20km radius, and therefore deployed at 

two locations (Sites 48 and 32) (United States Environmental Protection Agency 2014). 

Loggers were deployed on June 3, 2016 and removed July 26, 2016. Loggers were 

deployed at all sites except sites 31A, 31B, 48 and 52 due to the limited number of units, 

unsuitable substrate at the site or tampering after deployment. Loggers were programmed 

to record pressure or temperature every 5-15 minutes depending on the memory of the 

device. Water depth was estimated from absolute differences between atmospheric and 
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deployed pressures corrected for measured water depth. Three variables (90 hour 

maximums, high pulse durations and number of reversals) were calculated using the 

Indicators of Hydrologic Alteration (IHA) software (V 7.1) (Richter et al. 1996). Water 

temperature readings were used to determine the sum of degree-days over the survey 

period as well as the diurnal range of temperature in 2016. 

Spatiotemporal statistical analyses 

Spatiotemporal variability in dragonfly response from 2014-2016 was analyzed 

using permutational multivariate analysis of variance (PERMANOVA) models (Table 

2.3). Different models for each dragonfly response variable were created: abundance, 

biomass, community composition, and diversity. Temporal analyses (2014-2016) were 

conducted at the tree level where dragonfly exuviae community metrics were assessed at 

each tree, in order to have enough power for the analyses. Two flow types (river and 

wetland) were included but habitat-level characteristics were not assessed in the temporal 

analyses. 

Spatial variation in dragonfly responses was determined at the site level, where 

dragonfly exuviae community metrics were determined within each subsite (2016). 

Spatial analyses included habitat characteristics and three flow type groups (river, 

wetland, and tributary). Spatiotemporal variability of dragonfly abundance, community, 

diversity, and biomass models were completed in PRIMER 7. 

Temporal models included four factors: Year (three levels, fixed), Flow Type 

(two levels, fixed), Site (11 levels, random) and Tree (269 levels, random). Replication 

was at the tree level across seven large river sites and four wetland sites. The community 
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matrix was log (x+1) transformed and the Bray Curtis distance measure was used for the 

resemblance matrix. In order to eliminate noise from rare taxa, we removed taxa that did 

not occur in at least 5% of the samples (McCune and Mefford 2011), reducing the 

assemblage from thirty-three to four species. Diversity, abundance, and biomass were 

each normalized and Euclidian distance measures were used for resemblance matrices.  

Spatial variability in dragonfly responses for 2016 was examined at the site level 

using PERMANOVA models (Table 2.4). The models were two factor designs with Site 

(14 levels, fixed) and Flow Type  (3 levels, fixed) variables. All PERMANOVAs used 

type III sums of squares and were run for 999 permutations with a significance level of 

0.05 using PRIMER 7 (Clarke and Gorley 2015). The same resemblance matrices for 

abundance, biomass and diversity response variables were used as for the temporal 

analyses. The community was reduced to the species making up 95% of the samples, 

which reduced the assemblage to 18 species from 25 species. 

 

Environmental statistical analyses 

  Environmental variables were standardized and diurnal range were natural log 

transformed due to non-normality. A predictor variable resemblance matrix with 

normalized environmental variables (n=31) was also used (Table 2.2). Tree and 

understory vegetation communities were described using nonmetric multidimensional 

scaling (nMDS) ordination scores. Bray-Curtis distance matrix was used for each 

community. Abundance was the sum of individuals for each species at each subsite. 
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Diversity was determined using Shannon’s H index in PC-Ord 5.10 (Martín and Rey 

2000). These variables were determined using PC-Ord 5.10 (McCune and Mefford 2011).  

Partial Mantel tests were completed using the ecodist package in R 3.4.0 (Goslee 

and Urban 2007; R Development Core Team 2017). Mantel tests were used to test 

whether the spatial distance between sites affected differences between environmental 

variables and if those environmental variables affected the dragonfly response variables. 

Geographic distance was calculated using a spatial distance matrix for all sites in 2016 

from which Euclidean distances were calculated. Environmental predictors consisted of 

aquatic and terrestrial factors that were grouped together respectively to simplify the 

models (Table 2.2). Separate models were run for each of the four dragonfly responses 

(abundance, biomass, diversity and community). Distance-based linear models (DistLM) 

were performed in PRIMER 7 using a step-wise procedure and Akaike Information 

Criterion with corrections (AICc) to find the best fitted model even with a large number 

of predictor variables (Clarke and Gorley 2015).  The DistLM analyses were used to find 

which specific habitat variables were important for emergence. 

 

Results 

Summary of exuviae collections 

Dragonfly exuviae were routinely collected from 14 sites for the 2014 to 2016 

emergence seasons, which resulted in 3638 dragonfly exuviae across 33 species. In 2014 

905 dragonflies among 24 different species were collected, in 2015 1062 dragonflies 

among 24 different species were collected and in 2016 1671 dragonflies among 25 
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species were collected. On average, 100 (range: 2 - 787) exuviae across six species 

(range: 1 - 12) were collected per site per year. Gomphus vastus represented 72% of all 

individuals, while G. ventricosus, a local species-at-risk, made up 5%. Didymops 

transversa and Tetragoneuria spinigera made up 2.8% each. Therefore, the four most 

abundant species made up ~84% of the total sample from 2014-2016. In 2016, 66 exuviae 

were collected on average per site with a range of 1 to 1360. An average 5 species were 

found at each site with a range of 1 to 23. In 2016 G. vastus made up 81% of the samples, 

G. ventricosus made up 1.6% and T. spinigera made up 4.7%. 

 

Summary of habitat data 

 All flow types had fairly low flow velocity at the sites, and the river sites had the 

lowest average flow. River sites had fewer 90-hour maximums (14.7% decrease), high 

pulse durations (81.2% decrease) and reversals (29.1% decrease) than meadow sites, 

which we used to measure variation. River sites were also slightly colder, while the 

meadow and tributary sites were warmer (Table 2.8). 

Spatiotemporal factors affecting dragonfly emergence 

 Dragonfly responses (abundance, biomass, diversity and community) from 2014 

to 2016 were examined to determine temporal effects at the tree level (α = 0.05). All 

responses were not significantly different across years or between large river and wetland 

sites (Table 2.5). All responses were significantly different across sites and all responses, 

but diversity had a significant year and site interaction (p<0.05; Table 2.5). There were 
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differences between sites, but not among the overall flow type groups that were of 

interest in this study.  

Spatial variability of emergent dragonfly responses (dragonfly abundance, 

biomass and diversity) at the site level were not significantly different between the river, 

wetland and tributary flow types in 2016 (Table 2.6). However, dragonfly exuviae 

communities differed significantly at the flow type level (p<0.01). Pairwise tests showed 

that there were significant differences between large river communities and the meadow 

(p<0.05) and tributary (p<0.05) communities (Table 2.7). Dragonfly exuviae 

communities in meadow and tributary flow types did not significantly differ (p>0.05) 

(Table 2.7).  

 

Relative influence of aquatic and terrestrial factors affecting dragonfly emergence 

There was no significant effect of aquatic (Mantel r = -0.18, p =0.97) or terrestrial 

variables (Mantel r = 0.07, p =0.36) on dragonfly abundance (Figure 2.3). Additionally, 

there was no significant effect of aquatic (Mantel r = -0.18, p =0.97) or terrestrial (Mantel 

r = 0.05, p =0.38) variables on dragonfly biomass. However, while there was no 

significant effect of aquatic (Mantel r = -0.04, p =0.76) variables on diversity, terrestrial 

variables had a significant effect on diversity (Mantel r = 0.26, p =0.009) (Figure 2.5). 

Further, there was a significant effect of aquatic (Mantel r = 0.14, p =0.007) and 

terrestrial (Mantel r = 0.17, p =0.004) variables on the dragonfly community. Indeed, the 

Mantel r of the terrestrial variables on the emergent dragonfly community was 1.5 times 

greater than the effect of the aquatic variables (Figure 2.6). 
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Dragonfly abundance and biomass response DistLM models explained 71.11% 

and 66.15% of the variation, respectively. Biomass and abundance were mainly affected 

by two terrestrial factors: tree community composition (24.38% and 22.34%, 

respectively) and understory community (9.76% and 10.45%, respectively) (Table 2.8). 

Salinity in the water was also a contributing factor at 5.26% for abundance and 7.89% for 

biomass. 

The dragonfly diversity model explained 72% of the variation and the response 

was mainly affected by the aquatic temperature variables of degree days (33.03%) and 

dissolved oxygen (5.8%). Diversity was also affected to a lesser extent by the terrestrial 

variables of the distance the trees were from the water (10.27%) and the roughness of the 

tree bark (8.62%) (Table 2.9). Overall, the aquatic variables explained 43.54% of the 

variation while terrestrial variables contributed 29.11%. 

Dragonfly community only had 41% variability explained. The temperature of the 

water (11.82%) affected community at the time of emergence as well as the canopy cover 

at the site (10.15%). Degree days (9.44%) and dissolved oxygen (5.65%) were also 

significant variables affecting community (Table 2.9). More variability was explained by 

aquatic variables than terrestrial variables, which somewhat contradicts the stronger 

terrestrial factors in the partial Mantel tests. 
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Discussion 

Spatiotemporal patterns of dragonfly emergence 

Emergent dragonfly responses did not change from year-to-year between 2014 

and 2016. These findings contrast to a previous study that found abundance and species 

composition in emergent riverine dragonfly populations, especially Gomphids, changed 

year-to-year (Farkas et al. 2012). Farkas et al. (2012) collected exuviae in Hungary over 

six years (2000-2004, 2008, 2009) from four sites along a 700km river system to examine 

the spatiotemporal differences of emergence and the effect of water temperature on 

emergence synchronization. The greater spatial distance between sites in the Farkas et al. 

