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ABSTRACT 

Nutrient loading is an important factor that can indirectly deplete dissolved oxygen 

concentrations in lakes. In environments where seabirds nest and breed, guano is a 

prominent source of nutrients that can eutrophy waterbodies. Such external nutrient 

inputs may deplete bottom-water oxygen, resulting in shifts in bottom-water 

invertebrate communities that are sensitive to changes in oxygen. Chironomidae (non-

biting midges) can be used as paleolimnological indicators to infer changes in past 

oxygen conditions due to their sensitivity to oxygen concentration, excellent 

preservation in sediments and abundance. I assessed the long-term changes in 

subfossil chironomid assemblages linked to reconstructed changes in the seabird 

colony size of the Leach’s Storm-Petrel in ponds located off the Canadian East coast 

on Baccalieu Island, Newfoundland, and Grand Colombier Island, Saint Pierre and 

Miquelon, France, to qualitatively reconstruct past changes in dissolved oxygen 

conditions, and thereby indirectly infer changes in colony size. Ornithological surveys 

indicate declines in the Leach’s Storm-Petrel colony in Newfoundland since the 

1980s, whereas the colony in Saint Pierre and Miquelon is believed to be stable or 

increasing, albeit based on limited observational data. Using dated sediment cores 

from seabird-impacted lakes, I isolated chironomid head capsules, taxonomically 

identified them to the genus level, and determined their abundance and diversity. 

Using the chironomid assemblages, I qualitatively inferred lake oxygen conditions 

over the past ~1700 and ~5700 years on Baccalieu Island and Grand Colombier 

Island, respectively. Furthermore, I investigated if the timing of changes in 

chironomid-inferred oxygen coincided with known occurrences of seabird-derived 

inputs in the lakes’ catchments, as determined by surveys and other paleolimnological 

proxies. The chironomid data provides novel information on past oxygen levels in the 
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lakes. In both sites, chironomid assemblages indirectly tracked past changes in the 

storm-petrel colony size, and their more recent declines. These data, alongside several 

paleolimnological proxies, will be used to determine the long-term natural variability 

and dynamics of Leach’s Storm-Petrel populations. This research provides data 

required to implement informed conservation and management strategies. Moreover, 

understanding the background conditions and responses of lakes to nutrient loading 

provides insights on the effects and tolerance of lakes to disturbance. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

The need for long-term environmental data 

Ecosystems typically lack long-term environmental monitoring and are usually only 

assessed after a significant and detrimental change has occurred (Smol 2008). As a 

result, such assessments lack the long-term data required to understand reference or 

background conditions prior to recent changes. The scarcity of temporal data is 

common in conservation biology, where the long-term natural variability of 

populations is not well understood (Froyd and Willis 2008), and thus cannot be taken 

into consideration when making management decisions (Willis et al. 2005). 

Consequently, the exclusion of historical data limits the effectiveness of conservation 

strategies in the management of a species of interest, as the changes in natural 

variation and temporal trends of species and environments may only be observed over 

long time scales (Birks 2012; Hughes et al. 2017). 

 

Conservation biology refers to the protection, maintenance, and management 

of natural resources, biodiversity, as well as the retention of structure, diversity, and 

evolutionary potential within a constantly changing environment (Klein et al. 2009; 

Birks 2012). Conservation biology and paleoecology have, for a long time, been 

regarded separately (Birks 2012). However, after the 1990s, the focus of conservation 

biology shifted towards devising management strategies for “conservation in a rapidly 

changing world”, and conservationists began to better appreciate the importance of 

incorporating a longer temporal dimension into conservation strategies (Willis et al. 

2007). Hughes et al. (2017) also stressed the importance of long-term data in 
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informing effective environmental policy for the protection of biodiversity and 

ecosystem functions. 

 

Long-term data use baseline conditions to understand the present 

environmental context and to help predict environmental trajectories (Smol 2008). 

Such data provide the background and context required to consider the complex 

interactions between species and their changing environments (Birks 2012). It also 

enables researchers to understand how ecosystems have responded to different 

ecosystem drivers over timescales spanning up to ca. 20 million year ago (Birks 

2012), an aspect that is severely lacking, according to the Millennium Ecosystem 

Assessment (2005). The direction, frequency and intensity of environmental change 

can then be assessed, aiding the identification and understanding of environmental 

drivers (Smol 2008). Such long-term data enable realistic mitigation and conservation 

strategies to be enacted and to establish an ecosystem’s susceptibility to change. 

 

Paleolimnology 

Paleolimnology is the study of the biological, chemical, and physical information 

stored in the sediments of lakes, ponds and other waterbodies (Smol 2008). Since 

sediments usually continuously accumulate through time, they can provide a 

comprehensive archive of past environmental changes of lakes and their surrounding 

airsheds and watersheds (Bloesch 2004; Smol 2008). As such, past environmental 

conditions can be inferred from sediment profiles, and environmental trajectories and 

pollutant loads may be determined (Bloesch 2004; Smol 2008). Paleolimnology has 

been used to assess the pre-disturbance conditions of lakes and events related to a 

diversity of anthropogenic disturbances. These include understanding the impacts of 
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the mining industry (e.g. Salonen et al. 2006), the population dynamics of 

economically valuable fish and seabirds (e.g. Finney et al. 2000; Keatley et al. 2011; 

Barouillet et al. 2019; Hargan et al. 2019), and excess nutrient inputs from sources 

such as sewage, industrial discharge, and runoff (Brodersen and Quinlan 2006; Millet 

et al. 2010; Battarbee et al. 2011).  

 

Lake sediments comprise allochthonous and autochthonous material (Bloesch 

2004; Smol 2008). Allochthonous material originates from outside the lake (e.g. 

watersheds and airsheds). These sediments are dominated by material derived 

primarily from bedrock and soil (Bloesch 2004). Autochthonous material is produced 

from biological and chemical processes within the lake (Smol 2008). These are 

usually formed via primary production by algae, grazing by zooplankton and bacterial 

decomposition (Bloesch 2004), as well as from organisms living in the lake. The 

preserved allochthonous and autochthonous materials found in lake sediments can be 

used to reconstruct past environmental changes, as they archive extrinsic and intrinsic 

forcing variables of the lake prior to their deposition (Cohen 2003). 

 

In summary, paleolimnology can be used to understand ecosystem changes, 

and to set realistic restoration goals in today’s highly anthropized environment 

(Jackson and Hobbs 2009). Long-term data can then validate existing monitoring data 

or compensate for the lack of monitoring data in freshwater lakes.  

 

Paleolimnology in biovector research 

Some animals have the ability to transport and concentrate large amounts of nutrients 

(and potentially contaminants) across ecosystem because of their feeding behaviours 
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(Blais et al. 2007; Michelutti et al. 2009). For example, marine-derived nutrients from 

seabirds (Blais et al. 2007), sea turtles (Hannan et al. 2007) and whales (Roman et al. 

2016) are transferred to terrestrial ecosystems and significantly change the ecology of 

many coastal and inland sites (Polis et al. 1997; Blais et al. 2007).  

 

Many seabirds are a significant global biovector of nutrients due to their large 

numbers and global distribution (Otero et al. 2018). Seabirds primarily feed in the 

ocean, and transport marine-derived nutrients to terrestrial environments where they 

nest (Otero et al. 2018). Because of the protein-rich diet of seabirds, their waste 

products tend to be high in nitrogen and phosphorus (Michelutti et al. 2011; Otero et 

al. 2018).  

 

Recently, several paleolimnological studies have used multiple proxies like 

stable isotopes, sterols and stanols, metals, and biological proxies to study the past 

population of seabirds and their impact on lakes (e.g. Michelutti et al. 2009; Davidson 

et al. 2018). For example, seminal studies by Minagawa and Wada (1984) and Blais et 

al. (2005) have used stable nitrogen isotopes (δ15N) from surface sediments samples 

to track the transport of marine-derived contaminants by Arctic seabirds. These 

approaches were based on the higher δ15N of high-trophic organisms like seabirds, 

relative to atmospheric and terrestrial sources of nitrogen (Kendall and McDonnell 

2012). Thereafter, paleolimnological studies have often utilised δ15N alongside 

diatoms (Stewart et al. 2019) and stable carbon isotopes (δ13C) (González-Bergonzoni 

et al. 2017), as well as other proxies, to track past seabird populations.   
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Furthermore, sterols and stanols have been developed as a specific marker to 

directly track past seabird populations, as specific sterols and stanols are made and 

released by birds (Cheng et al. 2017; Hargan et al. 2018). For example, a sterol ratio 

was developed by Cheng et al. (2017) to evaluate the impacts of seabirds on 

freshwater ecosystems. The use of sterols and stanols have since been incorporated in 

other paleolimnological studies to track seabird populations (e.g. Duda et al. 2020; 

Hargan et al. 2019). Using sterols and δ15N from pond sediment cores, Hargan et al. 

(2019) reconstructed the long-term population dynamics of northern common eiders 

(Somateria mollissima) and found declines in the eider population over the 20th 

century at Canadian subarctic breeding sites.  

 

Moreover, seabird guano may be enriched in trace and heavy metals and 

metalloids, including mercury (Hg), cadmium (Cd), and zinc (Zn), depending on their 

diet. As such, guano from large nesting colonies have the potential to elevate metal 

concentrations in terrestrial and freshwater environments. For example, Dietz et al. 

(2019) found elevated concentrations of Hg in Arctic marine food web-based animals, 

and concluded that wildlife hard tissues provide consistent information about the 

onset of Hg exposure of Arctic wildlife since the late 19th century. Hence, metals have 

the potential to be used as an informative paleolimnological proxy to track past 

seabird population dynamics (e.g. Outridge et al. 2016; Davidson et al. 2018).  

 

Biological proxies, such as chironomids, diatoms, and ostracods, have also 

been used to indirectly track past seabird populations (e.g. Michelutti et al. 2009; 

Luoto et al. 2014; Stewart et al. 2019). For example, Luoto et al. (2014) studied 

subfossil chironomid and ostracod assemblages in an Arctic lake subjected to 
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fertilisation by bird guano. They found that changes in the assemblages in the 20th 

century towards lake productivity were attributed to the increasing size of the bird 

colony and climate change (Luoto et al. 2014).  

 

The use of paleolimnological proxies in earlier studies to track past bird 

populations have largely focused on the role of biological vectors in nutrient cycling 

(Blais et al. 2007). Little is known about the responses of bottom-water aquatic 

insects, like chironomids, to potential changes in oxygen levels attributed to the 

presence of biological vectors. The overall goal of my thesis is to further develop the 

use of paleolimnological proxies to indirectly understand the impact of changing 

seabird populations on freshwater environments.  

 

Leach’s Storm-Petrel 

The Leach’s Storm-Petrel (Hydrobates leucorhous Vieillot; hereafter LESP, the 

standard 4-character alpha code) is the most abundant seabird nesting in the Western 

Atlantic Ocean (Hedd et al. 2006). LESP form large congregations that release large 

amounts of nutrients into their nesting environment through their wastes in the form 

of guano, carcasses, regurgitated food, eggshells, and feathers (Signa et al. 2015), 

directly and/or indirectly affecting ecosystem functionality (Michelutti et al. 2009; 

Signa et al. 2015). The LESP is an upper-trophic predator (Hedd et al. 2009) that nests 

in burrows (Montevecchi and Tuck 1987), and deposits acidic and nutrient-rich 

wastes that may fertilise nearby ponds on the islands they inhabit (Duda et al. 2020).  

The LESP was reclassified as “Vulnerable” by the International Union for 

Conservation of Nature (IUCN) Red List in 2016, a decision based on the decline of 

numerous global colonies since the 1980s (BirdLife International 2018). The 
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proposed causes of this decline are attributed to both anthropogenic and natural 

factors. The anthropogenic influences include high concentrations of contaminants 

like Hg in seabirds (Bond and Diamond 2009), light pollution that may disrupt the 

circadian rhythm of birds and disorient their flights (Cabrera-Cruz et al. 2018), and 

collision events with offshore infrastructure like oil and gas platforms (Ronconi et al. 

2015). The natural influences include climate-related changes to marine ecosystem 

like the Atlantic Multidecadal Oscillation (Edwards et al. 2013), and long-term prey-

based relationships (Buren et al. 2015). However, it is difficult to ascertain the 

cause(s) of the decline in the LESP population without first understanding its long-

term dynamics.  

 

Bottom-water oxygen depletion 

An increase in nutrient concentration is often a key causal factor of changes in 

bottom-water oxygen concentrations in lakes (Smol 2008; Rabalais et al. 2010; Jenny 

et al. 2016). The elevated production of macrophytes, epiphytes and planktonic 

microalgae can occur when nutrient concentrations in lakes exceed their natural levels 

(Brodersen and Quinlan 2006). As excess organic matter sinks to the bottom of the 

lake and is decomposed by aerobic bacteria, the bottom-water oxygen concentration 

within the lake may become depleted (Carpenter et al. 1998; Brodersen and Quinlan 

2006; Millet et al. 2010; Rabalais et al. 2010; Belle et al. 2017). Bottom-water oxygen 

depletion can cause serious limnological issues, such as the oxygen asphyxiation, and 

the release of phosphorus from sediments via internal loading (Smol 2008). For 

instance, prolonged anoxia or hypoxia can lead to the loss of suitable bottom-water 

habitats of bottom-dwelling organisms, and subsequent shifts in trophic interactions 
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(e.g. proliferation of benthic microalgae due to the loss of chironomid grazers) 

(Rabalais et al. 2010). 

 

Bottom-water oxygen depletion is dependent on the complex interaction of a 

multitude of factors like lake morphometry, temperature, ice cover, thermal 

stratification, trophic state and input materials from the watershed (Brodersen and 

Quinlan 2006). It can also be exacerbated by climate warming (Rabalais et al. 2010; 

Belle et al. 2017), which extends warm periods of thermally stratified lakes and 

prevents the mixing and reoxygenation of water at the bottom of lakes (Rabalais et al. 

2010).  

 

Chironomids as paleolimnological indicators 

The aquatic larvae of chironomids (Diptera: Chironomindae, or non-biting midges) 

are widely distributed in freshwater systems and lake sediments (Cranston 1995; Smol 

2008). Developing from an egg, chironomids undergo four aquatic larval instars 

before pupating and emerging as an adult (Walker 2001). The length of their life cycle 

varies, with tropical species being multivoltine, and temperate species being 

univoltine or bivoltine (Walker 2001). Some chironomid taxa predominantly inhabit 

the littoral zone, while others reside in the profundal zone (Walker 2001). Most 

chironomids are detritivores, while others are grazers (on algae and bacteria) or 

burrowers (in wood or aquatic plants) (Walker 2001).  

 

Chironomids comprise one of the most abundant macroinvertebrates in 

freshwater environments (Cranston 1995; Broderson and Anderson 2002; Smol 2008). 

Chironomid assemblage composition has been shown to closely reflect the freshwater 
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environments they inhabit, making them reliable environmental indicators 

(Thienemann 1921; Broderson and Anderson 2002). This is attributed to their wide 

abundance and distribution in freshwater systems and lake sediments (Cranston 1995; 

Smol 2008), and their well-preserved chitinous head capsules that represent the 

primary component of chironomid fossils in sediments (Smol et al. 2001; Halkiewicz 

2005; Smol 2008; Belle et al. 2017). Additionally, the chitinized head capsules of 

chironomids are taxonomically diagnostic often to the species or genus level, 

revealing insights about paleolimnological conditions (Smol et al. 2001; Halkiewicz 

2005; Smol 2008).   