(2012) study could be a reason why greater year-to-year variation in dragonfly emergence 

was observed in contrast to the smaller spatial scale in this study (~340km2 area 

encompassing all sites, 44.1km maximum distance between farthest sites; average = 

19.03km, SD = 14.45km). Further, Farkas et al. (2012) found that dammed sites had less 

variation in abundance and species composition year-to-year. This supports the findings 

in our study, where nine of our mainstem sites are downstream of a hydropower 

generating station and differ from the wetland and tributary sites. Therefore, regulated 

river flow may affect the variation in emergence while an unregulated river that is more 

susceptible to extreme flow patterns may create more variation in dragonfly emergence 

patterns. Larval cohort splitting, which is when portions of the population emerge at 

different times, between years may be a possibility for abundance variation (Aoki 1999; 

Richter et al. 2008; Baird and Burgin 2013). Cohort splitting can occur for species that 

have multi-year development, which can result in varied stages of development for one 
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cohort and require another year to develop (Richter et al. 2008; Farkas et al. 2012). Split 

cohorts may emerge in different areas due to separation from the major cohort, which 

could influence abundance and species composition at measured emergence sites (Baird 

and Burgin 2013). 

Dragonfly community composition was the only emergence response that was 

significantly different between habitat types, while abundance, biomass and diversity 

were not different between flow types during the emergence period in 2016. Dragonfly 

communities in river sites were different from meadow and tributary communities, 

specifically. A primary difference between the meadow and tributary sites to the river 

sites was the amount of flow regulation since the river sites are located downstream of a 

dammed river way. River sites also had much lower rates of variability than meadow and 

tributary sites demonstrated by the measured 90-hour maximums, high pulse durations, 

and number of reversals. This is a similar finding to studies which find that emergent 

insect community composition was different between dammed river sites and natural 

sites (Farkas et al. 2012; Kennedy et al. 2016). Despite these habitat differences, the 

abundance, biomass and diversity of the emergent dragonflies were not different, which 

may indicate that the productivity and diversity of all habitat types is similar but also 

provide conditions that support different species assemblages. Types of larvae could be 

utilizing different microhabitat areas or types. These factors could affect the types of 

dragonflies present while not directly affecting the amount of dragonflies. For example, 

burrowing dragonflies like Gomphids may require fine sediment while other dragonflies 

may be more dependent on aquatic vegetation like Aeshnids (Corbet 1962). Different 

types of dragonflies may also need different terrestrial environments during emergence. 
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Many Gomphids, for example, immediately fly to tree canopies while Libellulids find a 

perch near the water to patrol and protect (Corbet 1962). These differing strategies could 

influence the density and area the emergent dragonflies occupy and therefore the 

predators that may target the emergent dragonflies. For instance, riparian spiders may be 

able to catch dragonflies that patrol in the riparian area while birds would be able to 

access the canopy-dwelling dragonflies and those in flight. These strategies and resulting 

habitat use could also influence the resulting nutrient subsidies the dragonflies provide to 

the riparian ecosystem. 

  

Relative influence of aquatic and terrestrial factors affecting dragonfly emergence 

Our finding that terrestrial habitat factors contributed to dragonfly diversity and 

aquatic and terrestrial factors both contributed to dragonfly community composition 

indicate that both factors are important to dragonfly emergence, albeit in different ways. 

Terrestrial factors influencing diversity included distance from water, bark roughness and 

tree diversity, while terrestrial factors contributing to community composition included 

canopy cover and understory community. Previous studies also found that terrestrial 

factors play a key role in providing suitable habitat for emergent dragonflies (Nebeker 

1971; Remsburg and Turner 2009; Boda et al. 2015). Terrestrial factors can even affect 

the larval population in the adjacent aquatic environment. Dragonfly larva density was 

higher in areas with riparian vegetation, and greater numbers of dragonflies emerging in 

areas with more riparian trees (Remsburg and Turner 2009; Boda et al. 2015). Riparian 

vegetation provides emergence habitat as well as being a determining factor in defining 
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dragonfly communities (Remsburg and Turner 2009; Boda et al. 2015). Riparian trees 

and vegetation provide structural and temperature regulation through canopy shade, 

which is important for the types of dragonflies emerging at these sites, preserving the 

immediate riparian area in areas where species at risk may emerge is important for 

conservation. Riparian trees and vegetation have also been shown to affect dragonfly 

emergence and may determine the number and assemblage of dragonflies that emerge 

(Magoba and Samways 2010; Boda, Bereczki, Ortmann-Ajkai, et al. 2015). Similarly, 

our results demonstrate that terrestrial factors have a strong influence on shaping the 

diversity and community assemblages of emerging dragonflies. Tree position, texture and 

diversity affected the diversity of dragonflies. Trees may provide important structural 

properties to support the emergence of dragonflies. Understory community and canopy 

cover largely affected the dragonfly community, which provides shade and structure in 

the immediate emergence area. Riparian vegetation and canopy cover may attract certain 

dragonflies to an emergence position that shapes the community assemblage. 

Aquatic factors also affected dragonfly community composition, but these factors exerted 

less influence on emerging dragonfly communities than terrestrial factors. Among aquatic 

factors, water temperature and dissolved contributed the most to dragonfly emergence. 

Water temperature and dissolved oxygen may provide emergence cues and suitable 

aquatic habitat prior to emergence (Nebeker 1971; Cothran and Thorp 1982). Different 

species have different temperature sums to signal the onset of emergence which may 

contribute to differing species assemblages (Farkas et al. 2013). Therefore, changes in 

water temperature overall could impact the community and diversity by altering 

emergence timing and onset. Canopy cover, a terrestrial factor we found to influence 
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dragonfly community, could possibly affect the water temperature which could explain 

the dual influence of terrestrial and aquatic factors on dragonfly communities (De Nadaï-

Monoury et al. 2014). Anthropogenic effects such as global climate change as well as 

local landscape development affecting the aquatic temperature regime may influence the 

onset of dragonfly emergence and distribution. Changing the onset of emergence could 

have detrimental effects to the ecosystem by affecting the reciprocal subsidy linkages that 

aquatic insect emergence provides (Nakano and Murakami 2001; Baxter et al. 2005; 

Burdon and Harding 2008). These changes not only affect dragonflies but other aquatic 

insects as well. Understanding the environmental factors affecting emergence will help to 

inform management and conservation of dragonfly species during every stage of their life 

history. 

Aquatic and terrestrial habitat variables did not affect dragonfly abundance or 

biomass. Abundance and biomass of dragonflies depends on the development of the 

insect, which may be more affected by long-term environmental effects, such as water 

temperature (Cothran and Thorp 1982). We measured variables during the season of 

emergence and did not measure variables throughout the year. Variables such as degree-

days and flow throughout the year in dragonfly community studies could be valuable in 

understanding their development and emergence (Richter et al. 2008; Farkas et al. 2012).  

Habitat variables, such as water temperature and water chemistry, vary seasonally and 

may affect larval development and subsequently the number and size of the emerging 

dragonflies (Wissinger et al. 1988). Larvae may also drift in from other areas as they are 

developing, and the conditions at the emergent site may vary from habitat used during 

maturation (Sagnes et al. 2008). We were limited in sampling in emergence areas because 
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it is not known where larval Odonates reside in the freshwater system throughout the 

non-emergence season. Larvae may also be dependent on refuge areas with suitable flow, 

substrate and shade from riparian vegetation throughout the year in order to develop and 

emerge (Sagnes et al. 2008). Therefore, measuring local emergence habitat may not be 

sufficient to characterize the size of the individuals or populations, especially over 

relatively short time-scales. Annual temperatures recorded throughout the year may be a 

greater influence on abundance and biomass during emergence than temperatures that cue 

emergence. 

 

Ecological implications 

 We found that terrestrial factors significantly affect the dragonfly composition 

and diversity, while aquatic factors also affected community composition, but to a lesser 

extent. Generally, terrestrial factors take a long time to establish and once removed these 

features can be difficult to restore. Trees require years of growth to mature, and riparian 

vegetation diversity can become more homogenous after removal. Emergence is a 

vulnerable time for dragonflies and being able to crawl off the banks and onto tree trunks 

allows safety from increased water levels from flow regulation or boat wakes. Similarly, 

cover from vegetation and leaves could reduce predation. Tree trunks also provide a large 

amount of surface area, which can reduce intraspecies competition during emergence. 

Aquatic variables can be more variable and quickly changing but overall patterns could 

affect dragonfly larva prior to emergence and future generations. Increasing water 

temperatures and salinity could create environments that can no longer inhabit 
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dragonflies or greatly reduce the number of dragonflies. Water temperature is also crucial 

for emergence timing and onset, which would be detrimental if altered. Long-term 

aquatic conditions are important for dragonflies since each annual cohort must overwinter 

and emerge next season. Although we have found that terrestrial factors have a greater 

contribution to shaping emergent communities the aquatic environment is still crucial for 

the dragonfly life cycle. 

Increasing development and environmental change in both aquatic and terrestrial 

environments will affect these species in the future. Freshwater habitats are already a 

dwindling resource as well as the surrounding riparian habitat (Sala et al. 2000; Dudgeon 

et al. 2006).  Preservation of habitat is necessary for conserving dragonflies and other 

aquatic insects. Altered habitat could affect the onset of emergence of aquatic insects that 

would affect the aquatic and riparian predators that depend on these abundant insects. For 

example, flow management has been shown to affect aquatic insects which can further 

affect fish populations (Kennedy et al. 2016). The distribution of riparian spiders, bats, 

and some birds are influenced by the production of aquatic insect emergence (Nakano 

and Murakami 2001; Iwata 2007; Fukui et al. 2016). Knowing that terrestrial factors play 

an important role in shaping dragonfly assemblages could inform management practices 

to not only focus on flow alteration in rivers but also considering the riparian vegetation 

and trees. Impacts on riparian trees and vegetation could affect the dragonfly community 

and subsequently affect the riparian predators and perhaps other aquatic insects. 

Therefore, understanding the relative contribution of terrestrial and aquatic habitat factors 

on aquatic insect emergence is necessary for proper management and conservation. 

Communities are complex and it is difficult to consider all of the factors and interactions 
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involved, so using models that can incorporate multiple factors will contribute to a 

greater understanding of community dynamics and inform management actions.  
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Chapter 2 Tables 

Table 2.1: Dragonfly exuviae sample sites in the Grand Lake Meadows, Nashwaak and Saint John River areas. The majority of sites (n=11) were 

surveyed from 2014 to 2016 and the remaining sites (n=3) were surveyed in 2016. Flow types were classified based on the flow characteristics and water 

body of the site. 

Site Area Site Code Latitude Longitude Flow Type Year 

Upper Gagetown 26 45.851568 -66.230507 Large River 

2014, 2015, 2016 

Ararat Marsh 27 45.769352 -66.131373 Large River 

Upper Gagetown 32 45.848315 -66.222977 Large River 

McGowan’s Corner 33 45.857951 -66.238722 Large River 

McGowan’s Corner 34 45.871346 -66.268661 Large River 

Fredericton Northside 48 45.943106 -66.621893 Large River 

Fredericton Southside 51 45.940347 -66.629214 Large River 

Portobello NWA 29 45.895206 -66.272795 Wetland 

Thatch Island 31A 45.830609 -66.149502 Wetland 
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Thatch Island 31B 45.827156 -66.145881 Wetland 

Jemseg 46 45.826543 -66.115978 Wetland 

Nashwaak 52 45.956475 -66.622969 Tributary 

2016 only Nashwaak 53 45.980411 -66.590872 Tributary 

The Oxbow 54 45.899806 -66.256883 Wetland 
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Table 2.2: Environmental variables measured in 2016 at dragonfly exuviae sampling sites at site and subsite levels. All variables were included in the 

DistLM analysis and the partial Mantel tests. The partial Mantel variables were grouped according to the groups in the second column based on the 

nature of the variables. Included are the minimum, maximum, and coefficient of variation for all sites to demonstrate the properties of the area but 

were not used in the analyses. 

Type Group Variable Level Min Max Coefficient of 

Variation (%) 

Terrestrial  

Terrain 

Slope (degrees) 

Tree Water Distance (m) 

Site 

Subsite 

0.67 

-0.43 

34.33 

14.32 

86.76 

89.49 

Tree community Tree Abundance 

Tree Diversity 

Tree Community 

Site 

Site 

Subsite 

1 

0 

-1.69 

23 

1.39 

2.01 

45.00 

67.16 

3.94x107 

Tree properties Canopy Cover 

Tree Surface Area (cm) 

Tree Density (per m2) 

Bark depth (mm) 

Subsite 

Site 

Site 

Subsite 

0.56 

19880.39 

0.0015 

4.19 

1 

121862.38 

0.063 

13.93 

11.47 

41.83 

85.47 

28.28 
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Bark roughness Subsite 0.15 0.53 32.91 

Understory Community Understory Abundance 

Understory Diversity 

Understory Community axis 1 

Understory Community axis 2 

Understory Community axis 3 

Site 

Site 

Site 

Site 

Site 

2.67 

0 

-0.63 

-0.85 

-0.74 

58 

1.52 

0.61 

0.94 

0.94 

40.14 

51.36 

9.3x105 

-1x104 

-8.6x103 

Understory properties Understory Density (per m2) 

Understory cover (%) 

Site 

Site 

1.85 

1.06 

40.22 

92.59 

40.14 

63.38 

Aquatic Chemistry 

 

DO (%) 

Conductivity (µS/cm³) 

Salinity (units) 

pH 

Subsite 

Subsite 

Subsite 

Subsite 

64.1 

34 

0.01 

5.76 

102.7 

145 

0.07 

7.52 

9.34 

34.62 

34.04 

6.79 

Flow Velocity (m/s) 

90 Hour Maximum (depth) 

Subsite 

Site 

0 

9.21 

0.33 

84.92 

177.35 

26.30 
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High Pulse Duration (hours) 

Number of flow reversals (#) 

Site 

Site 

5 

53 

273 

128 

124.33 

28.96 

Macrophyte Cover Macrophyte cover (%) Subsite 0 80 164.24 

Substrate Substrate size (mm) 

Embeddedness (%) 

Subsite 

Subsite 

0.04 

0 

11.68 

100 

148.29 

39.11 

Temperature Degree Days Sum (ºC)  (June 1 – July 5) 

Diurnal Range (ºC) 

Temperature (ºC) 

Site 

 

Site 

Subsite 

258.82 

 

1.14 

15.09 

369.11 

 

14.05 

21.97 

10.07 

 

102.37 

8.72 
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Table 2.3: PERMANOVA design with four mixed factors for each dragonfly response (abundance, 

biomass, diversity and community) to determine temporal variability at the tree level from 2014-2016 

across 11 sites in the lower Saint John River and Grand Lake Meadows area. 

Factor Type Levels 

Year Fixed 3 

Flow Type Fixed 2 

Site (Flow type) Random 11 

Tree (Site, Flow type) Random 37 
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Table 2.4: PERMANOVA design with two fixed factors for each dragonfly response (abundance, 

biomass, diversity and community) to determine spatial variability at the subsite level in 2016 across 

14 sites in the lower Saint John River (n=7), Grand Lake Meadows (n=5), and Nashwaak river (n=2) 

area. 

Factor Type Levels 

Flow type Fixed 3 

Site (Flow type) Fixed 14 
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Table 2.5: PERMANOVA results for dragonfly exuviae abundance, biomass, diversity and community on each tree at 11 sites from 2014 to 2016 during 

the month of June. Sites belong to two different flow types: 7 are a large river flow type and 4 are a wetland flow type.  

Response Source df SS MS Pseudo-F P(perm) 

Abundance Year 2 1.94 0.97 0.74 0.511 

FlowType 1 5.29 5.29 1.69 0.214 

Site(Flow Type) 9 70.06 7.78 6.22 0.001 

Year x Flow Type 2 3.20 1.60 1.22 0.347 

Tree (Site(Flow Type)) 258 334.84 1.30 1.28 0.198 

Year x Site(Flow Type) 6 8.74 1.46 12.35 0.001 

Year x Tree (Site(Flow Type)) 188 22.16 0.12 0.12 1 

Residuals 340 343.82 1.01   

Total 806 806    

Biomass Year 2 5.15 2.57 1.26 0.349 

FlowType 1 8.78 8.78 2.91 0.1 
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Site(Flow Type) 9 67.49 7.50 5.97 0.001 

Year x Flow Type 2 3.48 1.74 0.85 0.475 

Tree (Site(Flow Type)) 258 338.79 1.31 1.37 0.13 

Year x Site(Flow Type) 6 13.69 2.28 15.87 0.001 

Year x Tree (Site(Flow Type)) 188 27.02 0.14 0.15 1 

Residuals 340 325.87 0.96   

Total 806 806    

Diversity Year 2 0.04 0.02 0.03 
0.969 

FlowType 1 0.03 0.03 0.005 0.942 

Site(Flow Type) 9 167.05 18.56 19.65 0.001 

Year x Flow Type 2 2.55 1.28 1.83 0.22 

Tree (Site(Flow Type)) 258 250.79 0.97 1.22 0.079 

Year x Site(Flow Type) 6 4.34 0.72 1.52 0.185 

Year x Tree (Site(Flow Type)) 188 89.67 0.48 0.6 0.994 
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Residuals 340 271.99 0.8   

Total 806 806    

Community Year 2 15438 7719.2 1.95 0.124 

FlowType 1 19547 19547 1.79 0.188 

Site(Flow Type) 9 276540 30727 12.67 0.001 

Year x Flow Type 2 14258 7129.2 1.8 0.183 

Tree (Site(Flow Type)) 258 651680 2525.9 1.33 0.002 

Year x Site(Flow Type) 6 25688 4281.4 3.09 0.001 

Year x Tree (Site(Flow Type)) 188 260220 1384.2 0.73 0.999 

Residuals 340 646790 1902.3   

Total 806 2037000    
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Table 2.6: PERMANOVA for dragonfly exuviae abundance, biomass, diversity and community at 14 sites in June 2016. Sites belonged to three different 

flow types: large river (n=7), wetland (n=5), or small river (n=2).  