 

Chironomids are well-established paleolimnological indicators used to track 

environmental changes like eutrophication, oxygen conditions, pollution and climate 

change (Thienemann 1921; Walker 1995; Battarbee 2000; Smol et al. 2001). In fact, 

chironomids have been especially useful as paleolimnological indicators in inferring 

past environmental changes in water bodies in North America and Northern Europe 

(Thienemann 1921; Battarbee 2000; Smol et al. 2001). Different chironomid genera 

and species have specific ecological optima to various limnological conditions in 

aquatic environments, and in particular to oxygen concentrations (Cranston 1995; 

Holmes 2014, Brodersen et al. 2004; Verbruggen et al. 2011), as different chironomid 

species employ behavioural, morphological or physiological adaptations in oxygen-

poor conditions (Brodersen and Quinlan 2006). For example, to survive in deeper 

habitats with lower oxygen content, surviving chironomid taxa tend to have larger 

body sizes and higher haemoglobin content in their haemolymph (Panis et al. 1996). 

Some chironomid taxa also have the ability to ventilate their tubes to obtain 

oxygenated water from farther above the sediment-water interface (Heinis et al. 
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1994). Different chironomid taxa can also migrate to different habitats of the lake in 

response to changing oxygen conditions (Bazzanti et al. 1997). As such, several 

paleolimnological studies have used chironomid assemblages to reconstruct temporal 

changes in bottom-water oxygen concentrations in lakes (Walker 1995; Battarbee 

2000; Smol et al. 2001; Brodersen and Quinlan 2006; Belle et al. 2017). 

 

Initially, chironomid assemblages were sometimes used to reconstruct 

chlorophyll a and lake water phosphorus concentrations (Brodersen and Lindegaard 

1999; Brooks et al 2001; Brodersen and Quinlan 2006). High nutrient concentrations 

and bottom-water hypoxia are often closely related; however, others questioned if 

there could be a direct relationship between chironomid assemblages and, for 

example, lake water nutrients (Stewart et al. 2013; Stewart et al. 2014). Stewart et al. 

(2013) contrasted the effects of nutrient, oxygen and temperature on chironomid 

communities in shallow Arctic ponds which were both highly nutrient-enriched and 

well-oxygenated. Despite being hypereutrophic ponds, the chironomid assemblages 

mainly comprised of cold stenotherms typical of oligotrophic waters, while there was 

a low abundance of eutrophic/anoxic taxa, like Chironomus plumosus-type (Stewart et 

al. 2013). This study demonstrated that nutrient enrichment has little direct effect on 

chironomid assemblages in shallow Arctic ponds when dissolved oxygen 

concentrations are high (Stewart et al. 2013). These results were further developed by 

Stewart et al. (2014), who showed no concomitant changes in chironomid 

assemblages despite changes in diatom assemblages in response to nutrient changes in 

oxic, eutrophic sewage ponds in the High Arctic. Previous studies have shown that 

chironomids are affected by oxygen depletion from guano-induced eutrophication 

(e.g. Gagnon et al. 2013; Signa et al. 2015). 
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Reconstructing hypolimnetic oxygen using chironomids 

In light of the usefulness of chironomids to track bottom-water oxygen levels, 

chironomid-based inference models have been developed to reconstruct hypolimnetic 

oxygen conditions. This includes work by Quinlan et al. (1998) who used a surface-

sediment calibration set of central Ontario shield lakes to reconstruct the Anoxic 

Factor developed by Nürnberg (1995), which is based on the number of days per year 

in which a sediment area equal to the surface area of lake was overlain by anoxic 

waters (< 1 mg O2 L
-1). Paleolimnological studies have used the chironomid-adapted 

Anoxic Factor to quantify past anoxia resulting from cultural disturbances such as 

forest clearance and development (e.g. Clerk et al. 2000), and sewage treatment (e.g. 

Little et al. 2000).  

 

Paleolimnological inference models to reconstruct “average” hypolimnetic 

oxygen concentration have also been developed to directly track past trends in 

hypolimnetic oxygen levels (Little and Smol 2001). This measure is based on the 

average end-of-summer hypolimnetic dissolved oxygen (AvgDO(Summ)) and 

chironomid distributions in the surface sediments of 40 southeastern Ontario lakes 

(Little and Smol 2001). Reavie et al. (2006) incorporated the “average” hypolimnetic 

oxygen concentration to determine the impact of deforestation, mining and residential 

development to three southeastern Ontario lakes over the past ~150 years. The authors 

found that deforestation and mining increased lake productivity, and consequently 

reduced hypolimnetic oxygen concentrations in Round and Long lakes, while Hambly 

Lake has naturally been more productive and did not have any directional response to 

residential development (Reavie et al. 2006). 
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Finally, a chironomid-based oxygen inferenced model using end-of-summer 

volume-weighted hypolimnetic oxygen (VWHO) concentration was developed by 

Quinlan and Smol (2001). This transfer function is based on VWHO and chironomid 

distributions in the surface sediments of 86 boreal shield lakes in south-central 

Ontario. The chironomid VWHO transfer function has been successfully used by 

multiple studies to assess the long-term water quality changes in southern Ontario 

shield lakes and western Canadian lakes subjected to cultural eutrophication, acid 

rain, climate change and the invasion of exotic species (e.g. Quinlan and Smol 2001; 

Heinrichs et al. 2005; North et al. 2013). 

 

Thesis objectives 

Little is known about the effects of seabird colonies on chironomid distributions in 

temperate lakes. Hence, the overall objectives of my thesis are to investigate how 

chironomid assemblages have changed in ponds on Baccalieu Island, Newfoundland, 

Canada and Saint Pierre and Miquelon, France over the past ~1700 and ~5700 years, 

respectively, and if the nature of changes in chironomid assemblages can be attributed 

to a particular stressor, such as changes in the LESP population. This information will 

aid in understanding the long-term colony dynamics of the LESP. Each chapter 

discussed trends in chironomid assemblages in response to seabird-derived inputs as 

colony size changed.  

 

In Chapter 2, the downcore analysis of chironomid assemblages was examined 

to assess their response to seabird-induced eutrophication in Baccalieu Island, 

Newfoundland, Canada. This study examined how chironomids responded to changes 
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in bottom-water oxygen conditions resulting from seabird-derived nutrient inputs in 

ponds. 

 

Located off the east coast of Newfoundland, Canada, Baccalieu Island has the 

world’s largest known nesting colony of the LESP (Sklepkovych and Montevecchi 

1989). Based on the available survey data from 1984 and 2013, there was a recorded 

40% decline in the LESP population, from 3.36 million breeding petrel pairs to 1.95 

million pairs on Baccalieu Island (Sklepkovych and Montevechhi 1989; Wilhelm et 

al. 2019). Aside from these surveys, little is known about the long-term dynamics of 

the LESP population, as they are long-lived seabirds and there is insufficient data to 

understand how their population changes over multiple generations. Duda et al. 

(2020) reconstructed the colony dynamics of the LESP population on long-term 

timescales using a spectrum of paleolimnological techniques. Synchronous shifts in 

the paleolimnological proxies (i.e. diatoms, δ15N, ornithogenically-introduced metal 

concentrations, sedimentary chlorophyll a and cholesterol and other sterols) revealed 

that the LESP population had undergone long-term changes and that the current 

population only began to inhabit the island in sizable numbers in the early-1800s 

(Duda et al. 2020). My study will complement previous population surveying data 

since the 1980s and paleolimnological research conducted by Duda et al. (2020) to 

indirectly understand the impact of changing seabird populations on bottom-water 

environments. 

 

In Chapter 3, the downcore analyses of chironomid assemblages were 

examined to assess their response to seabird-derived inputs in Saint Pierre and 

Miquelon. Saint Pierre and Miquelon, France is home to the third largest colony of 
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LESPs in the North-western Atlantic Ocean (Lormée et al. 2012). The LESP 

population on Saint Pierre and Miquelon experienced a two-fold increase in recent 

years, with 143,000 breeding pairs of LESP surveyed in 2004 (Robertson et al. 2006), 

and 363,000 breeding pairs survey in 2008 (Lormée et al. 2012). The cause of this 

increase is unknown, and may be attributed to actual population increases or 

differences in surveying methods. Hence, there is a need for paleolimnological 

methods to reconstruct the long-term dynamics of LESP populations on Saint Pierre 

and Miquelon.  

 

Significance of study 

Although significant research has been conducted on present-day LESP populations, 

there is still a scarcity of long-term data on population dynamics (Birdlife 

International 2018), which is required to provide effective management strategies. 

Long temporal data provided by paleolimnological techniques is important for 

conservation, as it provides insights into long-term ecological changes (Birks 2012). 

Furthermore, by studying the biological, chemical and physical information stored in 

the lake sediments (Smol 2008), it is possible to better understand the lake’s responses 

to external nutrient loading caused by the LESPs. Researchers may then be able to 

track long-term population dynamics and the natural variability of the LESP over 

multiple generations. These approaches should provide conservation biologists with 

more effective and informed conservation strategies (Froyd and Willis 2008; Birks 

2012). This is especially important with seabird populations, which are predicted to 

fluctuate substantially in light of climate warming and other anthropogenic stressors 

(Jenouvrier 2013). 
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CHAPTER 2 

TRACKING LONG-TERM BOTTOM-WATER OXYGEN LEVELS LINKED 

TO PAST FLUCTUATIONS IN NUTRIENT INPUTS BY THE WORLD’S 

LARGEST COLONY OF LEACH’S STORM-PETREL ON BACCALIEU 

ISLAND, NEWFOUNDLAND AND LABRADOR 

 

Formatted for: 

Lim EJ, Duda MP, John PS. In review. Tracking long-term bottom-water oxygen 

levels linked to past fluctuations in nutrient inputs by the world’s largest colony of 

Leach’s Storm-Petrel on Baccalieu Island, Newfoundland and Labrador. J 

Paleolimnol 

 

Abstract 

Seabirds are prominent biovectors whose guano and other wastes are an important 

source of nutrients that can eutrophy terrestrial and aquatic environments surrounding 

their breeding and nesting habitats. When these ornithogenically-derived nutrients are 

introduced to waterbodies, they can indirectly deplete bottom-water oxygen 

concentrations, resulting in shifts in bottom-water invertebrate communities. In this 

paleolimnological study, we used subfossil Chironomidae (non-biting midge) 

assemblages to assess the impacts of nutrient inputs due to changes in the colony size 

of the Leach’s Storm-Petrel in ponds on Baccalieu Island (Newfoundland and 

Labrador) over the past ~1700 years. Our results indicate that chironomids tracked 

declines in bottom-water oxygen concentration in response to increased nutrient 

inputs from a growing storm-petrel colony (determined by five additional 

paleolimnological proxies) starting in the early-1800s. The chironomid assemblages 
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also responded to an increase in bottom-water oxygen concentration as the storm-

petrel colony began to decline in the 1980s. In the ponds influenced by storm-petrels, 

we observed a poorly described form of degradation in subfossil chironomids that we 

attribute to chitinolytic processes mediated by bacteria and/or fungi that thrive on 

organic matter in productive aquatic systems. This study provides complementary 

proxy data regarding bottom-water habitats for use alongside other established 

paleolimnological methods to determine the long-term population dynamics of 

seabirds.  

 

Keywords: Chironomus spp., Paleolimnology, Seabird, Conservation, Population 

dynamics, Chitin degradation 
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Introduction 

Biovectors are organisms that transport and concentrate large amounts of nutrients, 

metals, and contaminants across ecosystems via their feeding and nesting behaviours 

(Blais et al. 2007). Seabirds are important biovectors as they are typically gregarious, 

upper-trophic organisms that primarily feed in the ocean, transporting and 

concentrating marine-derived nutrients to terrestrial ecosystems where they 

congregate to nest and breed (Otero et al. 2018). Because of the protein-rich diet of 

seabirds, their waste products tend to be high in nitrogen (N) and phosphorus (P) 

(Otero et al. 2018). Further, because seabirds are globally distributed in large 

numbers, they are an important source of nutrient cycling, excreting an estimated 

3800 Gg N/y and 631 Gg P/y onto terrestrial environments globally (Otero et al. 

2018). This is equivalent to approximately 3% of deposited reactive N from fertilisers 

globally (Ngatia et al. 2019) and 18% of atmospheric P deposited through mineral 

aerosols and global flux (Penuelas et al. 2013).  

 

The Leach’s Storm-Petrel (Hydrobates leucorhous Vieillot) is the most 

abundant seabird nesting in Eastern Canada (Hedd et al. 2006), but based on available 

census data, it is in rapid decline (Birdlife International 2018). Storm-petrels form 

large congregations that release large amounts of nutrients into their nesting 

environment through their wastes in the forms of feces, carcasses, regurgitated food, 

eggshells, and feathers. Because the storm-petrel is an upper-trophic level predator 

that nests in burrows (Pollet et al. 2019), their nutrient-rich and acidic wastes fertilise 

nearby aquatic and terrestrial environments of the islands they inhabit (Duda et al. 

2020a, 2020b). As of 2016, the storm-petrel was reclassified as “Vulnerable” by the 

International Union for Conservation of Nature (IUCN) Red List, a decision based on 
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the decline of numerous global colonies of storm-petrels since the 1980s (BirdLife 

International 2018) and indicates the species is at risk of extinction without mediation.  

 

A recent paleolimnological study by Duda et al. (2020a) conducted on ponds 

influenced by the world’s largest storm-petrel colony on Baccalieu Island determined 

the long-term colony dynamics of storm-petrels over the past ~1700 years and 

suggested that the movement of storm-petrels amongst colonies may partly explain 

the declines in the storm-petrel colony size. However, anthropogenic impacts likely 

also contribute to their declines, including mercury contamination (Bond and 

Diamond 2009), light pollution (Cabrera-Cruz et al. 2018), and collisions with 

offshore infrastructure (Burke et al. 2012). Non-anthropogenic sources may also 

influence the storm-petrel population size, including climate-related changes to 

marine ecosystems such as the Atlantic Multidecadal Oscillation (Edwards et al. 

2013), long-term prey and predator-based relationships (Buren et al. 2015), or natural 

population dynamics (Duda et al. 2020a). Regardless of the driver(s) of population 

decline, an understanding of long-term population dynamics is required before best 

management and conservation practices can be implemented. 

 

In this study, we provide a detailed description of changes in chironomid 

assemblages to better understand the effects of the varying colony size of storm-

petrels on bottom-water environments on Baccalieu Island. Paleolimnological studies 

have been used to understand seabird population dynamics (Hargan et al. 2019; Duda 

et al. 2020a), successfully validating existing monitoring data or compensating for the 

lack of long-term monitoring data (Smol 2019). In paleolimnology, multiple proxies 

are required to effectively estimate complex population dynamics. Chironomid 
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assemblages are well-established and reliable indicators used to track population 

dynamics as they respond to limnological variables affected by seabird inputs like pH 

(Porinchu and MacDonald 2003) and bottom-water oxygen (Quinlan and Smol 

2001a). However, the use of chironomids have not been fully developed to reconstruct 

population dynamics, with only a few studies conducted in the High Arctic 

(Michelutti et al. 2008; Stewart et al. 2013; Luoto et al. 2014). Less is known about 

the responses of chironomids in lower latitudes or to changes in bottom-water oxygen 

levels attributed to the presence of storm-petrels.  