Response Source df SS MS Pseudo-F P(perm) 

Abundance Flow type 2 2.66 1.33 0.44 0.678 

Site(Flow type) 11 33.1 3.01 16.11 0.001 

Residuals 28 5.23 0.19   

Total 41 41    

Biomass Flow type 2 2.84 1.42 0.47 0.666 

Site(Flow type) 11 32.94 2.99 16.05 0.001 

Residuals 28 5.23 0.19   

Total 41 41    

Diversity Flow type 2 6.28 3.14 1.91 0.202 

Site(Flow type) 11 18.12 1.65 2.78 0.017 

Residuals 28 16.61 0.59   
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Total 41 41    

Community Flow type 2 31070 15535 2.74 0.008 

Site(Flow type) 11 62283 5662.1 2.79 0.001 

Residuals 28 56768 2027.4   

Total 41 150120    

 

 



 

 

 

45

 

Table 2.7: Average measurements at each flow type in 2016 across 14 sites in the lower Saint John 

River (n=7), Grand Lake Meadows (n=5), and Nashwaak river (n=2) area. 

Flow Type River Meadow Tributary 

Slope (degrees) 8.86 12.8 9.83 

Tree Water Distance (m) 4.54 1.67 6.01 

Tree Abundance 9.76 9.67 7 

Tree Diversity 0.65 0.52 0.54 

Tree Community 0.38 -0.66 0.34 

Canopy Cover 0.92 0.94 0.91 

Tree Surface area (cm) 44203.71 46495.94 33394.7 

Tree Density (per m2) 0.01 0.02 0.02 

Bark Depth (mm) 7.81 9.24 5.85 

Bark Roughness 0.25 0.24 0.38 

Understory Abundance 32.83 40.24 37.33 

Understory Diversity 0.59 0.96 0.95 

Understory Community Axis 1 -0.07 0.08 0.02 

Understory Community Axis 2 -0.23 0.22 0.24 

Understory Community Axis3 -0.06 -0.08 0.38 

Understory Density (per m2) 22.76 27.91 25.89 

Understory Cover (%) 50.59 50.89 33.77 

Dissolved Oxygen (%) 92.18 81.51 89.97 

Conductivity (µS/cm³) 97.71 73.33 60 
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Salinity (units) 0.05 0.03 0.03 

pH 6.52 6.57 7.02 

Velocity (m/s) 0.02 0.04 0.08 

90 Hour Maximum (depth) 64.13 75.24 78.8 

High Pulse Duration (hours) 21.32 113.7 56.5 

Number of Reversals 6 83 61 

Macrophyte Cover (%) 12.62 17.67 0 

Substrate Size (mm) 1.71 0.6 4.78 

Embeddedness (%) 74.6 76.11 73.61 

Degree days Sum (ºC) 279.47 309.02 278.03 

Diurnal Range (ºC) 85714 2.44 1.96 

Temperature (ºC) 18.25 19.23 20.32 
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Table 2.8: PERMANOVA posthoc for dragonfly exuviae community at 14 sites in June 2016. Sites 

belonged to three different flow types: mainstem (n=7), wetland (n=5), or tributary (n=2).  

Groups t P(perm) 

Mainstem, Wetland 1.77 0.034 

Mainstem, Tributary 1.73 0.024 

Wetland, Tributary 1.41 0.095 
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Table 2.9: DistLM of environmental variables on dragonfly responses in 2016. The variables were based on the best solution for the given model. 

Response AiCc 

Total variability 

explained (%) 

Predictors Variability explained (%) F p +/- 

Abundance -29.54 71.11 Tree community 24.38 12.89 0.001 + 

Understory community 9.76 5.78 0.026 + 

Salinity 9.02 6.03 0.023 + 

Slope 5.26 3.77 0.058 + 

Embeddedness 4.32 3.29 0.08 + 

Temperature 6.52 5.6 0.022 + 

Flow 3.11 2.81 0.104 + 

Understory diversity 4.10 4.04 0.054 + 

Slope 2.70 2.66 0.117 - 

Dissolved oxygen 3.25 3.26 0.075 + 

pH 4.18 4.65 0.041 + 
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Temperature 0.09 0.1 0.774 - 

Biomass -26.15 66.15 Tree community 22.35 11.51 0.001 + 

Understory community 10.45 6.07 0.016 + 

Salinity 7.89 5.05 0.023 + 

Conductivity 5.93 4.11 0.047 + 

90 Day Maximums 8.48 6.8 0.017 + 

Degree Days 6.25 5.66 0.022 + 

Tree Diversity 4.81 4.83 0.033 + 

Diversity -31.845 72.65 Degree days 33.03 19.72 0.001 + 

Water distance 10.27 7.06 0.011 + 

Bark roughness 8.62 6.81 0.009 + 

Dissolved oxygen 5.8 5.07 0.029 + 

Tree Diversity 3.68 3.43 0.066 + 

90 Day Maximums 4.72 4.87 0.05 + 
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Understory community 4.03 4.58 0.032 + 

Understory Cover 2.52 3.04 0.104 + 

Community 335.45 41 Temperature 11.82 5.36 0.001 + 

Canopy Cover 10.15 5.08 0.001 + 

Degree days 9.44 5.23 0.001 + 

DO 5.65 3.33 0.003 + 

Understory Community 4.5 2.77 0.008 + 
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Chapter 2 Figures 

 

Figure 2.1: Map of all exuviae sample sites (n=14) along a 44 km stretch of the lower Saint John 

River, Grand Lake Meadows and Nashwaak River areas in New Brunswick, Canada. Most sites 

(n=11) were surveyed from 2014 to 2016 and the remaining sites (n=3) were surveyed in 2016. 
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Figure 2.2: Examples of three different flow type locations: Tributary flow type (Nashwaak river) 

(top); river flow type (Saint John river) (middle); and wetland flow type (Grand Lake Meadows) 

(bottom). 

 



 

 

 

53

 

Figure 2.3: Partial Mantel test for environmental effects on dragonfly exuviae abundance in 2016. 

The thickness of the arrows indicates the relative Mantel r values. Solid arrows had a p value of 

<0.05, and dashed arrows had a p value >0.05. 
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Figure 2.4: Partial Mantel test for environmental effects on dragonfly exuviae biomass in 2016. The 

thickness of the arrows indicates the relative Mantel r values. Solid arrows had a p value of <0.05, 

and dashed arrows had a p value >0.05.  
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Figure 2.5: Partial Mantel test for environmental effects on dragonfly exuviae diversity in 2016. 

Arrow thicknesses indicate relative Mantel r values. Solid arrows had a p value of <0.05, and dashed 

arrows had a p value >0.05.  
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Figure 2.6: Partial Mantel test for environmental effects on dragonfly exuviae community in 2016. 

Arrow thicknesses indicate the relative Mantel r values. Solid arrows had a p value of <0.05, and 

dashed arrows had a p value >0.05.  
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Abstract 

Benthic macroinvertebrate (BMI) communities contribute to numerous functions 

in freshwater ecosystems including nutrient cycling and can be used as indicators of 

water quality. Traditionally, BMIs are lethally sampled using standard methods (e.g. 

kick-net or Surber sampling) and then identified using time-consuming morphological 

assessment from taxonomic keys. Recently, DNA sequencing methods have been 

developed that can make identification and sampling more efficient: bulk sequencing 

uses BMI samples collected via kicknet, and environmental DNA (eDNA) involves 

sequencing DNA fragments from water samples. Bulk benthic and eDNA sequencing 

provide alternatives to traditional morphological identification, but eDNA sequencing 

also provides non-lethal sampling methods. In this study, we compared communities 

sequenced from bulk benthic and eDNA water samples. Here, 74 samples (36 eDNA, 36 

bulk sequencing, and two field blanks) were collected across three sites representing 

wetland, tributary, and mainstem habitats within the lower Saint John River and the 

Grand Lake Meadows complex, New Brunswick, in June and September of 2016. We 

identified 167 benthic arthropod genera using sequence reads (51325 ±18432 per 

sample). We found that BMI communities sequenced from eDNA were similar to BMI 

communities sequenced from bulk benthic DNA, except during higher flow conditions 

(post-freshet) in larger systems. Using eDNA sampling methods could allow rapid, non-

lethal bioassessment of freshwater taxa sampled at greater spatial and temporal scales. 
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Introduction 

Freshwater ecosystems are increasingly threatened by anthropogenic pressures 

and subsequent stressors on the environment, such as habitat alteration and introduced 

species (Dudgeon et al. 2006). Freshwater habitats hold a large amount of biodiversity for 

the relatively small amount of space occupied on the planet, which amplifies effects of 

disturbance and loss of habitat to these ecosystems (Dudgeon et al. 2006). Therefore, 

freshwater habitat and species conservation preventing habitat and biodiversity loss is 

urgently needed. However, these conservation efforts are often focused on impacts to 

vertebrates, such as fish, mammals and birds, often neglecting invertebrates (Cardoso et 

al. 2011). Invertebrates, such as molluscs, insects and other benthic macroinvertebrates, 

provide important ecosystem functions in freshwater, including decomposition and 

nutrient cycling in the food web (Anderson 1978; Nakano and Murakami 2001). 

Macroinvertebrate communities can be used to assess impacts and trophic 

structure in sampled areas (Lenat and Barbour 1994; Stewart et al. 2003; Kennedy et al. 