 

Located off the east coast of Newfoundland and Labrador (Canada), Baccalieu 

Island (48°08’N, 52°48’W; Fig. 2.1) is the site of the largest colony of Leach’s Storm-

Petrels in the North-western Atlantic (Montevecchi and Tuck 1987; Wilhelm et al. 

2019), supporting 48-59% of the global Leach’s Storm-Petrel population (Duda et al. 

2020a). Baccalieu is a small (~ 6 km2 surface area) island located ~ 64 km north of 

Saint John’s and is part of the Eastern Hyper-Oceanic Ecoregion, which is categorized 

by a rugged topography of mainly grass, heath, krummholz trees and bushes 

(Montevecchi and Tuck 1987; Wilhelm et al. 2019). Although smaller populations of 

other seabirds also nest on Baccalieu Island, they predominately inhabit the island’s 

peripheries (Montevecchi and Tuck 1987), and therefore nutrient inputs to the ponds 

located in the central parts of the island are associated chiefly to storm-petrels, which 

nest inland of the island (Duda et al. 2020a).  

 

The first population survey on Baccalieu Island in 1984 estimated 3.36 million 

breeding pairs of Leach’s Storm-Petrels (Sklepkovych and Montevecchi 1989). In 

order to protect this important seabird nesting ground, Baccalieu Island was 
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designated as an ecological reserve in 1995 (Parks and Natural Areas Division 1995). 

Despite the protection of Baccalieu Island, a subsequent ornithological survey 

conducted in 2013 recorded a ~40% decline in the storm-petrel colony to 1.95 million 

pairs (Wilhelm et al. 2019). To examine when the decline began and its potential 

drivers, Duda et al. (2020a) reconstructed the dynamics of the storm-petrel colony on 

Baccalieu Island over the past ~1700 years. Synchronous shifts in several 

paleolimnological proxies (including diatoms, δ15N, ornithogenically-introduced 

metal concentrations, sedimentary chlorophyll a and cholesterol) corroborated the 

surveys indicating declines in the storm-petrel colony on Baccalieu Island since the 

1980s, but also revealed that the colony was much smaller in the past. In fact, the 

colony size was estimated to be the highest in the 1980s compared to the last two 

millennia. The authors also described a smaller peak in the storm-petrel colony ca. 

500 CE. Aside from the study by Duda et al. (2020a), studies on the long-term 

population dynamics of storm-petrels are limited as they are logistically and 

financially intensive. Storm-petrels are also long-lived (up to 36 years old; Pollet et al. 

2019), and therefore difficult to census using traditional banding or mark-recapture 

methods. 

 

Here we tracked changes in chironomid assemblages over the past ~1700 

years from ponds on Baccalieu Island using the dated sediment cores analysed by 

Duda et al. (2020a, 2020b). We examined three ponds on Baccalieu Island (Brister, 

Lunin and Gull ponds) and a mainland reference pond to contrast varying degrees of 

storm-petrel influence (Fig. 2.1). The relative storm-petrel inputs into each pond were 

determined by measuring the area of each watershed occupied by storm-petrel nesting 

grounds (Duda et al. 2020a) to a priori categorize Lunin and Brister ponds as highly-
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influenced ponds, and Gull Pond as a moderately-influenced pond. To identify 

regional impacts such as climate, we contrasted our results to a mainland reference 

pond located ~ 6 km west of Baccalieu Island on mainland Newfoundland that is 

unimpacted by any storm-petrel-derived inputs. This reference pond was selected 

based on its close proximity to Baccalieu Island, and the similar physical features, like 

elevation, depth and surface area, it shares with the ponds on Baccalieu Island (Table 

2.1). Based on multiproxy data (Duda et al. 2020a), climate factors did not have a 

significant influence on these ponds compared to the effects of bird populations. As 

presented in Duda et al. (2020a), Lunin and Brister ponds were considered 

hypereutrophic, with elevated production-related variables (total dissolved 

phosphorus (TP), total dissolved nitrogen (TN), chlorophyll a), and were nitrogen 

limited (TP : TN < 20; Guildford and Hecky 2000), compared to the mainland 

reference pond (Table 2.1). This ornithogenic eutrophication likely drove a decline in 

bottom-water oxygen concentration. All study ponds were considered shallow (range 

= 1.5 – 6 m maximum depth) and acidic (pH range = 4.0 – 5.6; mean = 4.6) (Table 

2.1).  

 

Our data complement ornithological survey data from 1984 and 2013, and the 

Duda et al. (2020a, 2020b) paleolimnological studies by providing a more holistic 

examination of the effects of the colony dynamics of storm-petrels on bottom-water 

aquatic environments on Baccalieu Island. Specifically, this study examined 

responses of chironomid assemblages to past changes in the storm-petrel colony size 

and their nutrient inputs in shallow, acidic, temperate ponds. Long-term data, such as 

those provided by this study, are required to develop effective management strategies 

for the numerous in-decline seabird taxa. 
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Methods 

i) Field methods 

The sediment cores from Lunin Pond (core length: 39 cm), Brister Pond (28 cm), Gull 

Pond (31 cm) and the mainland reference pond (11 cm) were collected between 13 – 

17 September 2017, as detailed in Duda et al. (2020a). Sediment cores were retrieved 

using a push corer specifically developed for retrieving sediment from shallow water 

environments (Glew and Smol 2016). Cores were retrieved from the deepest point of 

the pond (as determined by a handheld depth sounder) as this area typically archives 

the most complete sediment profile representing the overall limnological changes of 

the pond (Smol 2008). Next, the sediment cores were sectioned on-site at 0.5 cm 

intervals using a Glew (1989) extruder. The sediments were then transported from the 

field sites to the Paleoecological Environmental Assessment and Research Laboratory 

(PEARL) at Queen’s University, where they were freeze-dried. 

 

ii) Laboratory methods  

A detailed description of our sediment dating procedures are available in Duda et al. 

(2020a). Briefly, we used 210Pb gamma spectrometry to estimate the age of recent 

sediments using a constant rate of supply (CRS) model (Appleby and Oldfield 1978). 

Also, we used accelerator mass spectrometry (AMS) radiocarbon dating on a 

terrestrial stem fragment retrieved from the 38-38.5 cm interval sediment core from 

Lunin Pond to estimate the basal age of our longest core. The 14C date of the sample 

was then calibrated using the IntCal13 calibration curve, and the remaining dates were 

extrapolated using a smooth spline in the package CLAM v.2.3.2 (Blaauw and 

Christen 2011) in R v.3.6.0. We extrapolated the basal age of the sediment cores from 
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Brister and Gull ponds using a second-order polynomial regression from the 210Pb 

curve, and therefore these dates should be viewed with caution.  

 

Chironomid subsamples were prepared following the laboratory techniques 

described in Walker (2001). Briefly, 80 ml of 5% KOH was added to 0.1 g to 4.9 g 

(dry weight) of each sample, and the solution was heated at 80oC for 30 minutes to 

deflocculate the sediments and digest excess organic matter. Next, we passed each 

sample through a 100 µm sieve, washed it with deionised water, and backwashed the 

sievings into sample pots. Several drops of 95% ethanol were added to each sample 

for preservation. We performed chironomid counts along four transverses per tray on 

the grooved Perspex (Bogorov) sorter; one pass focusing on the surface of the liquid 

and one pass focusing on the bottom of the tray. The passes were repeated after 

mixing the entire subsample and allowing it to settle. As recommended by Quinlan 

and Smol (2001b), at least 50 chironomid head capsules were identified from each 

interval. All chironomid head capsules were picked using fine forceps with a Nikon 

SMZ645 stereoscopic zoom microscope at 25 – 40 magnification, placed on a glass 

coverslip with their ventral sides facing upward, and mounted on a microscope slide 

using Entellan®. The chironomid head capsules were identified at 100 – 400 

magnification under a Leia DM2500 optical microscope, using standard identification 

manuals and the taxonomy from Cranston (2010) and Anderson et al. (2013). All 

chironomids were identified to the genus level and photographed. We counted 

complete head capsules or head capsules with more than half a mentum as one, and 

capsules with half a mentum as half. Head capsules with less than half a mentum were 

omitted. As is common practice (Heiri and Lotter 2003; Urrutia et al. 2010; Williams 

et al. 2012; Thienpont et al. 2015), the following taxa were combined due to their 
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similar morphology and/or poor preservation: Corynoneura/Thienemaniella spp., 

Cricotopus/Orthocladius spp., Limnophyes/Paralimnophyes spp., and 

Smittia/Parasmittia spp. The combined taxa also share similar ecological 

characteristics. Members of the tribe Tanytarsini were also grouped together due to 

poor preservation of identifying features (Brooks et al. 1997). A complete list of 

chironomids from each pond is available in the Appendix A. 

 

iii) Data analysis  

Chironomid assemblage data were expressed as relative abundances. The diversity of 

chironomids was calculated using Hill’s N2, which is a measure of the effective 

number of species, while downweighting the rare taxa (Hill 1973). Stratigraphic 

diagrams of chironomid assemblages were constructed for each site using the program 

C2 (Juggins 2007). Included in each stratigraphy are chironomid genera that appear in 

at least one sample depth with ≥ 10% relative abundance. Major assemblage zones 

were identified using a constrained incremental sum of squares (CONISS) (Grimm 

1987) on all observed taxa in R Studio v.1.0.136 (RStudio Team 2015). 

 

A chironomid-based volume-weighted hypolimnetic oxygen (VWHO) 

reconstruction was conducted using the chironomid assemblages from all the ponds 

using a training (also known as calibration) set from Quinlan and Smol (2001a). 

However, due to the high dissimilarity indices and negative oxygen reconstructed 

oxygen values, the chironomid-based VWHO was omitted from further interpretation. 

Instead, qualitative interpretations based on the known ecological optima of key taxa 

were used for interpretations. The high dissimilarity indices could be explained by 

differences in morphology of the ponds examined and those reported in Quinlan and 
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Smol (2001a). Unlike the lakes used in the training set by Quinlan and Smol (2001a), 

the ponds in this study are shallow and acidic (Table 2.1). 

 

iv) Chironomid degradation 

When analysing chironomid head capsules from the ponds, we observed what we 

believe was a hitherto undescribed form of degradation in some chironomid head 

capsules (Fig. 2.6). The degradation was unlike typical degradation observed in 

chironomid head capsules, such as the loss of parts of the head capsule or its 

identifying features (Velle et al. 2005). To explore whether seabird-derived nutrients 

enhanced the level of degradation, we quantified the percent degradation of 

chironomid head capsules. As it would be unrealistic and time consuming to measure 

degradation of every head capsule, we measured the amount of degradation on 20% of 

randomly selected chironomids per sample from all ponds as representative sample 

degradation. Given the low number of chironomids retrieved in the mainland 

reference pond, all picked head capsule were analysed. The percent degradation for 

each chironomid head capsule was determined using ImageJ, a Java-based image 

processing program (Abràmoff et al. 2004). The full visible areas and degraded areas 

of each chironomid head capsule were manually demarcated in the program. 

Traditional statistics were omitted from the analyses due to the complexity of the 

dataset, such as temporal autocorrelation and non-parametric distribution. 

 

Results 

Across all storm-petrel influenced ponds, there were no notable changes in the head 

capsule concentration in the presence of a larger population of storm-petrels (Fig. 2.2-

2.4). In the presence of a larger storm-petrel colony, the average head capsule 
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concentrations decreased by 13 and 61 head capsules per gram dry weight in Lunin 

and Brister ponds, respectively (Fig. 2.2, 2.3). Conversely, in Gull Pond, the average 

head capsule concentration increased by 168 head capsules per gram dry weight in the 

presence of a larger storm-petrel colony (Fig. 2.4). 

 

Lunin Pond 

A total of 1137.5 chironomid head capsules from 22 genera were identified in the 39-

cm long sediment core retrieved from Lunin Pond (Fig. 2.2; Appendix A). The pond 

was dominated by the subfamily Chironomidae (71.4% relative abundance) followed 

by Orthocladiinae (28.3%). The majority of chironomid genera consist of 

Microtendipes spp. (33.1%) and Tanytarsini spp. (19.6%) (Fig. 2.2). Head capsule 

concentration ranged from 113 to 179 head capsules per gram dry weight (Fig. 2.2). 

Below, we describe overall trends based on the zones identified using a full 

chironomid assemblage CONISS (Grimm 1987). The significant breaks are 

demarcated in brackets.   

 

Zone L2 (0 – 7.25 cm; ~1990 – 2017 CE) 

From the late-1900s until present, when the storm-petrel colony was at its largest size 

in the last ~1700 years (Duda et al. 2020a), the head capsule concentration ranged 

from 172 to 1193 head capsules per gram dry weight (Fig. 2.2). Microtendipes spp. 

was the most abundant taxon (39.1% relative abundance), followed by Chironomus 

spp. (22.3%) (Fig. 2.2). In this zone, Hill’s N2 diversity was lower (mean = 4.21) than 

in Zone L1 (Fig. 2.2). 
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Zone L1 (7.25 – 38.25 cm; ~350 CE – 1990 CE) 

Before the late-1990s, when the storm-petrel colony size was smaller than in Zone L2 

and there was less nutrient input in Lunin Pond (Duda et al. 2020a), the head capsule 

concentration ranged from 131 to 236 head capsules per gram dry weight (Fig. 2.2). 

Microtendipes spp. was the most abundant taxon (31.6% relative abundance). There 

was a significant notable decline in Chironomus spp., and an increase in Brillia spp., 

Cricotopus/Orthocladius spp., Dicrotendipes spp., and Heterotrissocladius spp. (Fig. 

2.2). The relative abundance of Tanytarsini spp. was similar between Zones L1 and 

L2 (Fig. 2.2). In this zone, Hill’s N2 diversity was at its highest (mean = 6.15) (Fig. 

2.2).  

 

Brister Pond 

A total of 874 chironomid head capsules were identified from 20 chironomid genera 

in the 28 cm-long sediment core retrieved from Brister Pond (Fig. 2.3; Appendix A). 

The profile was dominated by the subfamily Chironomidae (74.0% relative 

abundance) followed by Orthocladiinae (26.0%). The majority of chironomids 

consisted of Microtendipes spp. (29.1%) and Tanytarsini spp. (22.8%) (Fig. 2.3).  

 

Zone B2 (0 – 17.25 cm; ~1730 – 2017 CE) 

When the storm-petrel colony was large (Duda et al. 2020a), the head capsule 

concentration was lower in Zone B2, ranging from 109 to 257 head capsules per gram 

dry weight (Fig. 2.3). Microtendipes spp. was the most abundant taxon (32.4% 

relative abundance) (Fig. 2.3). The relative abundances of most taxa were relatively 

stable, with the exception of Glyptotendipes spp., which decreased down the core and 
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became absent below 12.25 cm (Fig. 2.3). Hill’s N2 diversity was lower in this zone 

compared to Zone B1, with an average of 5.57 (Fig. 2.3).  