2016). Sampling benthic macroinvertebrates using traditional approaches is labour 

intensive, involving time-consuming surveys to collect organisms (e.g., via kick nets, 

rock bags) and laborious sorting and identification, with taxonomic resolution seldom 

achieved below the genus or even family level (Lenat and Barbour 1994; Environment 

Canada 2012). However, morphological traits are not always reliable for taxonomic 

identification, especially at genus- and species-levels. Also, rare or elusive organisms 

may not be captured in the sampling effort. For instance, the Skillet Clubtail dragonfly 

(Gomphus ventricosus) is a species-at-risk in Canada, with only few known locations 

including the Grand Lake Meadows area and the lower Saint John River in New 
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Brunswick. Although these dragonflies have been found emerging each year in this area, 

larva have never been found using traditional methods, e.g., kick net sampling 

(COSEWIC 2010). Therefore, traditional survey methods for freshwater larval stages 

may not always detect target species or groups needed for management. 

In recent years, techniques have been developed using DNA sequencing methods 

to match environmental samples (e.g. benthic, water) to known sequences from the DNA 

material in a database (Figure 3.1; Shokralla et al. 2014). Two methods have been 

developed: (i) bulk DNA extraction of a full benthic sample and (ii) extraction of 

extracellular DNA (eDNA) from filtered environmental samples (e.g. water). Bulk 

sampling (sensu Gibson et al., 2015) involves homogenizing and sequencing a benthic 

macroinvertebrate sample to bypass the traditional method, which requires sorting and 

morphological identification. Alternatively, environmental DNA sampling, identifies 

DNA fragments found in the environment from organic material produced by animals 

(Dejean et al. 2011). In aquatic environments, the water column contains environmental 

DNA, which can be collected, filtered, and sequenced using a similar process to the bulk 

sample sequencing (Ficetola et al. 2008). Environmental DNA sampling bypasses both 

intensive field sampling and morphological identification. This method creates 

opportunities for rapid and inexpensive assessment of freshwater organisms compared to 

traditional methods and provides applications for monitoring of threatened or invasive 

species (Goldberg et al. 2013; Thomsen and Willerslev 2014). Many studies have 

explored the utility of environmental DNA for detection of vertebrates, but few have 

explored detection of invertebrates (Evans et al. 2015). For example, studies have 
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demonstrated the use of environmental DNA for detecting fish, frogs, and salamanders in 

freshwater systems (Goldberg et al. 2011; Mahon et al. 2013). 

Here, we quantified differences in beta diversity and macroinvertebrate 

communities generated from environmental DNA (eDNA), sequenced from water 

samples, and bulk DNA, sequenced from traditional benthic samples, across three sites 

along a flow gradient. We expected that the structure of sequenced communities should 

be the same between eDNA and benthic DNA samples, although some variation may 

occur with benthic samples capturing more abundant and common taxa while water 

eDNA samples may detect more elusive species. Evaluating the spatial and temporal 

patterns in benthic macroinvertebrate community structure compared the efficacy and 

repeatability of these methods. Spatial patterns were assessed both within- and among-

sites while temporal variation was assessed via repeated sampling in June (post-freshet) 

and September (stable low flows). 

 

Methods 

Sites & Sampling 

Benthic and water samples were collected from three sites, located in the 

Portobello Creek National Wildlife Area (wetland), Jemseg River (tributary), and the 

Saint John River (mainstem river) in New Brunswick, Canada in June and September 

2016 (Figure 3.2). Examining three different habitat types (wetland, tributary, and 

mainstem river) allowed comparisons among different flow types within a small 

geographic area. 



 

 

 

69

We sampled from each site in June during high flow conditions and September 

during low flow conditions to capture the aquatic insect community during summer and 

fall conditions. Each site was divided into three subsites (upstream, midstream and 

downstream) of equal length; additionally, we sampled on the left and right banks of each 

body of water in order to replicate the samples at the site level. Samples were taken in the 

downstream to upstream direction in order to reduce contamination between replicates. 

Water samples were collected within 30 cm of the water edge, just above the benthos, 

avoiding settled fine particulate organic matter (FPOM) and coarse particulate organic 

matter (CPOM), in 1L bottles using sterile techniques. Blank water samples were also 

performed by opening and closing a bottle full of sterile water at the field site using the 

same protocol with the exception of collecting the water. Water samples were stored on 

ice in the field and then transferred to a -80 °C freezer for storage. Benthic samples were 

collected following a modified CABIN protocol adapted to large rivers instead of 

wadeable streams (Environment Canada 2012). Specifically, we used a kick net (400µm 

mesh) method to zigzag along the bank at wadeable height (0-1m depth in the channel) 

for three minutes; samples were collected, sieved, and transferred to 1L jars and filled 

with 95% ethanol. The kick net was sterilized between samples using a 1% bleach 

solution. Benthic sample ethanol was changed after 48 hours to prevent dilution due to 

water leaching from plants and animals, and then samples were transferred to a -80 °C 

freezer for storage before shipping. Water and benthic DNA samples were sent to the 

University of Guelph, Center for Biodiversity Genomics, for DNA extraction, 

amplification, sequencing, and bioinformatics analysis. Paired benthic samples in 
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September were also sampled for morphology data and identified to CABIN 

specifications (Environment Canada 2012). 

Water quality variables were measured to determine how the conditions differed 

between seasons and the effects on sampling methods. Physical and chemical water 

quality point measurements, including velocity, depth, temperature, dissolved oxygen, 

salinity, conductivity, and pH, were recorded at each subsite using a water quality 

multimeter (YSI 556 Multiprobe System) and electromagnetic velocity flow meter 

(Marsh McBirney Flo-Mate 2000 Flow Meter). 

 

Comparison with morphology data 

 We compared traditional morphology samples to benthic bulk-sequenced DNA 

and sequenced eDNA water samples to determine whether these approaches provide 

similar information about species richness. Only September samples were used because 

we collected morphology samples were collected during the same, standard time each 

year (Environment Canada 2012), therefore morphology samples were not available for 

June. Pearson correlations were conducted between morphological taxa richness and the 

sequenced data represented across three levels: order, family, and genus with 0.1, 0.3, 

and 0.6 bootstrap support cutoffs respectively, for 99% confidence in taxonomic 

assignment using 200bp (Porter and Hajibabaei). A Kruskal-Wallis test was used to 

compare among benthic, water, and morphology taxa richness, and pairwise comparisons 

were performed using Dunn’s test with Bonferroni adjustments. Weak correlations of 

taxa richness were observed between morphological and benthic or water samples at the 
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order, family, and genus levels (R = -0.11 - 0.28) (Table 3.3). The Kruskal-Wallis test of 

richness among morphology, bulk benthic DNA, and eDNA water samples was 

significant (p < 0.001) at the order level (Table 3.4). Dunn’s pairwise comparison test 

showed that eDNA samples were significantly different (p < 0.001) from benthic and 

morphology samples, with greater taxa richness at the order level (Table 3.5). Due to the 

lack of evidence for differences in taxa richness differences at the genus level between 

benthic morphology and benthic bulk-sequenced DNA, we chose to focus our study on 

comparing communities at this lower level for only bulk-sequenced DNA and eDNA 

samples. 

 

DNA extraction, amplification and sequencing 

Each benthic sample was homogenized in ethanol (95%). The DNA was extracted 

in triplicate from the mixture using the Nucleospin Tissue Kit (Macherey-Nagel Inc.; 

Duren, Germany) eluting with 30µL molecular grade water and pooling the three 

extractions from each sample. Water samples were filtered and extracted using a DNeasy 

PowerWater Kit (Qiagen; Toronto, Ontario) according to protocol, eluting with 30µL 

molecular grade water. 

DNA fragments within the cytochrome oxidase 1 (CO1) barcode region were 

amplified using a one-step PCR amplification process with two primer sets. The 

amplified CO1 fragments were F230R (~230bp) and BR5 (~310bp). The F230R fragment 

was amplified using the standard LCO1490 forward primer and the 230_R reverse primer 

made to target arthropod orders (Table 3.1) (Folmer et al. 1994; Gibson et al. 2015). The 
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BR5 fragment was amplified using the BE forward primer and ArR5 reverse primer, 

which have been used in previous studies for targeting arthropods broadly (Table 3.1) 

(Hajibabaei et al. 2012; Gibson et al. 2014). Samples were amplified using a one-step 

PCR protocol with primers containing an Illumina-adapter sequence using a standard mix 

of 17.5 µL molecular grade water, 2.5 µL 10x reaction buffer (200mM Tris HCl, 500mM 

KCl, pH 8.4), 1.0 µL MgCl2 (50 mM), 0.5 µL dNTPs (10mM), 0.5 µL forward primer 

(10mM), 0.5 µL reverse primer (10 mM), 0.5 µL Platinum Taq DNA polymerase (5 

U/µL) (Life Technologies; Burlington, Ontario, Canada), and 2.0 µL DNA template, for a 

total of 25 µL per reaction. A negative control (ie. reaction with 2 µL water instead of 

DNA) was included to ensure PCR reagents were free of contamination. Reactions 

underwent 35 cycles of 94°C for 40s, 46°C for 60s, 72°C for 30s using an Eppendorf 

Mastercycler ep gradient S thermalcycler. PCR amplification was visually confirmed 

through gel electrophoresis using a 1.5% agarose gel. PCR products were purified 

following the MinElute PCR Purification kit (Qiagen; Toronto,Ontario, Canada) standard 

protocol, eluting with 15µL molecular biology grade water. The purified BR5 and F230R 

fragments were pooled for each sample, and sequenced on an Illumina MiSeq using v3 

MiSeq sequencing chemistry kit (300bp x 2). 

 

Bioinformatic Methods 

Reads were processed using a semi-automated pipeline, calculating basic statistics 

(number of reads/operation taxonomic units (OTUs), 

minimum/maximum/mean/median/mode length per sample) at each major step, using 
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custom Perl and shell scripts. Raw reads were paired using SEQPREP with default 

parameters, a Phred score cutoff of 20, and a minimum 25 bp overlap between forward 

and reverse reads (St. John 2016). Primers were trimmed using CUTADAPT v 1.10 using 

default parameters, a minimum read length of 150 bp, a minimum Phred score of 20, and 

allowing a maximum of 3 N’s (Martin 2011). FASTQ files were converted to FASTA 

files using MOTHUR v 1.36.1 (Schloss et al. 2009). Reads from each sample were 

renamed and concatenated into a single file to conduct a global OTU analysis using a 

custom Perl script. Reads were de-replicated using VSEARCH (Rognes et al. 2016). 

Unique reads (OTUs defined by 100% sequence similarity) were then de-noised using the 

unoise3 algorithm in USEARCH v 10.0.240 (Edgar 2016). This step removes putative 

chimeric sequences, sequences with errors, and PhiX contaminant sequences. Also at this 

step, rare OTUs (comprised of only 1 or 2 reads) were removed as such reads have been 

shown to be particularly prone to sequence error (Reeder and Knight 2009). An OTU 

table was created in USEARCH. The de-noised reads were taxonomically assigned using 

the Ribosomal Database Classifier 2.12 with the CO1 Eukaryote v1 training set (Porter 

and Hajibabaei; Wang et al. 2007). Read number for each OTU was mapped from the 

OTU table to the taxonomic assignments using a custom Perl script. 

 

Data summary 

Only Arthropoda and Mollusca were included in the sequenced community used 

for statistical analysis in order to capture the aquatic benthic macroinvertebrate 

community. Six of the benthic samples were not available for analysis due to low 
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sequence reads below the 60% cut-off for genus-level data (99% confidence) and their 

corresponding paired sample was removed from the analysis (Table 3.2). In total, 60 

samples were represented in the community matrix. 

Venn diagrams were used to visualize and compare the richness of various subsets 

of the community data to determine the raw numbers of sequenced taxa for each method 

in each season. Statistical analyses were completed using R 3.4.2 and packages readr, 

vegan, eulerr, indicspecies and ggplot2 (De Cáceres and Jansen 2016; Wickham and 

Chang 2016; Oksanen et al. 2017; R Development Core Team 2017; Hadley et al. 2017; 

Johan et al. 2017). 

 

Beta diversity analyses 

The test for homogeneity of multivariate group dispersions was used to compare 

beta diversity between subsets of the samples between groups. We can assess differences 

in beta diversity between groups by comparing the average dissimilarity from the group 

centroids of each observation (Anderson et al. 2006). Macroinvertebrate communities 

were represented using presence-absence data matrices and the Sorensen distance 

measure was applied for homogeneity of multivariate dispersions (HMD) tests. 

 

Structural community analyses 

Correspondence analyses (CA) visualize the communities in June and September 

from the two sampling methods and three sites. We used the unimodal CA ordination 

because the community beta diversity had linear and unimodal distributions (Legendre 
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and Legendre 1988). The raw presence-absence community was used for the 

Correspondence analyses (CA) and Canonical Correspondence Analysis (CCA) plots. 

Procrustes analysis was used to compare community differences between subsets of 

samples from the corresponding CA scores. An indicator species analysis was also used 

to determine members of the community driving differences. 

Seasonal differences between each method were explored using CCA to constrain 

the community to measured environmental variables. Environmental variables were z-

score standardized and cross correlated; pH was dropped from analyses because of cross 

correlation.  

 

Results 

Summary of sequenced DNA samples 

Benthic arthropod genera (n = 166) were identified using sequence reads from all 

samples. Blank samples in each season did not contain arthropod DNA, indicating that 

there was no cross contamination in our samples from our field or laboratory methods. 

There were an average of 51325 ±18432 sequences per sample. The percentage of 

sequenced Arthropod DNA was 20% higher in benthic samples than eDNA samples in 

June and 40% greater in September (Table 3.6). Variability was similar for each method 

and variability was 28% higher than June for both methods in September (Table 3.6). 

Genera richness of benthic samples in June was 54% greater than genera richness 

of eDNA samples and 141 genera were sequenced overall (Figure 3.3). In September, 

there were fewer genera sequenced (n = 83) than in June (Figure 3.4). In September the 
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benthic and water sampling methods shared 30% of the sequenced genera while in June 

there were 34% shared sequenced genera (Figure 3.3, 3.4). 

 

Beta diversity  

We compared beta diversity between methods at three scales: overall, between 

sites, and between seasons using homogeneity of multivariate dispersions (HMD) 

pairwise tests. We found no differences overall in beta diversity between benthic and 

environmental DNA sampling methods (HMD: p > 0.05, Figure 3.5).  We also found no 

differences in beta diversity between sites (HMD: p > 0.05, Figure 3.5). There were 

significant differences in beta diversity between sampling methods in June, but not in 

September (HMD: p < 0.05, Figure 3.6). 

Significant differences in beta diversity were found between seasons (HMD: p < 

0.05, Figure 3.6). Specifically, there were differences between communities in June and 

September using benthic samples and between benthic and eDNA samples in June (HMD 

permutes, all p < 0.05; Figure 3.6). 

 

Community analyses 

Comparisons between sampling methods and seasonal differences were further 

explored using community analyses. Significant differences (p < 0.05) were found 

between sequenced communities in June sequenced from each method in Procrustes 

analysis, but not in September (Table 3.7). The two sampling methods were were 

clustered across the three different site types (CA plot, 17.48% variation explained on 
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two axes, Figure 3.7): the river sites were more variable while the tributary and wetland 

sites were less variable. In September the two sampling methods were clustered with 

some slight separation with tributary samples (CA plot, 17.42% variation explained by 

first two axes, Figure 3.8). The indicator species analysis found that the differences 

between benthic and eDNA communities in June were driven by six different genera 

(Table 3.8). The community sequenced from the benthic samples was driven by four 

genera while the eDNA community was driven by two genera (Table 3.8). 

The benthic CCA had two significant axes and temperature and conductivity were 

significant factors (p < 0.05). The first axis explained 33.2% of the constrained variance 

(7.9% unconstrained variance explained) and the second axis had 31.1% constrained 

variance explained (7.4% unconstrained variance explained). Temperature was positively 

associated with axis 1 (0.91) and conductivity was positively associated with axis 2 

(0.82) (Figure 3.9). Flow and dissolved oxygen did not significantly contribute to the 

model. Benthic samples separated by season along the first axis with September samples 

associated with positive values of axis 1 (Figure 3.9). Samples were further separated by 

habitat along axis 2: the more variable mainstem sites associated with higher values, 

tributary sites centered around the origin, and wetland sites associated with lower values 

(Figure 3.9).  

The eDNA CCA had one significant axis with 35.5% constrained variance 

explained (6.3% unconstrained variance explained) and temperature was a significant 

factor along the first axis (-0.35) (Figure 3.10). The remaining three variables (flow, 

dissolved oxygen, and conductivity) did not significantly contribute to the model. Water 

eDNA samples separated by habitat along axis 1: the highly variable mainstem sites were 
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positively associated with the axis while tributary and wetland sites were negatively 

associated with axis 1 (Figure 3.10). While axis 2 was not significant in the overall 

model, sites separated by season with September samples positively associated with axis 

2. Additionally, the mainstem sites were highly variable along axis 2 while there was 

greater seasonal overlap between tributary and wetland sites (Figure 3.10). 

 

Discussion 

Temporal variation in eDNA and bulk sequenced BMI communities 

Our central question was whether eDNA sequenced communities differ from 

communities sequenced from bulk benthic samples in community composition. Overall, 

these methods did not yield significantly different communities except within the high 

flow sampling period. Therefore, seasonal factors may influence the eDNA sampling 

method. In June, the beta diversity was significantly different between benthic and eDNA 

samples. This could possibly be due to a dilution or transport effect in eDNA due to 

higher flows in the spring freshet period; however, in September the lower flows may 

result in less dilution of DNA fragments (Jane et al. 2015). Jane et al. (2015) found that 

eDNA copy numbers were highest near the source (Asian carp) in low flows, but in high 

flows the eDNA was low both near and far from the source and believe this was affected 

by cell settling, dilution and turbulence. These effects could also be influencing the 

results we found in this study, as well as effects of degradation, fate, and transport of 

eDNA (Barnes and Turner 2015). Density of the target taxa would also be a contributing 

factor to the detection using eDNA methods (Moyer et al. 2014). Water samples were 
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collected near the surface and therefore there may be differences between the DNA 

fragments in the water near the surface and the organisms collected from the benthos 

especially when the water depth is greater. Therefore, special considerations may have to 

be taken when using environmental DNA during periods of higher flow. For example, 

filtering water on site (e.g. Goldberg et al. 2011) in order to process greater amounts of 

water than the 1L per sample we collected could offset this potential dilution artefact. 