 

Zone B1 (17.25 – 26.25 cm; ~1380 – 1730 CE) 

When the storm-petrel colony size was smaller, based on colony dynamics determined 

by Duda et al. (2020a), the head capsule concentration ranged from 114 to 403 head 

capsules per gram dry weight and was generally higher than Zone B2 (Fig. 2.3). Head 

capsule concentrations increased and peaked at 20.25 cm before declining thereafter. 

Microtendipes spp. was also the most abundant taxon (22.4% relative abundance) 

(Fig. 2.3). Tanytarsini spp. had a consistent relative abundance in Zones B1 and B2, 

but there was an increase in Cricotopus/Orthocladius spp. and Heterotrissocladius 

spp. (Fig. 2.3). Conversely, Chironomus spp. and Glyptotendipes spp. were mostly 

absent (Fig. 2.3). In this zone, Hill’s N2 diversity was stable and high, with an 

average of 6.76 (Fig. 2.3). 

 

Gull Pond 

A total of 883 chironomid head capsules from 17 chironomid genera were identified 

in the 31 cm-long sediment core retrieved from Gull pond (Fig. 2.4; Appendix A). 

The pond was dominated by the subfamily Chironomidae (70.9% relative abundance) 

and Orthocladiinae (29.1%) (Fig. 2.4). The majority of chironomids consisted of 

Tanytarsini spp. (31.0%) and Microtendipes spp. (27.2%) (Fig. 2.4).  

 

Zone G2 (0 – 7.25 cm; ~1920 – 2017 CE) 

When the storm-petrel colony was large after the early-1900s (Duda et al. 2020a), the 

head capsule concentration was highest in Zone G2, ranging from 235 to 360 head 
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capsules per gram dry weight, where it peaked at 4.25 cm (Fig. 2.4). Microtendipes 

spp. was the most abundant taxon (44.2% relative abundance), followed by 

Tanytarsini spp. (29.5%) (Fig. 2.4). Despite having a low relative abundance of < 

10%, Glyptotendipes spp. was included in the stratigraphy due to its increasing 

abundance in Zone G2 (Fig. 2.4). The average Hill’s N2 diversity was 3.30 (Fig. 2.4).  

 

Zone G1 (7.25 – 30.25 cm; ~930 – 1920 CE) 

When the storm-petrel colony size was smaller (Duda et al. 2020a), the head capsule 

concentration ranged from 73 to 277 head capsules per gram dry weight, the head 

capsule concentration was lower in Zone G1 compared to Zone G2 (Fig. 2.4). There 

was an abundance of Tanytarsini spp. (31.6% relative abundance), which maintained 

consistent relative abundances in Zones G1 and G2 (Fig. 2.4). In comparison to Zone 

G2, the relative abundance of Microtendipes spp. decreased, while that of 

Cricotopus/Orthocladius spp., Heterotrissocladius spp., and Dicrotendipes spp. 

increased (Fig. 2.4). Glyptotendipes spp. was rarely encountered (Fig. 2.4). The Hill’s 

N2 diversity was highest in this zone compared to the rest of the core, with an average 

of 4.82 (Fig. 2.4). 

 

Mainland Reference Pond 

A total of 244.5 chironomid head capsules from 17 chironomid genera were identified 

in the 11 cm-long sediment core retrieved from the mainland reference pond (Fig. 2.5; 

Appendix A). The pond was dominated by the subfamily Chironomidae (63.6% 

relative abundance) and Orthocladiinae (36.8%) (Fig. 2.5). The majority of 

chironomids consisted of Tanytarsini spp. (17.4%) and Cricotopus/Orthocladius spp. 

(15.3%) (Fig. 2.5). 1.33 g to 4.91 g (dry weight) of sediment was digested per sample 
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in the mainland reference pond. However, head capsule concentrations were very low, 

ranging from 1 to 39.8 head capsules per gram (dry weight) (Fig. 2.5). As such, all 

other intervals, except 10.75 cm, were combined with their adjacent sample (e.g. 1.0-

1.5 cm combined with 1.5-2.0 cm, 2.0-2.5 cm combined with 2.5-3.0 cm, etc.). 

Despite combining intervals, there were insufficient counts in these samples to reach 

the minimum count of 50 head capsules. 

 

Chironomid degradation 

We described the observed degradation in many of the chironomid head capsules 

recovered from Baccalieu Island as a radial hollowing of chitin, with extended 

branching patterns (Fig. 2.6). Across all the study ponds, the average degradation of 

all taxa was 1.4% ± 1.3 SD (Appendix B). Overall, taxa that were highly degraded 

included Heterotrissocladius spp., Microtendipes spp., Dicrotendipes spp. and 

Cricotopus/Orthocladius spp. We observed no trends that suggested taxa-specific 

degradation. 

 

When there was a larger storm-petrel colony after the 1800s (Duda et al. 

2020a), Gull Pond had the highest total degradation (average degradation = 2.9%), 

followed by Lunin Pond (1.5%) and Brister Pond (1.5%) (Appendix B). The average 

degradation was greater in the presence of a larger storm-petrel colony in all the 

ponds, except Lunin Pond. Across Lunin, Brister and Gull ponds, the chironomids 

with high average degradation when there was a larger storm-petrel colony were 

Heterotrissocladius spp., Microtendipes spp. and Dicrotendipes spp.  
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When there was a smaller storm-petrel colony before the 1800s, Lunin Pond 

had the highest total degradation (average degradation = 2.7%), followed by Gull 

Pond (1.5%), Brister Pond (0.9%) and the mainland reference pond (0.4%) (Appendix 

B). Across all the ponds, the chironomids with high average degradation when there 

was a smaller storm-petrel colony are Heterotrissocladius spp., Microtendipes spp. 

and Cricotopus/Orthocladius spp.  

 

Discussion 

Chironomid assemblages 

Across all the study sites, we observed shifts in the chironomid assemblages that 

correspond to the timing of changes in the storm-petrel colony on Baccalieu Island 

determined by Duda et al. (2020a). As such, chironomid assemblages predominantly 

tracked changes in bottom-water oxygen conditions related to fluctuations in storm-

petrel-derived nutrient inputs over the past ~1700 years and suggest that chironomids 

can be an effective proxy to reconstruct past seabird colony. These nutrient inputs 

increased the overall primary production of ponds on Baccalieu Island (Duda et al. 

2020a) (Table 2.1), and subsequently decreased bottom-water oxygen and pH within 

the ponds. The changes in chironomid assemblages were also consistent with the 

degree of storm-petrel inputs into the ponds, with the highly-influenced Lunin and 

Brister ponds experiencing a greater decline in bottom-water oxygen conditions than 

the moderately-influenced Gull Pond when there was a larger storm-petrel colony. 

 

Despite being shallow systems (maximum depth = ~ 5 m), we associated the 

observed changes in chironomid assemblages to bottom-water oxygen depletion from 

storm-petrel derived eutrophication. This is corroborated by the elevated production-
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related variables including TP, TN,  TP : TN ratios, and chlorophyll a values of the 

storm-petrel-influenced ponds compared to the mainland reference pond (Table 2.1). 

The high TP (> 100 µg/L), chlorophyll a levels and TP : TN ratios of Lunin and 

Brister ponds indicate that these ponds are hypereutrophic and nitrogen limited (TP : 

TN < 20; Guildford and Hecky 2000) compared to the mainland reference pond 

(Table 2.1).  

 

In the highly influenced Brister and Lunin ponds, the chironomid assemblages 

were dominated by taxa associated with low oxygen and pH optima in the presence of 

a large storm-petrel colony on the island (Duda et al. 2020a). For example, we 

measured a 20% and 10% increase in Chironomus spp. in Brister and Lunin ponds, 

respectively, after the early-1900s, when there was a large storm-petrel colony on the 

island (Fig. 2.2, 2.3). Chironomus spp. are associated with periods of anoxia and 

acidity (Porinchu and MacDonald 2003). Longer periods of low bottom-water oxygen 

concentrations can be linked to eutrophication (Foley et al. 2012), which we associate 

with the deposition and decomposition of storm-petrel-derived nutrient inputs into the 

ponds. The acidic storm-petrel guano (pH = 5.86 ± 0.66 SD; Duda et al. 2020a) would 

result in a decline in the pH of the ponds. Chironomus spp. are also associated with 

acidic lakes (Porinchu and MacDonald 2003) as they possess a greater concentration 

of haemoglobin that increases their buffering capacity (Jernelöv et al. 1981). 

 

In Brister and Gull ponds, we observed a 4% increase in Glyptotendipes spp. 

after the early-1900s when the storm-petrel colony size was large (Fig. 2.3, 2.4). 

Similar to Chironomus spp., Glyptotendipes spp. are capable of thriving in low 

bottom-water oxygen concentrations (Quinlan and Smol 2001a). The increase in these 
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taxa also indicate declining bottom-water oxygen levels linked to an increase in 

storm-petrel colony on Baccalieu Island after the mid-1900s.  

 

In Lunin, Brister, and Gull ponds, we observed a synchronous decrease in 

Cricotopus/Orthocladius spp. and Heterotrissocladius spp. (Lunin Pond by 6%  

relative abundance, and by 8%, respectively; Brister Pond: 7% and 7%; Gull Pond: 

7% and 9% ) after the early-1900s when there was a large storm-petrel colony on 

Baccalieu Island (Fig. 2.3-2.5). Cricotopus/Orthocladius spp. are intolerant of 

pollution, rarely surviving low dissolved oxygen conditions below 6 mg/L (Arimoro 

et al. 2007) and pH beyond the range of 5.8 – 6.4 (Boggero et al. 2006). 

Heterotrissocladius spp. are acid-tolerant and typically associated with well-

oxygenated, oligotrophic conditions (Porinchu and MacDonald 2003; Nazarova et al. 

2017). The decrease in these taxa suggest declines in pH and bottom-water oxygen 

driven by seabird-derived eutrophication of these ponds from a larger storm-petrel 

colony. 

 

In the mainland reference pond, Cricotopus/Orthocladius spp. and 

Heterotrissocladius spp. were present (Fig. 2.5), suggesting well-oxygenated 

conditions attributed to low lake productivity (Arimoro et al. 2007; Porinchu and 

MacDonald 2003). However, due to its low chironomid counts, the ecological 

interpretations of the mainland reference pond were made with caution. We associate 

the low chironomid counts in the mainland reference pond to unproductive systems 

that limit chironomid production, as has also been noted by Stewart et al. (2013) in 

similarly unproductive High Arctic ponds. 
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When there was a larger storm petrel colony on Baccalieu Island, the shifts in 

chironomid taxa from the storm-petrel-influenced ponds suggest a decrease in bottom-

water oxygen conditions linked to ornithogenically-induced eutrophication. 

Chironomids respond primarily to changes in oxygen concentrations within the ponds 

subjected to acidic and nutrient-rich storm-petrel-derived waste. However, other 

environmental factors, such as declining pH due to the acidic feces of storm-petrels, 

may also have a degree of influence on the chironomid assemblages. For example, 

Jernelöv et al. (1981) showed that the Chironomus spp. are more competitive under 

acidic conditions due to the high buffering capacity of their hemolymph. 

 

The CONISS breaks based on changes in chironomid assemblages were 

delayed in timing compared to those derived from diatoms in Duda et al. (2020a) (Fig. 

2.2-2.4). Diatom taxa, like Asterionella ralfsii var. americana and Fragilaria exigua, 

are associated with low pH environments linked to storm-petrel-derived inputs (Duda 

et al. 2020a). The delayed responses in chironomid assemblages are likely associated 

with the subsequent changes in bottom-water oxygen compared to the rapid changes 

typically recorded in diatoms assemblages linked to direct changes in water chemistry 

parameters by storm-petrel inputs, such as nutrients and pH. Moreover, the smaller 

peak in the storm-petrel colony at ~500 CE (Duda et al. 2020a) was not detected by 

the chironomid assemblages as the changes in oxygen concentrations from this earlier 

storm-petrel colony was likely not large enough to be detected by the bottom-water 

chironomid assemblages. It is likely that the rate of deoxygenation in the storm-petrel 

influenced ponds was less than the rate of reoxygenation. Chironomid assemblages 

responded slower to the decline in bottom-water oxygen levels when there was a 

larger storm-petrel colony on the island. Conversely, chironomid assemblages 
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responded more rapidly when the ponds were reoxygenated, evident from the shift in 

chironomid assemblages that tracked declines in the storm-petrel colony after the 

1980s.  

 

Across all the storm-petrel-influenced ponds, the average diversity (measured 

by Hill’s N2) was lower in the presence of a larger storm-petrel colony (Fig. 2.2-2.4). 

In hypoxic or anoxic bottom-water conditions, the available ecological niche limits 

habitat to chironomid taxa to those that possess behavioural, morphological and 

physiological adaptations to low oxygen conditions (Brodersen and Quinlan 2006). 

For example, chironomid taxa that survive in deeper habitats with lower oxygen 

content tend to have larger body sizes and higher haemoglobin content in their 

haemolymph (Paniss et al. 1996). Some chironomid taxa also have the ability to 

ventilate their tubes to obtain oxygenated water from farther above the sediment-

water interface (Heinis et al. 1994). 

 

Chironomid degradation 

We present evidence of elevated levels of chironomid degradation in the storm-petrel-

impacted ponds (average degradation = 1.9% ± 1.2 SD) compared to the mainland 

reference pond (0.4% ± 1.0 SD), as well as elevated levels of chironomid degradation 

in the presence of a larger storm-petrel colony across all the seabird-impacted ponds 

(1.1% vs 0.04%). We associate these trends in chironomid degradation to the 

hypereutrophic and acidic aquatic conditions resulting from storm-petrel colonisation.  

 

In aquatic environments, bacteria and fungi are capable of degrading chitin 

through chitinolysis (i.e. depolymerisation of chitosan) or deacetylation (i.e. removal 
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of an acetyl group from a molecule) (Gooday 1990a). Productive aquatic systems, 

such as those on Baccalieu Island, support the growth of bacteria and fungi as they are 

able to colonise and degrade the organic matter from eutrophication (Wurzbacher et 

al. 2010). This may explain the greater degradation observed in the storm-petrel-

impacted ponds compared to the mainland reference pond.  

 

Chitinolytic bacteria, like Serratia, Chromobacterium, Pseudomonas, and 

Flavobacterium, have been identified as mediators of chitin degradation in aquatic 

systems (Gooday 1990b; Wurzbacher et al. 2010). Importantly, highly productive 

aquatic systems, such as the ponds in this study, support the growth of bacteria, as the 

organic matter from eutrophication is colonised and degraded by bacteria 

(Wurzbacher et al. 2010). Fungi can also degrade chitin. Fungi exist in lentic 

environments (Wurzbacher et al. 2010) and are important chitinoclastic agents (Beir 

and Bertilsson 2013) capable of degrading anthropogenic and natural polymers in 

arthropod skeletons (Wurzbacher et al. 2010). Moreover, dense fungal colonies have 

also been observed on chitinous zooplankton carapaces (Wurzbacher et al. 2010). 

Given the low pH of Lunin (4.64), Brister (4.00) and Gull (4.25) ponds, and the 

abundance of fungal spore and hyphae in these ponds (Duda et al. 2020b), it is 

possible that fungi were favoured over bacteria in the degradation of chironomid head 

capsules (Wurzbacher et al. 2010).  