The differences in genera between the eDNA and benthic methods in June were driven by 

six genera. The eDNA community was driven by two genera Elliptio (mussel) and 

Leptodiaptomus (copepod). Mussels are typically found in the benthos of the mainstem 

but were not observed in the kicknet bulk sequencing samples while copepods are 

typically not included in benthic sampling because they are considered to occupy the 

water column, not the benthos (Environment Canada 2012). This suggests that these 

genera could be more easily detected using eDNA as opposed to benthic sampling. The 

defining benthic genera were two mayfly genera (Eurylophella and Hexagenia), a 

chironomid genus (Stempellinella), and freshwater snail genus (Campeloma). These 

genera are relatively easy to capture in the kicknet and may not have been detected as 

readily using the eDNA method due to chance. 

We found that beta diversity and communities were not different between the 

sampling methods in September, which is the typical sampling time of year for the 

Canadian Aquatic Biomonitoring Information Network (Environment Canada 2012). If 

samples taken only from the water can give information that is not different from more 

labour-intensive and time-consuming methods associated with collecting benthic 

samples, then eDNA sequenced information could be a useful application for 
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environmental monitoring and conservation in freshwater environments for benthic 

macroinvertebrates. Currently, eDNA sampling methods cannot provide abundance 

information while traditional sampling methods can. Therefore, environmental DNA 

samples provide a complementary and non-invasive method to traditional sampling to 

detect threatened species without affecting the immediate population or the local 

environment. 

 

Spatial variation in eDNA and bulk sequenced BMI communities 

We also examined whether there were differences in benthic macroinvertebrate 

communities between different site types. Different flow types may influence how eDNA 

persists in the water and therefore influence the sequenced community compared to 

benthic sampled communities. We found that there were no significant differences 

between groups when comparing beta diversity, but there were differences in variation, 

seasons and methods when comparing the communities. The main stem river sites were 

more variable than the tributary and wetland sites. These results are similar to another 

study which found that flow does not significantly affect eDNA detectability (Jane et al. 

2015). We also found that conductivity was an influencing factor that was associated with 

the environmental gradient. Conductivity increased in the main stem river sites and 

decreased in the wetland and tributary sites. These findings were similar to previous 

studies which found that flow had less effect on eDNA persistence, while conductivity 

and sediment type may affect eDNA degradation, which affects the detection of eDNA 

(Barnes et al. 2014; Jane et al. 2015). Therefore, sampling eDNA should not be 
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significantly affected in different freshwater habitats, although higher flows, 

conductivity, and sediment type may create more variability and affect detection. 

 

Future research and application for eDNA 

Pairing high confidence, low-level identification (e.g. genus- and species-level) 

with morphological sampling would further demonstrate the efficacy of eDNA 

sequencing in future research. Gibson et al. (2015) have shown that sequencing methods 

do provide greater resolution compared to morphological identification methods. Using 

eDNA sampling methods could allow rapid bioassessment of freshwater taxa and allow 

sampling in greater spatial and temporal scales. For now, eDNA can only reliably provide 

presence-absence data for the sequenced taxa (Barnes and Turner 2015). More studies are 

exploring new ways of measuring abundance using eDNA in the future (Thomsen et al. 

2012; Nathan et al. 2014; Evans et al. 2015). Limitations of DNA sequencing methods 

should also be kept in mind. Morphology provides incisive knowledge that an individual 

is within the sample while sequenced DNA may be representing carcasses, feces, or non-

target organisms (Merkes et al. 2014). Primer specificity is extremely important in 

representing a sequenced community accurately (Wilcox et al. 2013; Elbrecht and Leese 

2015). 

 Application of eDNA detection methods will provide many benefits to freshwater 

bioassessment in the future. Sequenced DNA data can be standardized and eliminate 

biases of taxonomic identification, therefore allowing the potential of extensive and 

global information. In time, the technology and process of collecting and sequencing 
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eDNA will become cheaper and quicker which would allow rapid assessment even in 

remote areas. As databases like GenBank become more powerful, the resolution of 

taxonomic information compared to traditional methods will give us more information 

than ever before and make DNA techniques become more ubiquitous and widespread. In 

conclusion, eDNA may be a useful tool for conservation and biomonitoring in many 

freshwater systems as it takes less time and effort in the field as well as providing a non-

destructive method of sampling invertebrates. Rapid and regular assessment of eDNA in 

water could facilitate programs of detecting rare and elusive species for conservation or 

detection of invasion (Jerde et al. 2011; Bohmann et al. 2014). Environmental DNA may 

not replace traditional methods of benthic macroinvertebrate sampling, but it could 

complement traditional sampling methods in the future, as a rapid and inexpensive tool 

for sampling aquatic invertebrates providing detailing information on the longer-term 

spatial, temporal footprint of community members at a site. 
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Chapter 3 Tables 

Table 3.1: Fragments and primers used to amplify arthropod genera found in benthic and eDNA samples using a two-step PCR amplification process 

with two primer sets. 

CO1 

Fragment 

Fragment 

Length 

Primer Primer Direction Primer Sequence Citation 

F230 ~230 bp LCO1490 Forward GGTCAACAAATCATAAAGATATTGG (Folmer et al. 1994) 

230R Reverse CTTATRTTRTTTATICGIGGRAAIGC (Gibson et al. 2015) 

BR5 ~310 bp BE Forward CCIGAYATRGCITTYCCICG (Hajibabaei et al. 2012) 

ArR5 Reverse GTRATIGCICCIGCIARIACIGG (Gibson et al. 2014) 
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Table 3.2: Number of paired benthic and eDNA samples at each habitat type in each season. Extra 

benthic samples were taken in September for morphology data. 

Season Habitat Sample number 

June Wetland 4 Benthic 

4 eDNA 

September Wetland 3 Benthic Morphology  

3 Benthic DNA 

3 eDNA 

June Tributary 5 Benthic 

5 eDNA 

September Tributary 6 Benthic Morphology 

6 Benthic DNA 

6 eDNA 

June Mainstem 6 Benthic DNA 

6 eDNA 

September Mainstem 6 Benthic Morphology 

6 Benthic DNA 

6 eDNA 
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Table 3.3: Pearson correlations between benthic macroinvertebrate samples identified using 

morphology and DNA sequencing methods using bulk benthic samples (same sampling method as 

morphology) and water samples for eDNA. 

Groups Taxa level for DNA Pearson correlation 

Bulk benthic vs. CABIN Order-level 0.14 

Family-level 0.28 

Genus-level 0.27 

eDNA vs. CABIN Order-level -0.11 

Family-level 0.04 

Genus-level -0.03 
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Table 3.4: Kruskal-Wallis test for taxa richness at order, family, and genus levels among three 

identification methods for benthic macroinvertebrate communities: Morphology, sequenced DNA 

from benthic samples and eDNA samples. 

Taxonomic level χ2 df p-value 

Order 23.4288 2 <0.01 

Family 2.0399 2 0.36 

Genus 0.6887 2 0.71 
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Table 3.5: Kruskal-Wallis test with pairwise comparisons using Dunn’s test with Bonferroni 

adjustment for order-level taxa richness among three identification methods for benthic 

macroinvertebrate communities: Morphology, sequenced DNA from benthic samples and eDNA 

samples. 

Comparison Z p (adjusted) 

Benthic-Morphology -0.703 0.723 

Benthic-eDNA -4.499 <0.01 

Morphology-eDNA -3.796 0.0002 
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Table 3.6: Sequenced taxa richness across sampling method (Bulk and eDNA samples) and season 

(June, September).  

Method Season % DNA classified 

as Arthropoda or 

Mollusca (CO1) 

SD 

Bulk June 81.88% 11.37% 

September 86.62% 15.68% 

eDNA June 64.67% 11.58% 

September 50.04% 16.24% 
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Table 3.7: Procrustes analysis results from correspondence analysis of sequenced aquatic insect 

communities from benthic and eDNA sampled in June and September 2016. 

Samples Factors M2 p-value 

Benthic June & Sept 0.863 0.245 

eDNA June & Sept 0.964 0.693 

June Benthic & eDNA 0.428 0.004 

Sept Benthic & eDNA 0.804 0.101 
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Table 3.8: Indicator species analysis of DNA sequenced communities in June using benthic and 

eDNA sampling methods. A total of 141 genera were present and six genera were selected and were 

associated with only one group. Four genera were associated with the benthic group while two genera 

were associated with the eDNA group. 

Group Genus Indicator species 

statistic 

p-value 

Benthic Eurylophella 0.839 0.001 

Hexagenia 0.701 0.027 

Stempellinella 0.689 0.012 

Campeloma 0.639 0.040 

eDNA Elliptio 0.775 0.003 

Leptodiatomus 0.577 0.032 

 

  



 

 

 

91

Chapter 3 Figures 

 

 

 

Figure 3.1: Flow chart of process of next generation sequencing of environmental samples to 

community analysis. 