 

The literature pertaining to subfossil chironomid degradation is limited and 

requires further study to resolve the source of the observed degradation. Though rare, 

the understanding of chironomid degradation is important as it could affect the 

interpretation of ecological data in paleolimnology; however, in most cases, chitin 



51 
 

remains are not degraded in the manner reported here. Fortunately, in this study, the 

taxonomic features of chironomids were sufficiently well-preserved, such that they 

could still be identified to the genus level. 

 

Conclusions 

The lack of long-term population monitoring data for many species hinders the 

development of effective management and conservation strategies. Paleolimnological 

approaches can provide insights on the population dynamics of seabirds, but to be 

truly effective, multiple corroborative proxies are necessary. In this study, our 

chironomid data provides a reconstruction of changes to bottom-water habitats linked 

to the long-term dynamics of storm-petrels. These data complement ornithological 

survey data from 1984 and 2012, and the paleolimnological research conducted by 

Duda et al. (2020a, 2020b) by providing a holistic examination of the effects of storm-

petrel population dynamics on bottom-water aquatic environments. Long-term 

temporal perspectives are critical for the development of more effective and informed 

conservation strategies (Birks 2012). Such data are especially important to establish 

the baseline population dynamics of seabirds, particularly in light of significant 

fluctuations in seabird populations that are predicted to occur in response to the 

effects of climate warming and other anthropogenic stressors (Jenouvrier 2013). 
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Tables 

Table 2.1 Key limnological variables of the study ponds, organised by degree of storm-petrel inputs, as described in Duda et al. (2020). Total 

unfiltered phosphorus is expressed as TP; total dissolved nitrogen is expressed as TN (Duda et al. 2020a) 

Pond 

Storm-Petrel 

input 

Latitude Longitude pH 

Chlorophyll a 

(µg/L) 

TN 

(µg/L) 

TP 

(µg/L) 

TN : TP 

ratio 

Lunin Pond High 48°8'27.12"N 52°48'02.33"W 4.6 5.4 890 125 7.1 

Brister Pond High 48°7'22.21"N 52°48'02.77"W 4.0 2.4 1390 138 10.1 

Gull Pond Moderate 48°6'45.64"N 52°48'11.48"W 4.3 1.4 658 26.6 24.7 

Mainland Reference Pond Reference 48°6'00.07"N 52°51'44.69"W 5.6 < 0.1 256 12.0 42.0 
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Figures captions 

Figure 2.1 Locations of the study ponds in Newfoundland and Labrador. Inset map of 

the study sites in relation to Newfoundland, with the red square box representing the 

location of Baccalieu Island. On Baccalieu Island, A represents the highly-influenced 

Lunin Pond, B is the highly-influenced Brister Pond, and C is the moderately-

influenced Gull Pond. Approximately 6 km west of Baccalieu Island is the mainland 

reference pond, identified as D.  

 

Figure 2.2 Stratigraphic diagrams of the relative abundances (%) of chironomid taxa 

from Lunin Pond. Grey shaded areas demarcate periods of increased storm-petrel 

abundance (Duda et al. 2020a). In dark grey is the larger colony size and in the lighter 

shade is the smaller colony size. Dotted lines demarcate chironomid-inferred zones. 

Only chironomid taxa that appeared in at least one sample depth with a relative 

abundance of ≥ 10% were included in the stratigraphic diagrams. Dates in italics are 

extrapolated and should therefore be interpreted with caution.  

 

Figure 2.3 Stratigraphic diagrams of the relative abundances (%) of chironomid taxa 

from Brister Pond. Grey shaded areas demarcate periods of storm-petrel abundance 

(Duda et al. 2020a). Dotted lines demarcate chironomid-inferred zones. Only 

chironomid taxa that appeared in at least one sample depth with a relative abundance 

of ≥ 10% were included in the stratigraphic diagrams. Dates in italics are extrapolated 

and should therefore be interpreted with caution. 

 

Figure 2.4 Stratigraphic diagram of the relative abundances (%) of chironomid taxa 

from Gull Pond. Grey shaded areas demarcate periods of storm-petrel abundance 



64 
 

(Duda et al. 2020a). Dotted lines demarcate chironomid-inferred zones. Only 

chironomid taxa that appeared in at least one sample depth with a relative abundance 

of ≥ 10% were included in the stratigraphic diagrams. Dates in italics are extrapolated 

and should therefore be interpreted with caution. 

 

Figure 2.5 Stratigraphic diagram of the relative abundances (%) of chironomid taxa 

from the mainland reference pond. White bars refer to sample depths with < 50 

chironomid head capsules and therefore must be interpreted with caution. Only 

chironomid taxa that appeared in at least one sample depth with a relative abundance 

of ≥ 10% were included in the stratigraphic diagrams. Dates in italics are extrapolated 

and should therefore be interpreted with caution. 

 

Figure 2.6 Photographs illustrating the degradation of chironomid head capsules from 

sediment cores from Baccalieu Island, Newfoundland. A-C, Microtendipes spp; D, 

Dicrotendipes sp; E-F, Tanytarsini spp; G-I, Heterotrissocladius spp. 
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CHAPTER 3 

TRACKING LONG-TERM CHANGES IN CHIRONOMID ASSEMBLAGES 

LINKED TO THE LIMNOLOGICAL IMPACTS OF A LEACH’S STORM-

PETREL COLONY ON GRAND COLOMBIER ISLAND, SAINT PIERRE 

AND MIQUELON ARCHIPELAGO 

 

 

Abstract  

Colonial seabirds such as the Leach’s Storm-Petrel transport substantial amounts of 

marine-derived inputs to their nesting and breeding habitats. In aquatic environments, 

these ornithogenic-derived inputs result in multiple limnological changes that can be 

tracked by shifts in bottom-water invertebrate communities. In this paleolimnological 

study, we used subfossil Chironomidae (non-biting midge) assemblages and stable 

isotopes of nitrogen (δ15N) to track past trends in the storm-petrel colony on Grand 

Colombier Island (Saint Pierre and Miquelon, an overseas territory of France) over 

the past ~5700 years. Despite global declines in the storm-petrel population, 

ornithological surveys suggest that there has been a two-fold increase in the storm-

petrel colony size on Grand Colombier Island between 2004 and 2008, although 

different methodologies were employed for the two surveys. Synchronous shifts in the 

paleolimnological proxies indicate that the storm-petrel colony on Grand Colombier 

Island may have fluctuated over the past ~5700 years, and experienced declines since 

ca. 1800. Conversely, during a similar time period, a mainland reference pond that is 

not influenced by storm-petrels experienced higher oxygen conditions, as qualitatively 

inferred by chironomids and lower δ15N values. In light of the limited information on 

the population dynamics of seabirds, long-term paleoenvironmental data are important 

for the development of more effective and informed conservation and management 
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strategies. Based on our results, we suggest that Grand Colombier Island, if properly 

protected, has the potential to support a larger seabird colony as it did in the past.   

 

Keywords: Chironomus spp., Paleolimnology, Seabird, Conservation, Population 

dynamics, Chitin degradation 
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Introduction 

Seabirds are biovectors capable of transporting substantial amounts of nutrients, 

metals, and potentially contaminants from marine environments to terrestrial 

environments via their feeding and nesting behaviours (Blais et al. 2007; Michelutti et 

al. 2008). Seabird colonies are important contributors to nitrogen and phosphorus 

cycling (Otero et al. 2018) because of their tendency to congregate in large numbers, 

of their global distribution, and of their nutrient-rich waste products (Otero et al. 

2018). Seabird-derived nutrient inputs can increase primary production in many 

coastal and inland locations (Blais et al. 2007; Otero et al. 2018) and elevate the 

production of biomass in ponds (Duda et al. 2020a). These nutrient inputs can alter a 

multitude of limnological conditions, such as pH (Duda et al. 2020a), oxygen 

conditions (Smith and Schindler 2009; Stewart et al. unpublished) and metal(loid) 

concentrations (Michelutti et al. 2011). 

 

The Leach’s Storm-Petrel (Hydrobates leucorhous Vieillot 1818; hereafter 

referred to as storm-petrel) is the most abundant seabird nesting in the Western 

Atlantic Ocean (Hedd et al. 2009). Since storm-petrels nest in large congregations, 

their colonies deposit large amounts of nutrient-rich waste (as acidic guano, carcasses, 

regurgitated food, eggshells, feathers) onto their nesting habitats, and thus fertilize 

nearby ponds and terrestrial environments of the islands they inhabit (Duda et al. 

2020a, 2020b).  

 

Following the declines of numerous global colonies of storm-petrels since the 

1980s (BirdLife International 2018), the storm-petrel was reclassified as “Vulnerable” 

by the International Union for Conservation of Nature’s (IUCN) Red List in 2016. 
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This global decline has been attributed to an array of anthropogenic and non-

anthropogenic causes, including mercury contamination (Elliott et al. 1992; Bond and 

Diamond 2009), light pollution that disrupts the circadian rhythm and orientation of 

birds in flight (Montevecchi 2006; Cabrera-Cruz et al. 2018), collisions with offshore 

infrastructure (Burke et al. 2012; Ellis et al. 2013; Ronconi et al. 2015), intercolonial 

movement (Duda et al. 2020a), predator-prey based relationships (Bicknell et al. 

2012; Buren et al. 2015), and global scale phenomena, such as the Atlantic 

Multidecadal Oscillation (Edwards et al. 2014). However, it is difficult to ascertain 

the main cause(s) of the putative population declines as long-term data on the global 

storm-petrel population are limited. As such, understanding the long-term dynamics 

of storm-petrel populations provide insights into the driver(s) of population decline 

and aids in the development of management and conservation strategies for this 

vulnerable species.  

 

Located off the south coast of Newfoundland, Grand Colombier Island 

(46°49'22.1"N, 56°10'49.5"W; Fig. 3.1) is part of the French overseas territory of 

Saint Pierre and Miquelon. Grand Colombier Island is the site of the third largest 

colony of storm-petrels in the North-western Atlantic (Lormée et al. 2012). According 

to previous ornithological surveys, there were approximately 178,000 and 143,000 

breeding pairs of storm-petrels on Grand Colombier Island in the late-1980s and in 

2004, respectively (Desbrosses and Etcheberry 1989; Robertson et al. 2006). In 

contrast to global declines in the storm-petrel population, Lormée et al. (2012) 

estimated a two-fold increase in the Grand Colombier Island storm-petrel colony to 

363,000 breeding pairs in 2008. This recent increase in the storm-petrel colony size 

was attributed to two factors: 1) improved ornithological survey methods relative to 
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the earlier studies; and 2) an actual increase in the storm-petrel colony size. To 

identify the true trends of this globally important colony, we conducted a 

paleolimnological study to determine the long-term changes in chironomid 

assemblages linked to the limnological impacts of a storm-petrel colony on Grand 

Colombier Island. 

 

Paleolimnology is the study of the biological, chemical, and physical 

information stored in the sediments of inland waterbodies (Smol 2008). Such long-

term data can be used to validate existing monitoring data or compensate for the lack 

of monitoring data in freshwater environments (Smol 2019). In this study, we 

analysed sediment profiles from two shallow ponds on Saint Pierre and Miquelon 

using dated sediment cores collected in 2018. We used a combination of well-

established proxies, including chironomid assemblages and sedimentary ratios of 

stable nitrogen isotopes (δ15N or 15N:14N), to determine the limnological impact of a 

storm-petrel colony in two shallow (0.6 m and 0.4 m) ponds on Grand Colombier 

Island and the mainland of Saint Pierre and Miquelon over the past ~5700 years. 

Importantly, the data in this chapter are part of a larger multi-disciplinary 

investigation (Duda et al., in progress), where a number of other paleolimnological 

proxies are being analysed to bolster interpretations.   

 

In Chapter 2, we showed that chironomids can be used as a valuable 

paleolimnological proxy to track past storm-petrel populations beyond the 

geographical boundaries of the High Arctic, where much of the earlier work on 

seabird biovectors was conducted (Michelutti et al. 2008; Stewart et al. 2013; Luoto et 

al. 2014). Chironomids are well-established indicators of environmental changes, and 
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they respond to a variety of limnological variables in shallow lakes that can be 

affected by seabird inputs, such as pH (e.g. Rees and Cwynar 2010), dissolved oxygen 

concentrations (Quinlan and Smol 2001a), metal(loid)s (Ilyashuk et al. 2003; Brooks 

et al. 2005), food availability, substrate conditions, and habitat availability (Brodersen 

and Quinlan 2006). In addition, we used δ15N to qualitatively track inputs of higher-

trophic-level seabird activity (Kelly 2000). δ15N from storm-petrel guano is about 

14.2‰ (Duda et al. 2020a), and is reflective of the δ15N of metabolised nitrogen in 

guano (Mizutani and Wada 1988) and, as such, higher sedimentary δ15N values in 

seabird-influenced lake sediments should reflect larger seabird populations within a 

lake’s watershed (Kelly 2000).  

 

In this study, we provide a long-term perspective of the limnological impacts 

of a storm-petrel colony from Grand Colombier Island to better understand storm-

petrel colony dynamics. These data will complement population surveying data since 

the late-1980s and ongoing paleolimnological research on the same sediment core 

conducted by Duda et al. (unpublished data). By examining the responses of 

chironomids to storm-petrel-derived inputs alongside δ15N data, we make inferences 

on the long-term population dynamics of storm-petrels. These long-term data are 

important since information on the population dynamics of storm-petrels remain 

scarce (Birdlife International 2018) and the inferred reconstructions can aid in the 

implementation of more effective and informed conservation and management 

strategies for seabirds and other vulnerable biovector species (Froyd and Willis 2008; 

Birks 2012).  
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Methods 

v) Site description 

Grand Colombier Island has a surface area of ~480,000 m2
 and is characterised by a 

central land area surrounded by rocky or vegetated slopes and cliffs (Fig. 3.1) 

(Lormée et al. 2012). Grand Colombier’s dry soils and dense vegetation of ferns and 

grasses provide a highly suitable breeding site for the storm-petrels and the Atlantic 

Puffin (Fratercula arctica) (Desbrosses and Etcheberry 1989; Lormée et al. 2012). 

Grand Colombier Island was identified as an essential habitat for bird populations and 

is, thus, part of the Canadian Important Bird and Biodiversity Area (IBA) program 

due to its proximity to Canadian territory (IBA Canada 2020). 

 

For our paleolimnological study, we examined the only pond on Grand 

Colombier Island (which we named Grand Colombier Pond; 46°49'22.1"N, 

56°10'49.5"W; Fig. 3.1) and a mainland reference pond (46°48'35.2"N, 

56°10'01.2"W; Fig. 3.1), described below. These ponds were selected to contrast the 

effects of storm-petrel influence on the impacted pond and to identify regional 

influences, such as climate (Fig. 3.1). Based on ongoing proxy data (Duda et al., 

unpublished), climate factors are unlikely to have an influenced these ponds 

differently. When sampled on August 27, 2018, Grand Colombier Pond had high 

levels of chlorophyll a (4.0 µg/L), total dissolved nitrogen (TN) (1150 µg/L), and 

total unfiltered phosphorus (TP) (128 µg/L), and was acidic (pH = 4.0) (Table 3.2). 

The elevated levels of production-related variables, such as chlorophyll a, TN and TP 

concentrations, as well as TN : TP ratios, indicate that Grand Colombier Pond is 

hypereutrophic and nitrogen limited (TN : TP < 20; Guildford and Hecky 2000) 

compared to SPR1 (Table 3.2). The allochthonous inputs to Grand Colombier Pond 
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are primarily associated to storm-petrels as they nest on the interior of the island 

around the pond, whereas other seabirds, such as the Atlantic Puffin, tend to nest on 

rocky cliffs located on the island’s peripheries.  

 

Located on the mainland of Saint Pierre Island, the mainland reference pond 

(unnamed pond, which we named Saint Pierre Reference 1, or SPR1), was 

unimpacted by storm-petrel inputs, as storm-petrels do not nest on the mainland to 

avoid mammalian predation (Pollet et al. 2019). SPR1 was the closest pond in 

proximity to Grand Colombier Island (~ 1 km south; Fig. 3.1), and shares similar 

physical features (e.g. elevation, depth and surface area) with Grand Colombier Pond, 

which helps account for the limnological conditions that may be attributed to 

geomorphological differences of the ponds (Table 3.1). When sampled on August 26, 

2018, SPR1 had much lower levels of chlorophyll a (< 1.0 µg/L), TN (394 µg/L) and 

TP (7.1 µg/L) and was less acidic (pH = 6.2) than Grand Colombier Pond (Table 3.2).  

 

vi) Field methods 

The sediment cores from Grand Colombier Pond (core length: 129 cm) and SPR1 

(55.5 cm) were collected between 26 – 27 August 2018 from the deepest point of each 

pond (determined by a handheld depth sounder), as they often archive sediment 

profiles reflective of the overall limnological change of the lake (Smol 2008). A 

handheld GPS unit was used to determine the geographic position of each coring site. 

Sediment cores from both ponds were retrieved using a push corer (Glew and Smol 

2016), and then sectioned with a Glew (1989) extruder on-site at 0.5 cm intervals. On-

site sectioning reduces mixing and difficulties associated with transporting sediments 

with high water content. Since the push corer is limited to retrieving sediment cores 
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that are 1 m in length, a peat corer (Jowsey 1966) was used to retrieve sediment cores 

deeper than 1 m to collect the entire history of the pond. The peat core was retrieved 

from the opposite side of the boat to avoid retrieving disturbed sediments caused by 

the push core. The peat core was then sectioned at 0.5 cm intervals using a scalpel. 

The two sediment cores from Grand Colombier Pond were then aligned using visual 

changes in the core, sedimentary chlorophyll a and diatom assemblages to form a 

“master” core (Duda, unpublished data). The push core and the peat core measured 

56.5 cm and 95 cm in length, respectively. After aligning the two cores, the length of 

the “master” core was 129 cm. 

 

vii) Laboratory methods  

210Pb gamma spectrometry was used to estimate the age of sediments deposited within 

the last ~150 years using the constant rate of supply (CRS) model (Appleby and 

Oldfield 1978) for both sediment cores. Accelerator mass spectrometry (AMS) was 

also used to estimate basal dates of both sediment cores. We present the ages as years 

BP, where 1950 refers to 0 BP. For Grand Colombier Pond, AMS radiocarbon dating 

was completed on seeds and stick fragments from the following intervals: 52.0-52.5 

cm, 86.0-86.5 cm, 103.0-103.5 cm, and 119.5-120.0 cm (Table 3.3). The conventional 

dates from these samples were 1617 ± 22, 3343 ± 22, 4336 ± 43, and 4630 ± 45 years 

before present (BP), respectively (Table 3.3). For SPR1, radiocarbon dating was 

completed on grass and leaf fragments from the 20.5-21.0 cm and 55.0-55.5 cm 

intervals (Table 3.3). The conventional ages of these samples were 1457 ± 26 and 

1828 ± 68 years BP, respectively (Table 3.3). All dates were calibrated using the 

IntCal13 calibration curve (Reimer et al. 2013). Remaining dates in the sediment 
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cores were extrapolated using the package BACON v.2.4.1 (Blaauw and Christen 

2011) in R v.3.6.0.  

 

Chironomid samples were prepared using the techniques described in Walker 

(2001). Briefly, 80 mL of 5% KOH was added to 0.06 g to 1.0 g (dry weight) of each 

sample, and the solution was heated at 80oC for 30 minutes. Next, each sample was 

passed through a 100 µm sieve, washed with deionised water, and rinsed into a 

beaker. Several drops of 95% ethanol were added to each sample for preservation. 

Chironomid counts were performed along four transverses per tray on the grooved 

Perspex (Bogorov) sorter; one pass focusing on the liquid’s surface and one pass 

focusing on the bottom of the tray. The passes were repeated again after mixing the 

subsample and allowing it to settle. All head capsules present in the sample were 

picked. A minimum of 50 chironomid head capsules was retrieved from each sample 

(Quinlan and Smol 2001b). All chironomid head capsules were picked under a Nikon 

SMZ645 stereoscopic zoom microscope at 25 – 40x magnification using fine forceps. 

The head capsules were placed on a glass coverslip with their ventral sides facing 

upward, and mounted on a microscope slide using Entellan®. Using identification 

manuals from Cranston (2010) and Anderson et al. (2013), a Leica DM2500 optical 

microscope was used to identify chironomid head capsules at 100 – 400x 

magnification. The chironomids were identified to the genus level and photographed. 

Complete head capsules or head capsules containing more than one half mentum were 

counted as one, while head capsules with one half mentum were counted as half an 

individual. Head capsules with less than one half mentum were not counted. Due to 

their similar morphologies or poor preservation, the following taxa were grouped 

together: Corynoneura/Thienemaniella spp., Cricotopus/Orthocladius spp., 
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Limnophyes/Paralimnophyes spp., and Smittia/Parasmittia spp. (e.g. Heiri and Lotter 

2003; Urrutia et al. 2010; Williams et al. 2012; Thienpont et al. 2015). The combined 

taxa also share similar ecologies. Due to poor preservation, members of the tribe 

Tanytarsini were grouped together (Brooks et al. 1997). A complete list of 

chironomids from each pond is available in Appendix C. 

 

Sedimentary δ15N was reported as parts per thousand (‰) against atmospheric 

nitrogen as a reference and measured to qualitatively track the inputs of higher-

trophic-level seabird activity (Kelly 2000). Higher sedimentary δ15N values in 

seabird-influenced lake sediments can reflect larger seabird populations within a 

lake’s watershed (Kelly 2000). The use of δ15N to track seabird colonies has been 

employed in numerous studies in which higher values of δ15N were associated with a 

larger seabird colony size (González-Bergonzoni 2017; Hargan et al. 2019; Duda et 

al. 2020a). Sediment samples were analysed with an elemental analyser (Isotope 

Cube, Elementar, Germany) and an isotope ratio mass spectrometer interface (Delta 

Advantage, Thermo, Germany), under standard procedures (see Hargan et al. 2019; 

Duda et al. 2020a). All isotope analyses were supervised by Dr. Jules Blais and Linda 

Kimpe at the Ján Veizer Stable Isotope Lab at the University of Ottawa, Ontario, 

Canada. 

 

viii) Data analysis  

Chironomid assemblage data were expressed as relative abundances and 

concentrations (expressed as number of head capsules per gram dry weight). 

Stratigraphic diagrams of chironomid assemblages were constructed for each site. 

Common chironomid genera (i.e. genera that appear in at least one sample depth with 
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≥ 10% relative abundance) were plotted using C2 – a software used for the analysis 

and visualisation of ecological and paleoecological data (Juggins 2007). Major 

assemblage zones were identified using a constrained incremental sum of squares 

(CONISS) (Grimm 1987) on all observed taxa, and the significance of the groupings 

were tested using a broken stick model (Bennett 1996) in R Studio v.1.0.136 (RStudio 

Team 2015). 

 

Similar to our approach in Chapter 2, we attempted a chironomid-based 

volume-weighted hypolimnetic oxygen (VWHO) reconstruction (Quinlan and Smol 

2001a) using the chironomid assemblages. However, the application of the training 

set was not suitable for the ponds in this study, as evident from the high dissimilarity 

indices and negative reconstructed oxygen values. Hence, the chironomid-based 

VWHO was omitted from further interpretation and qualitative interpretations based 

on the known ecological optima of key taxa were used.  

 

ix) Chironomid degradation 

We observed a similar form of chitin degradation in some chironomid head capsules 

described in Chapter 2. We measured the chironomid degradation using the same 

criteria used in Chapter 2. 

 

Results 

1. Grand Colombier Pond 

A total of 2177 chironomid head capsules from 15 genera were identified from the 

128.75 cm-long sediment core from Grand Colombier Pond (Fig. 3.2; Appendix C). 

The pond was dominated by the subfamily Chironomidae (94.9% relative abundance), 
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followed by Orthocladiinae (5.1%). The most common chironomid genera were 

Microtendipes spp. (27.8%) and Chironomus spp. (20.9.%). Below, we describe 

overall trends in chironomid assemblages and δ15N values based on the zones 

identified using CONISS (Grimm 1987). The important breaks are demarcated in 

brackets. 

 

Zone G5 (14.25 – 0 cm; ca. 80 BP to Present) 

The head capsule concentration was relatively high and fluctuated greatly from ca. 80 

BP to the present (average = 506 ± 204 SD) (Fig. 3.2). Microtendipes spp. was the 

most abundant taxon (57.2% relative abundance) (Fig. 3.2). δ15N values were, on 

average, lowest compared to the rest of the sediment core (average = 13.0‰ ± 0.58 

SD), and declined from 13.94‰ to 12.67‰ from ca. 80 BP to present (Fig. 3.2).  

 

Zone G4 (39.25 – 14.25 cm; ca. 1010 to 80 BP) 

The head capsule concentration in Zone G4 ranged from 68 to 175 head capsules per 

gram dry weight and was generally stable compared to the rest of the core (average = 

121 ± 35 SD) (Fig. 3.2). Generally, concentrations increased from ca. 1010 to 80 BP 

(Fig. 3.2). Chironomus spp. was the most abundant taxon (44.1.% relative 

abundance), and its relative abundance decreased by 19.8% from ca. 1010 to 80 BP 

(Fig. 3.2). Conversely, the relative abundance of Endochironomus spp. was higher in 

Zone G4 compared to Zone G5, whereas that of Dicrotendipes spp. and 

Microtendipes spp. were lower (Fig. 3.2). δ15N values were high and remained 

relatively stable within Zone G4 (average = 14.5‰ ± 0.15 SD) (Fig 3.2).  

 

Zone G3 (73.50 – 39.25 cm; ca. 2770 to 1010 BP) 
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The head capsule concentration in Zone G3 was the lowest recorded and fluctuated 

slightly from ca. 2770 to 1010 BP (average = 104 ± 52 SD) (Fig. 3.2). Chironomus 

spp. was the most abundant taxon (32.2% relative abundance), followed by 

Glyptotendipes spp. (29.2%) (Fig. 3.2). δ15N values were high with some fluctuations 

(average = 14.4‰ ± 0.40 SD) (Fig. 3.2).  

 

Zone G2 (98.25 – 73.50 cm; ca. 4390 to 2770 BP) 

The number of chironomid head capsules decreased from ca. 4390 to 2770 BP, and 

ranged from 70 to 559 head capsules per gram dry weight (Fig. 3.2). Glyptotendipes 

spp. was the most abundant taxon (31.5% relative abundance), followed by 

Dicrotendipes spp. (30.8%) (Fig. 3.2). In contrast, Chironomus spp. (8.06%) 

increased in this zone compared to Zone G1 (Fig. 3.2). δ15N values were high with 

some fluctuations (average = 14.7‰ ± 0.51 SD) (Fig. 3.2).  

 

Zone G1 (125.75 – 98.25 cm; ca. 5680 to 4490 BP) 

The head capsule concentration in Zone G1 was the highest recorded and fluctuated 

greatly from ca. 5680 to 4490 BP (average = 574 ± 393 SD) (Fig. 3.2). Microtendipes 

spp. was the most abundant taxon (48.5% relative abundance) (Fig. 3.2). In contrast, 

Chironomus spp. was absent in this zone, with the exception of 100.75 cm, where it 

was at 8.5% (Fig. 3.2). The relative abundance of Glyptotendipes spp. increased by 

18.3% from ca. 5680 to 4490 BP (Fig. 3.2). δ15N values were relatively low (average 

= 13.0‰ ± 1.36 SD) and increased by 4.2‰ from ca. 5680 to 4490 BP (Fig. 3.2).  

 

2. SPR1 
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A total of 1557 chironomid head capsules from 20 chironomid genera were identified 

in the 55.5 cm-long sediment core retrieved from SPR1 (Fig. 3.3; Appendix C). The 

profile was dominated by the subfamily Chironomidae (75.3% relative abundance), 

followed by Orthocladiinae (24.7%) (Fig. 3.3). The majority of chironomid genera 

consisted of Dicrotendipes spp. (35.9%) and Tanytarsini spp. (19.1%) (Fig. 3.3). In 

SPR1, δ15N values (average = 0.90‰ ± 0.20 SD) were much lower compared to 

Grand Colombier Pond (Fig. 3.2 and 3.3).  

 

Zone S2 (13.75 – 0 cm; ca. 940 BP to Present) 

The head capsule concentration was low between ca. 940 to the present and fluctuated 

(average = 162 ± 56 SD) (Fig. 3.3). The sample at 10.75 cm had to be removed from 

the study due to insufficient head capsule counts. Psectrocladius spp. was the most 

abundant taxon (34.2% relative abundance), followed by Dicrotendipes spp. (25.9%) 

(Fig. 3.3). Cricotopus/Orthocladius spp. (relative abundance = 13.3% ± 2.8 SD) 

increased by 5.8% from ca. 940 to present day (Fig. 3.3). δ15N values were low and 

relatively stable (average = 4.2‰ ± 0.67 SD) (Fig. 3.3).  

 

Zone S1 (54.75 – 13.75 cm; ca. 2130 to 940 BP) 

Head capsule concentration was higher and fluctuated greatly between ca. 2130 to 

940 BP (average = 611 ± 309 SD) (Fig. 3.3). Head capsule concentration increased 

from ca. 2130 to 940 BP, and peaked at 1388 head capsules per gram dry weight at 

24.75 cm (Fig. 3.3). Dicrotendipes spp. was the most abundant taxon (39.4% relative 

abundance), followed by Psectrocladius spp. (11.2%) (Fig. 3.3). There was an 

increase in Dicrotendipes spp., Tanytarsini spp. and Microtendipes spp., and a 

decrease in Psectrocladius spp. and Cricotopus/Orthocladius spp. from ca. 2130 to 
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940 BP (Fig. 3.3). δ15N value were higher in this zone (average = 5.4‰ ± 1.22 SD) 

compared to Zone S2, and relatively stable (Fig 3.3).  

  

Chironomid degradation 

We observed similar chironomid degradation in Saint Pierre and Miquelon as that 

described in Chapter 2 on Baccalieu Island. Chironomid degradation in Grand 

Colombier Pond (average degradation = 1.12% ± 1.28 SD) was higher than that of 

SPR1 (0.04% ± 0.079 SD) (Appendix D). The chironomid degradation in Grand 

Colombier Pond was similar to that on Baccalieu Island (1.4% ± 1.3 SD; Chapter 2). 