Sampling

DNA extraction

DNA amplification

Sequencing method

Bioinformatic analysis

Taxonomic community
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Figure 3.2: Map of benthic and water sample sites in New Brunswick (a) within the lower Saint John 

River and Grand Lake Meadows area (b). Samples were collected in triplicate at downstream, 

midstream, and upstream positions at each site (c). 
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Figure 3.3: Venn diagram showing the genus-level taxa richness from the sequenced community 

using benthic and eDNA samples in June 2016. The numbers represent unique taxa from each 

method or both. 
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Figure 3.4: Venn diagram showing the genus-level taxa richness from the sequenced community 

using benthic and eDNA samples in September 2016. The numbers represent unique taxa sequenced 

from each method or both. 
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Figure 3.5: Boxplot of homogeneity of multivariate dispersions from sequenced communities of 

benthic and eDNA water samples at three sites: Wetland, Tributary and Mainstem. 
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Figure 3.6: Boxplot of homogeneity of multivariate dispersions from sequenced communities of 

benthic and eDNA samples during June and September seasons in 2016 (* indicates p<0.05).  
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Figure 3.7: Correspondence Analysis plot of the June 2016 aquatic arthropod community sequenced 

using benthic and eDNA samples at three different sites. Cumulative variation explained for the two 

axes was 17.48%. 
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Figure 3.8: Correspondence Analysis plot of the September 2016 aquatic insect community 

sequenced using benthic and eDNA samples at three different sites. Cumulative variation explained 

for the two axes was 17.42%. 
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Figure 3.9: Canonical correspondence analysis of sequenced community from benthic samples in 

June and September 2016 and between three sites. Cumulative constrained variation explained for 

significant axes 1 and 2 was 15.45% (cumulative unconstrained variance explained was 6.4%). 
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Figure 3.10: Canonical correspondence analysis of sequenced community from eDNA samples in 

June and September 2016 and between three sites. Cumulative constrained variation explained for 

the significant axis 1 was 35.5% (cumulative unconstrained variation explained was 6.3%). 
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Chapter 4. General Discussion 

 

Here, I assessed the temporal and spatial factors that influence dragonfly 

emergence as well as detection of benthic macroinvertebrates. Each of these studies 

explored non-lethal methods of examining dragonfly and aquatic invertebrate 

communities. Understanding the relative importance of environmental factors affecting 

the emergent community will enable management decisions that can take into account 

every life stage, including the critical emergence period. We discuss the findings from 

each chapter and how these results could impact management and how these non-

invasive methods can be used in the future. 

 

Drivers of dragonfly assemblage structure: terrestrial and aquatic factors  

In Chapter 2, I quantified the effect of separate aquatic and terrestrial habitat 

factors as drivers of the structure of the emergent Odonate community. I found that 

terrestrial factors had greater effect on the emergent dragonfly diversity, as well as the 

community assemblage, than aquatic factors. Ecologically, these results show that despite 

emergence being the link between their aquatic and terrestrial dragonfly life stages, the 

relative contribution of these habitats to diversity and composition are skewed towards 

terrestrial factors. Particularly, trees and riparian vegetation may play an important role in 

dragonfly emergence. These findings are similar to other studies which have found 

dragonfly species to depend on riparian vegetation for emergence (Boda et al. 2015). We 

did not find any relationships between our measured habitat factors and abundance and 
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biomass of emergent dragonflies. There were also no differences in the emergent 

dragonfly community between years. This could mean that dragonfly abundance and 

production did not vary among our sites despite differences in habitats, or that we may 

not have captured more long term and persistent factors such as predation or annual 

temperature and flows that could affect development and population dynamics. Insect 

emergence is known to vary temporally and repeated sampling is necessary to capture 

long-term patterns (Compson et al. 2016). 

Our results that terrestrial factors influence dragonfly diversity and community 

more than aquatics factors are applicable to management and habitat conservation. Many 

freshwater habitats are threatened or affected by human activity. Flow regulation, 

agriculture, and residential development all affect the Grand Lake Meadows wetland 

complex and Saint John River. Understanding the environmental factors affecting 

dragonfly emergence communities can inform management. Although the development 

of dragonflies occurs in the water, their transition to their terrestrial adult life stage is 

dependent on the terrestrial habitat on which they emerge. Species-at-risk, such as 

Cordulegaster heros, have been found to require riparian habitat for emergence (Boda et 

al. 2015). Therefore, management decisions must incorporate actions that preserve 

riparian zones on which these emergent insects depend. We also found that the emergent 

dragonfly community was affected by aquatic factors such as water temperature and 

dissolved oxygen. Dragonfly communities could be affected by future impacts of global 

warming, which would include rising water temperatures, water levels and salinity 

(Daigle 2011). Rising water temperatures could negatively affect dragonfly communities 

by accelerating the onset of emergence and rising salinity could create inhospitable 
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environments for larval dragonflies (Nebeker 1971; Richter et al. 1997; Mccauley et al. 

2014).  

Dragonfly exuviae provide a simple, non-invasive method of collecting samples 

of the emerging population. Being able to link these emergence samples to environmental 

factors will provide information for management and conservation. For example, 

Odonate conservation studies have used exuviae successfully for determining critical 

emergence habitat and population dynamics (Foster and Soluk 2004; Boda et al. 2015). 

Exuviae can be reliably used to examine the emergent population sex ratio, biomass, and 

community composition without harming live individuals. Exuviae provide an important 

link between their aquatic and terrestrial forms as well as their habitat requirements. This 

research has helped to explore and understand these links between terrestrial and aquatic 

habitat for emergent dragonfly communities. 

 

Application of emerging non-invasive tools for monitoring insect species-at-risk 

In Chapter 3, we sequenced benthic macroinvertebrate communities using bulk 

DNA sampling methods and environmental DNA sampling methods. We found that 

benthic macroinvertebrate communities sequenced from DNA in whole benthic samples 

and environmental DNA water samples were not significantly different overall across 

many habitats. However, there was more variation in samples at the mainstem site and 

differences in June during high flows. Consequently, relying on environmental DNA 

alone in larger rivers or high flows may not be feasible at the moment. These limitations 

are likely derived from the uncertain dynamics of environmental DNA (origin, 
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disintegration, settling, etc), difficulties assessing abundance, and demonstrating 

reliability (Barnes and Turner 2015). Primer specificity is also a potential issue because 

this directly affects the ability to detect target species (Wilcox et al. 2013). These results 

provide evidence that water samples may provide an alternative or complement to 

traditional benthic samples. Collecting only water samples could allow large-scale rapid 

assessment of freshwater communities. Monitoring of invasive species or species at risk 

across large scales with replication over time could also be possible. These rapid 

assessment tools could make monitoring invasive species spread more effective and 

sampling remote areas more readily with greater detail. Collecting water samples instead 

of benthic samples could expand the ability to sample in remote areas that are difficult to 

reach or enable citizen science volunteers to collect samples since no specialized 

equipment is needed except for sterile bottles and gloves (Biggs et al. 2015). Water 

samples would also allow for large scale monitoring of species and communities at the 

spatial and temporal scale. Being able to sample frequently and easily with a high 

taxonomic resolution would give more information than available previously. Sequencing 

methods will only become more accessible by reducing labor, costs, and time while 

providing a non-invasive method for biomonitoring. 

  

New approaches for biomonitoring 

 The aim of this thesis was to quantify the spatial and temporal effects on emergent 

dragonfly communities and benthic macroinvertebrate communities, exploring the use of 

non-invasive and non-lethal sampling techniques. Using exuviae we were able to assess 



 

 

 

112

the relative contribution of aquatic and terrestrial factors on emergent dragonfly 

communities. Using exuviae meant not using lethal methods such as traditional 

morphological benthic sampling or capturing and preserving adults. Exuviae can be 

collected by anyone, such as volunteers for citizen science projects, since it does not 

require equipment and exuviae are easily preserved once dry. Identifying exuviae may 

also become easier in the future using morphometric approaches (Orlofske and Baird 

2014). Exuviae can also provide DNA material which can be applied in population 

genetics studies and barcode identification (Keller et al. 2010). Despite this, exuviae 

sampling does have some limitations such as needing repeated visits to capture the entire 

emergent population. Weather also affects the persistence of exuviae in the environment, 

which could affect collection (Aliberti Lubertazzi and Ginsberg 2009). These limitations 

should be accounted for when collecting exuviae to capture the emergent dragonfly 

community. Specifically, exuviae could be used alongside adult and larval sampling 

effort to capture all aspects of the target population or community (Bried et al. 2012). 

Overall, exuviae can provide an invaluable tool for monitoring dragonflies and other 

emergent species, providing the link between their aquatic and terrestrial life stages. 

 Use of environmental DNA sampling for biomonitoring is very promising. Being 

able to sample quickly and with minimal equipment could make rapid assessment across 

large spatial scales extremely viable (Gibson et al. 2015). This method could also allow 

sampling in remote locations where it would be difficult to transport equipment or large 

samples. In the future we may be able to sequence samples in real-time using novel 

devices (Thomsen and Willerslev 2014). Invasive species monitoring could also become 

more streamlined using detection methods that could be automatic or regularly scheduled. 
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These methods are not limited to detecting specific organisms but could also rapidly 

capture the communities and biodiversity in a whole ecosystem perspective (Thomsen 

and Willerslev 2014). Sequencing approaches, especially using environmental DNA, are 

not able to discriminate the source of the DNA. Therefore DNA artefacts created by 

carcasses, feces, and other confounding sources can influence the sequenced community 

(Merkes et al. 2014). Further, DNA libraries are still being developed and these 

sequencing methods are limited by the completeness of these databases.  

Although these methods may not replace traditional methods, using DNA 

sequencing approaches will help to complement traditional methods with powerful 

taxonomic resolution and rapid assessment. During a time when the rate of biodiversity 

loss continues to rise developing methods to monitor and identify species and 

communities more powerfully will be invaluable. The use of non-invasive methods of 

monitoring is also important for preventing further loss and impact to species-at-risk. 

Developing and using non-invasive methods of sampling, such as exuviae and eDNA, 

will provide tools to better understand freshwater communities without harm while 

informing management practices to conserve and protect species-at-risk. 
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