In Grand Colombier Pond, Glyptotendipes spp. was the most degraded (average 

degradation = 15.1%), followed by Microtendipes spp. (2.58%). In SPR1, 

Heterotrissocladius spp. was the most degraded group (3.58%), followed by 

Microtendipes spp. (0.81%).  

 

Discussion 

Changes in the chironomid assemblages and δ15N values provide evidence of changes 

in limnological conditions that may be associated with fluctuations in the storm-petrel 

colony size on Grand Colombier Island over the past ~5700 years, and indicate a 

population decline in the colony size since ca. 80 BP. We associated the shifts in the 

chironomid assemblages to changes in limnological parameters, such as dissolved 

oxygen, pH, metal(loids), and changes in the habitat, which were driven by storm-

petrel-derived inputs into the pond.  

 

At the beginning of Grand Colombier Pond’s history (ca. 5680 to 4490 BP), 

the chironomid data suggest that the pond was well-oxygenated. This is supported by 
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chironomid taxa indicative of well-oxygenated conditions, such as Glyptotendipes 

spp. (14.6% relative abundance), Dicrotendipes spp. (18.6%) and Endochironomus 

spp. (6.39%) (Quinlan and Smol 2001a; Adriaenssens et al. 2004; Brodersen et al. 

2004; Odume et al. 2016) (Fig. 3.2). The well-oxygenated conditions were supported 

by the relatively low and increasing δ15N values, as it likely indicates a relatively 

smaller storm-petrel colony ca. 5680 BP that grew over time (Fig. 3.2). A relatively 

small storm-petrel colony would be associated with less nutrient inputs and higher 

dissolved oxygen concentrations (Smith and Schindler 2009). The shifts in the 

chironomid assemblage could have also resulted from changes in metal(loids) and pH 

that may be associated with seabird inputs. The lower abundance of Endochironomus 

spp. and Glyptotendipes spp. could be indicative of the presence of vegetation in 

Grand Colombier Pond (Brodersen et al. 2001; Boggero et al. 2006). Thus, the storm-

petrel colony on Grand Colombier Island, if at all present, was likely smaller in size 

between ca. 5680 to 4490 BP relative to the rest of the record.  

 

After ca. 4490 BP, the chironomid assemblages comprised of taxa indicative 

of relatively low dissolved oxygen conditions, such as Chironomus spp. (8.1% 

relative abundance from ca. 4490 BP to ca. 2770 BP) (Porinchu and Macdonald 

2003), Dicrotendipes spp. (30.8%) (Porinchu and Macdonald 2003; Odume et al. 

2016) and Glyptotendipes spp. (31.5%) (Quinlan and Smol 2001a) (Fig. 3.2). 

Chironomus spp., in particular, are taxa that well represent changes in seabird-derived 

inputs in ponds as they can tolerate changes in dissolved oxygen concentrations and 

pH (Porinchu and Macdonald 2003) associated with storm-petrel inputs in ponds 

(Duda et al. 2020a). A larger storm-petrel colony, indicated by higher δ15N values, 

would introduce more nutrients into Grand Colombier Pond (Fig 3.2). The 
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decomposition of excess organic matter from primary production can increase 

biological oxygen demand, which can subsequently deplete dissolved oxygen 

concentrations (Smith and Schindler 2009), evident from the chironomid 

assemblages. Photosynthesis-respiration dynamics in the ponds would allow oxygen 

to accumulate and carbon dioxide to be depleted during photosynthesis in the day, and 

carbon dioxide to accumulate during respiration at night, leading to hypoxia or anoxia 

(Stewart et al. unpublished). Ornithogenic-driven eutrophication can change oxygen 

conditions via photosynthesis-respiration dynamics in shallow (maximum depth < 1 

m) ponds with large colonies of waterbirds (Stewart et al. unpublished).  

 

Alternatively, the chironomid taxa could be tracking other limnological 

changes in Grand Colombier Pond. For instance, the increase in the relative 

abundance of Dicrotendipes spp. and Glyptotendipes spp. could indicate that Grand 

Colombier Pond had extensive macrophytic vegetation (Porinchu and Macdonald 

2003; Brodersen et al. 2001), while the increase in the relative abundance of 

Dicrotendipes spp. and Chironomus spp. could be tracking lower pH levels 

(Dougherty and Morgan 1991; Porinchu and Macdonald). Lowered pH levels in 

Grand Colombier Pond would be linked to the deposition of highly-acidic guano of 

storm-petrels into the pond (Duda et al. 2020a). Hence, after ca. 4490 BP, it is most 

likely that the storm-petrel colony size was larger on Grand Colombier Island. 

However, additional proxies being gathered for this core (Duda et al., in progress) will 

clarify our ecological interpretations. 

 

Between ca. 4490 to 1010 BP, there were large changes in the relative 

abundance of Chironomus spp. (24.1% increase between the periods ca. 4490 to 2770 
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BP and ca. 2774 to 1010 BP) and δ15N values (Fig. 3.2). It is likely that the storm-

petrel population on Grand Colombier Island continued to be large, indicated by the 

generally high and variable δ15N values during this period (average = 14.5‰ ± 0.47 

SD) (Fig. 3.2). The storm-petrel colony could have fluctuated in size during this 

period through the large-scale movement and recruitment of storm-petrels to and from 

islands, as suggested by Bicknell et al. (2014) and Duda et al. (2020a). However, due 

to limitations in the sensitivity of our proxies, this fluctuation may not have been 

captured.  

 

Between ca. 1010 to 80 BP, the chironomid assemblages were dominated by 

low oxygen taxa, such as Chironomus spp. (44.1% relative abundance), 

Glyptotendipes spp. (12.9%) and Endochironomus spp. (19.7%) (Fig. 3.2). The high 

relative abundance of Chironomus spp. suggests that oxygen and/or pH conditions in 

Grand Colombier Pond were at their lowest between ca. 1010 to 80 BP. Chironomus 

spp. and Endochironomus spp. are acid-tolerant and indicative of low oxygen 

conditions (Porinchu and Macdonald 2003; Boggero et al. 2006). Hence, the shifts in 

chironomid assemblages may be tracking changes in the oxygen and/or pH conditions 

in Grand Colombier Pond from a larger storm-petrel colony during this period. The 

occurrence of a large storm-petrel colony is corroborated by high and stable δ15N 

values (Fig. 3.2). The large storm-petrel colony size on Grand Colombier Island 

between ca. 1010 to 80 BP has conservation implications, as it suggests that the island 

has the potential to support a large storm-petrel colony in the future, if it is adequately 

protected.   
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Based on changes in the chironomid assemblages and declines in δ15N values 

(Fig. 3.2), we suggest that the storm-petrel colony on Grand Colombier Island could 

have been in decline since ca. 80 BP. This recent decline does not match the two-fold 

increase in the storm-petrel colony size estimated by censuses conducted in 2004 

(Robertson et al. 2006) and 2008 (Lormée et al. 2012). The discrepancy between the 

paleolimnological data and surveying data may be due to our preliminary 

interpretations (and awaiting additional paleolimnological proxy data) or to 

differences in the methods employed in the ornithological surveys. The initial surveys 

conducted by Desbrosses and Etcheberry (1989) and Robertson et al. (2006) in 2004 

determined the storm-petrel colony size by multiplying the occupied burrow density 

(as determined by surveying) by the surface area of the island, while the most recent 

survey by Lormée et al. (2012) in 2008 improved the calculation by including burrow 

detection probability, and breeding failure. Also, each survey estimated the surface 

area of the island differently (45 ha in the late-1980s, 31.7 ha in 2004, 48.8 ha in 

2008), resulting in varying estimates of storm-petrel colony size, and thus should not 

be used to infer trends. It should be noted that at the time of the survey, each author 

used the most contemporary methods and island size estimates available to accurately 

estimate the year’s storm-petrel population size. Further, the two ornithological 

surveys recorded storm-petrel populations over individual years, while our 

paleolimnological approaches tracked overall trends in the population over decadal 

time scales.  

 

The presumed declines in the storm-petrel colony size indicated by the δ15N 

values and chironomid assemblages after ca. 80 BP could have resulted from 

anthropogenic influences, such as the growth of the fishing industry in Saint Pierre 
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and Miquelon (Anglin 1966; Furness 2003). Starting in the early-1500s (i.e. ca. 450 

BP), Saint Pierre and Miquelon was seasonally frequented by fishermen (Anglin 

1966), and later colonised (early-1600s or ca. 350 BP) and occupied (1770s or ca. 180 

BP) by the French (Anglin 1966). After the 1800s (i.e. ca 150 BP), the growth of the 

fishing industry in Saint Pierre likely expanded alongside the growth of the French 

inhabitants of the island. Fisheries have been shown to reduce seabird populations by 

causing direct seabird mortality through bycatch and altering the diets of seabirds by 

changing food web dynamics when they deplete fish stocks (Tasker et al. 2000; 

Furness 2003; Reynolds et al. 2018).  

 

In contrast to the trends observed in Grand Colombier Pond, the qualitatively 

inferred dissolved oxygen conditions in SPR1 were higher than those in the seabird-

influenced pond. Furthermore, we observed much lower δ15N values in SPR1 relative 

to Grand Colombier Pond (Fig. 3.3). In SPR1, there was a shift at ca. 940 BP from 

low oxygen conditions to high oxygen conditions, as indicated by chironomid taxa, 

such as Psectrocladius spp., Cricotopus/Orthocladius spp., and Dicrotendipes spp. 

(Quinlan and Smol 2001a, Luoto and Salonen 2010; Odume et al. 2016). These taxa 

may also be responding to changes in the presence of macrophytes in SPR1 

(Brodersen et al. 2001; Porinchu and Macdonald 2003; Halkiewicz 2005). We do not 

correlate these shifts in the chironomid assemblages to a decline in seabird presence 

due to the low δ15N values in SPR1 (average in SPR1 = 5.1‰; average in GCP = 

13.9‰; Fig. 3.3), and the fact that storm-petrels do not nest on mainland areas to 

avoid mammalian predation (Pollet et al. 2019). The inferred shifts from the 

paleolimnological proxies in SPR1, however, may be attributed to the possible 

movement, migration, and activities of people into Saint Pierre and Miquelon before 
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1500 CE (i.e. 450 BP). Saint Pierre and Miquelon has been home to many inhabitants 

dating back to ca. 5000 BP, from the Maritime Archaic to the Paleoeskimos and the 

Beothuk (LeBlanc 2008). The timing of changes in dissolved oxygen conditions in 

SPR1 ca. 940 BP approximates the period the French arrived (early-1500s or ca. 450 

BP) and colonised (early-1600s or ca. 350 BP) Saint Pierre and Miquelon (Anglin 

1966). Indigenous people have also been documented to visit or travel through Saint 

Pierre and Miquelon during the 1700s to 1800s (i.e. 250 to 150 BP). For instance, the 

Mi’kmaq travelled to Saint Pierre and Miquelon before 1767 (i.e. 183 BP) (Janzen 

2008), and the migration of people, such as the Acadians, resulted in a population flux 

in Saint Pierre and Miquelon between 1763 to 1817 CE (i.e. 187 to 133 BP) (Ommer 

1986). Unfortunately, information on the activities and livelihoods of the inhabitants 

of Saint Pierre and Miquelon over the past ~1800 years is limited. As such, further 

archaeological and paleolimnological research is required to better understand the 

water quality changes in the ponds and determine the cause(s) of these changes. Such 

information may provide a more complete perspective of the historical activities of 

the past inhabitants of Saint Pierre and Miquelon.  

 

 

Chironomid degradation 

Chironomid degradation was greater in Grand Colombier Pond (average degradation 

= 1.12% ± 1.28 SD) compared to SPR1 (0.04% ± 0.079 SD) (Appendix D). Similar to 

the degradation observed in chironomids from the ponds on Baccalieu Island (Chapter 

2), the higher average degradation observed in Grand Colombier Pond can best be 

explained by the acidic and nutrient-rich waste of the storm-petrels that led to the 

overall pond primary production on Grand Colombier Island (Duda et al. 2020a). 
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Bacteria and fungi are primary mediators of chitin degradation in aquatic systems, as 

they can colonise and degrade organic matter in productive aquatic systems 

(Wurzbacher et al. 2010), such as the ponds subjected to storm-petrel-derived nutrient 

inputs. Combining all the degraded taxa on Baccalieu Island and Saint Pierre and 

Miuqleon, Glyptotendipes spp., Heterotrissocladius spp. and Microtendipes spp. were 

most degraded compared to other taxa, suggesting that they might be more susceptible 

to degradation. This occurrence of taxa-specific degradation may be associated with 

the relative abundance of these taxa and/or the size of their head capsules. Further 

research is required to verify the occurrence of taxa-specific degradation and its 

drivers.  

 

Conclusions 

The changes in the chironomid assemblages and δ15N values over the past ~5700 

years generally indicate fluctuations in the storm-petrel colony that led to changes in 

the acidic and nutrient-rich storm-petrel-derived inputs into Grand Colombier Pond. 

This study puts the estimated increase in the storm-petrel colony on Grand Colombier 

Island (Lormée et al. 2012) into a longer-term perspective, and provides one 

interpretation of the storm-petrel colony dynamics on Grand Colombier Island. Our 

paleolimnological approaches track overall changes at decadal time scales, and not 

individual years as done in ornithological surveys. The presumed decline in the storm-

petrel colony on Grand Colombier Island since ca. 80 BP, inferred from the 

paleolimnological data, if correct (further paleolimnological proxies are currently 

being analysed; Duda et al., in progress), provides useful insights into the drivers of 

recent global declines in the storm-petrel population. Further, the larger storm-petrel 

colony present on Grand Colombier Island prior to ca. 80 BP indicates that, if 
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adequately protected and managed, the island may be able to support a larger storm-

petrel colony in the future as it has before.  

 

The shifts in chironomid assemblages were likely linked to a culmination of 

seabird-influences, and not oxygen conditions alone. Chironomid taxa, such as 

Chironomus spp., have been shown to track past seabird dynamics well as they 

respond particularly to limnological parameters affected by seabird-derived inputs 

into ponds. Further research is required to determine the effects of storm-petrel inputs 

in shallow ponds, and how the complex interaction of limnological changes can drive 

chironomid assemblages. This study is part of a larger multidisciplinary project, and 

the analyses of other paleolimnological proxies (13C, diatoms, metals, chlorophyll a) 

from the sediment cores (Duda et al., research in progress) are underway to strengthen 

our understanding of the impact of storm-petrel colonies on ponds to make a more 

holistic interpretation of the storm-petrel colony dynamics on Grand Colombier 

Island. This information will be useful for the development of effective and informed 

conservation and management strategies of species and ecosystems (Froyd and Willis 

2008; Birks 2012). Long-term data are especially important for the development of 

baseline population estimates to understand population dynamics and trajectories, 

particularly as seabird populations are predicted to fluctuate considerably in response 

to climate warming and other anthropogenic stressors (Jenouvrier 2013). 
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Tables 

Table 3.1. Physical features of sampled ponds collected between 26 – 27 August 2018. Elevation is expressed as meters above sea level 

(MASL); maximum depth (m). 

Pond Storm-Petrel input Latitude Longitude Elevation (MASL) Surface area (m2) 
Maximum 

Depth (m) 

Grand Colombier Pond High 46°49'22.1"N 56°10'49.5"W 125 1600 0.6 

SPR1 Reference 46°48'35.2"N 56°10'01.2"W 71 3100 0.4 

 

 

Table 3.2. Seabird-related nutrients of the study ponds collected between 26 – 27 August 2018. Total unfiltered phosphorus is expressed as TP; 

total dissolved nitrogen is expressed as TN (Duda, unpublished raw data). 

 

 

 

 

 

 

 

 

 

 

 

Pond Storm-Petrel input pH Chlorophyll a (µg/L) TN (µg/L) TP (µg/L) TN : TP ratio 

Grand Colombier Pond High 4.0 4.0 1150 128 9.0 

SPR1 Reference 6.2 <0.1 394 7.1 55.5 
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Table 3.3 Radiocarbon dates from Grand Colombier Pond and Saint Pierre Reference 1. 

 

 

 

 

 

 

Pond Depth (cm) Material 14C yr BP Median calibrated year BP Range (2σ) Probability (%)  

Grand Colombier Pond 
52.25 

Stick fragments, 

seeds 
1617 ± 22 1534 1513-1560 50.9 

 86.25 Stick fragments 3343 ± 22 3543 3553-3639 83.7 

 103.25 2 seeds 4336 ± 43 4842 4837 - 4978 88.9 

 119.25 Seeds and husk 4630 ± 45 5384 5287 - 5473 91.5 

SPR1 
20.75 

Stick and leaf 

fragments 
1457 ± 26 1354 1304-1388 95 

 55.25 Grass 1828 ± 68 1752 1599 - 1897 94 
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Figures captions 

Figure 3.1 Locations of the study ponds in Saint Pierre and Miquelon. Inset map of 

the study sites in relation to Newfoundland and Labrador, with the black square box 

representing the location of Grand Colombier Island. On Grand Colombier Island, (A) 

represents the highly-influenced Grand Colombier Pond. Approximately 1 km south 

of Grand Colombier Island is the SPR1, identified as (B). 

 

Figure 3.2 Stratigraphic diagram of the relative abundances of chironomid taxa, head 

capsule concentrations and δ15N values from the dated sediment core from Grand 

Colombier Pond. Dotted lines demarcate chironomid-inferred zones delineated using 

a constrained incremental sum of squares (CONISS). Only chironomid taxa that 

appeared in at least one sample depth with a relative abundance of ≥ 10% were 

included in the stratigraphic diagrams. Sediment intervals at 52.25cm, 86.25cm, 

103.25cm and 119.25cm were radiocarbon dated.  

 

Figure 3.3 Stratigraphic diagram of the relative abundance of chironomid taxa, head 

capsule concentrations and δ15N values from the dated sediment core from SPR1. 

Dotted lines demarcate chironomid-inferred zones delineated using a constrained 

incremental sum of squares (CONISS). Only chironomid genera that appeared in at 

least one sample depth with a relative abundance of ≥ 10% were included in the 

stratigraphic diagrams. Sediment intervals at 20.75cm and 55.25cm were radiocarbon 

dated. 
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Figure 3.1
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Figure 3.2 
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Figure 3.3 
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CHAPTER 4 

GENERAL DISCUSSION 

 

 

The overall goal of my thesis was to assess the long-term changes in chironomid 

assemblages linked to past fluctuations in Leach’s Storm-Petrel populations on islands 

in the Western Atlantic Ocean . In 2016, the Leach’s Storm-Petrel was reclassified as 

“vulnerable” by the International Union for Conservation of Nature (IUCN) Red List, 

a decision based on the decline of numerous global colonies of storm-petrels since the 

1980s (BirdLife International 2018). However, little is known about the long-term 

population dynamics of the Leach’s Storm-Petrels. As such, paleolimnology can offer 

insights into the population dynamics of the storm-petrels, and better characterize the 

recent declines in the storm-petrel population size inferred by sparsely available 

census data. Such temporal data are necessary for the development of effective 

conservation and management strategies (Birks 2012).  

 

In order for paleolimnological techniques to be effective, multiple proxies are 

required. My work demonstrated that chironomids can be used as a supplementary 

proxy to reconstruct past seabird populations, as seabird-induced eutrophication 

reduces bottom-water oxygen concentrations and other limnological parameters, 

which affects the composition of chironomid assemblages. This thesis is part of a 

larger on-going project that is applying several established and novel 

paleolimnological proxies to develop an understanding of the long-term population 

dynamics of the vulnerable Leach’s Storm-Petrel. These techniques can then be 

extended to study the population dynamics of other vulnerable seabirds and colonial 
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organisms that lack sufficient population surveying for the development of more 

effective conservation strategies.   

 

In Chapter 2, I examined the effects of different degrees of storm-petrel inputs 

on bottom-water oxygen conditions in ponds on Baccalieu Island (Newfoundland and 

Labrador, Canada) over the past ~1700 years. Baccalieu Island is the site of the 

largest colony of Leach’s Storm-Petrels in the Western Atlantic Ocean (Montevecchi 

and Tuck 1987; Wilhelm et al. 2019), currently supporting 48-59% of the global 

Leach’s Storm-Petrel population (Duda et al. 2020). However, this colony is in 

decline and the potential causes of which are uncertain. The chironomid assemblage 

changes generally corresponded with several other paleolimnological proxies (i.e. 

diatoms, δ15N, ornithogenically-introduced metal concentrations, sedimentary 

chlorophyll a and cholesterol) and responded to changes in bottom-water oxygen 

concentrations and, in part, to pH, resulting from storm-petrel-induced eutrophication 

and acidification.  

 

To date, chironomids have not been fully developed to reconstruct seabird 

population dynamics, with only a few studies conducted in the High Arctic (e.g. 

Michelutti et al. 2008; Stewart et al. 2013; Luoto et al. 2014). Chapter 2 was the first 

to geographically expand the use of chironomids to effectively reconstruct past 

seabird population trends to temperate regions. However, chironomids should not be 

used in isolation to estimate past seabird population trends as they respond primarily 

to changes in bottom-water oxygen from storm-petrel-induced eutrophication, and 

hence have a delayed response to changes in the storm-petrel colony when compared 

to other proxies, such as diatoms. Other environmental changes can also alter bottom-
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water oxygen levels. However, chironomids remain the main proxy for tracking 

changes in bottom-water conditions, as opposed to those occurring in surface waters 

where proxies, such as diatoms, are more effective. 

 

Based on the trends I established in Chapter 2, I then used chironomid 

assemblages and δ15N in ponds to track changes in limnological conditions associated 

to fluctuations in the world’s second largest colony of storm-petrels on Grand 

Colombier Island (Saint Pierre and Miquelon, France) over the past ~5700 years 

(Chapter 3). Currently, the island supports a large storm-petrel colony, however my 

data suggested that the storm-petrel colony on Grand Colombier Island fluctuated in 

size over the past ~5700 years, and likely decreased in size after the 1900s. The recent 

declines in the storm-petrel colony size in the 1900s may be a result of anthropogenic 

influences, such as the growth of the fishing industry in Saint Pierre and Miquelon 

(Anglin 1966). However, further research and monitoring data are required to identify 

the cause(s) of the decline here and elsewhere. Additional paleolimnological proxies 

from Saint Pierre and Miquelon will eventually be completed and should strengthen 

the overall interpretations of past storm-petrel populations.  

 

Overall, this thesis provided a long-term perspective of changes in bottom-

water limnological conditions linked to the population dynamics of storm-petrel 

colonies on Baccalieu Island and Grand Colombier Island. In light of the limited 

temporal studies on storm-petrels, understanding the population dynamics of seabirds 

and how they have altered the environment allows for the implementation of more 

informed conservation and management of the species and its wide-ranging habitat 

(Birks 2012).  
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Future research opportunities 

Although chironomids are well-established paleolimnological proxies, further 

research on the autecology of chironomids is required as they respond to multiple 

limnological changes. Due to the multivariate interactions of organisms with their 

environments, it is difficult to tease apart the responses of chironomids to 

limnological variables such as oxygen concentrations and pH. Although a moderate 

volume of literature is now available on the oxygen optima of chironomids, less is 

known about the pH optima of different chironomid taxa. Further, investigating the 

environmental factors that lead to low chironomid counts in ponds, as observed in the 

mainland reference pond on Newfoundland (Chapter 2), can provide useful 

environmental insights. Low chironomid counts have been reported in several 

paleolimnological studies (Heiri et al. 2003; Stewart et al. 2013), but the reasons for 

very low chironomid concentrations are not well understood, although low bottom-

water oxygen levels would eventually exclude many taxa. Moreover, there is a need 

for the continued development of chironomid training sets in different environments 

(e.g. shallower water bodies and broader geographic ranges) to enable the quantitative 

oxygen reconstruction of bottom-water environments. Finally, the chitin degradation 

observed in the subfossil chironomids in Chapter 2 is poorly understood, and further 

research is required to determine the agent(s) of degradation and the environmental 

conditions that promote chitin degradation.  

 

As highlighted in Duda et al. (2020), multiple proxies are required to 

effectively estimate complex population dynamics of seabirds. The analysis of other 

paleolimnological proxies, such as Cladocera or fossil pigments, may provide 

additional information on the effects of seabirds on bottom-up drivers (e.g. nutrients, 
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physical, and chemical stressors) and top-down regulators (e.g. invertebrate predation) 

of ponds. 

 

As global storm-petrel populations are in decline (Birdlife International 2018), 

it is also important to expand the geographic range of paleolimnological studies to 

determine the colony dynamics on a regional scale. Such studies can validate existing 

monitoring data and/or compensate for the lack of monitoring data of storm-petrels. 

For instance, the colony size and population dynamics of several colonies of storm-

petrels in the East Pacific Ocean, such as the colonies in Alaska (Sowls et al. 1978) 

and British Columbia (Rodway et al. 2016), are poorly documented due to insufficient 

surveying. Expanding the geographic range of such paleolimnological reconstructions 

would provide a better understanding of the seabird population dynamics. In addition 

to on-the-ground monitoring (McComb et al. 2010), data on past seabird dynamics are 

useful in making population projections, and to provide insights into how seabird 

populations may respond to new stressors (e.g. Wolf et al. 2010). Such information is 

critical, as seabird populations are predicted to fluctuate substantially in light of 

climate warming and other anthropogenic stressors (Jenouvrier 2013).  
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APPENDIX A 

Chironomid counts from Newfoundland, Canada 

Lunin Pond 

                           Midpoint (cm) 0.25 2.25 4.25 6.25 8.25 10.25 12.25 14.25 16.25 18.25 20.25 22.25 24.25 26.25 

Aagaardia spp. 0 0 0 0 0 1 0 0  0 0 0 0 0 

Brillia spp. 0 3 0 1 3.5 1 2 1 5 7 3 7.5 5 6 

Burdiniella spp. 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Chironomus spp. 4 9.5 21 14 1 1.5 0 0.5 3 0 4 0 0 0 

Corynoneura/ 

Thienemanniella spp. 3 1 0 3 0 1 0 1 0 2 0 1 0 0 

Cricotopus/Orthocladius spp. 1 3 2 1 6.5 6 6 7 4 4 2 5.5 5.5 4.5 

Dicrotendipes spp. 0 0 1 1 4.5 6 5 6 1 8.5 11.5 6 1 3.5 

Einfeldia spp. 0 0 0 1 4 0 0 0 1 0 0 0 0 2 

Endochironomus spp. 0 0 5.5 1.5 0 1 3.5 3.5 0 1.5 4 1 1.5 2 

Glyptotendipes spp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Heterotanytarsus spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Heterotrissocladius spp. 1.5 2 1 1.5 5 6.5 5.5 6.5 5.5 7 4.5 6 4 2.5 

Hudsonimyia spp. 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Limnophyes/  

Paralimmnophyes spp. 1.5 3 0 0 1.5 0 0 0 1 0 0 2 0 1 

Microtendipes spp. 27 20 18.5 22 17 27 14 15 22 10.5 32 14.5 21 22.5 

Pagestiella spp. 0 0 0 0 0 0 1 0 0 1 1 0 0 0 

Polypedilum spp. 0 0 0 1 0 0 1.5 0 2 0 0 0 0 0 

Procladius spp. 0 0 0 0 0 0 0 0 1 0 2 0 0 0 

Psectrocladius spp. 1 1.5 0.5 1 0.5 1.5 1 0 2 1 2 1 0 2.5 

Sergentia spp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Tanytarsini spp. 11 7 7 11 8.5 15 23 9.5 7 14.5 9 11.5 12 15.5 

Total 52 50 57.5 59 52 67.5 62.5 50 54.5 58 75 56 50 62 
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Lunin Pond (cont.) 

                        Midpoint (cm) 28.25 30.25 32.35 34.35 36.25 38.35 

Aagaardia spp. 0 0 0 0 0 0 

Brillia spp. 4 7 5 4 4 3 

Burdiniella spp. 0 0 0 0 0 0 

Chironomus spp. 1 1 2 1 3 0 

Corynoneura/ 

Thienemanniella spp. 2 3 0 1 1 2 

Cricotopus/Orthocladius spp. 5.5 5 0.5 4.5 3 7.5 

Dicrotendipes spp. 2 6.5 10 5.5 4 3 

Einfeldia spp. 0 0 0 1 0 0 

Endochironomus spp. 0 3 2 5 0 0 

Glyptotendipes spp. 0 0 0 0 3 0 

Heterotanytarsus spp. 0 1 0 0 1 0 

Heterotrissocladius spp. 5.5 6 6.5 6 8.5 10 

Hudsonimyia spp. 0 0 0 0 0 0 

Limnophyes/ 

Paralimmnophyes spp. 0 1 2 1 0.5 1.5 

Microtendipes spp. 18.5 20 20.5 12 15 11.5 

Pagestiella spp. 0 0 0 0 0 0 

Polypedilum spp. 1.5 0 0 0 0 0 

Procladius spp. 0 0 0 0 0 0 

Psectrocladius spp. 0.5 1 1.5 2 1 3.5 

Sergentia spp. 0 0 0 0 0 0 

Tanytarsini spp. 10 7 14 11 11 8 

Total 50.5 61.5 64 54 55 50 
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Brister Pond 

               Midpoint (cm) 0.25 1.25 2.25 4.25 6.25 8.25 10.25 12.25 14.25 16.25 18.25 20.25 22.25 24.25 26.25 

Aagardia spp. 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Brillia spp. 0 0 2 0 0 0 0 0 0 0 2 0 1 2 0 

Chaetocladius spp. 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

Chironomus spp. 4 6.5 5 7 2 12 14 3 2 7 2 0 0 3 1.5 

Corynoneura/ 

Thienemaniella spp. 0 2 2 2 0 0 6 0 0 0 1 1 1 0 4 

Cricotopus/ 

Orthocladius spp. 3.5 2.5 4.5 6.5 3.5 1.5 2.5 7.5 4.5 3.5 7.5 7.5 9.5 9 7 

Cryptochironomus spp. 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Dicrotendipes spp. 1.5 0 0 0 2 0.5 1.5 5 8 7.5 1 7.5 7 10 2 

Einfeldia spp. 0 0 0 0.5 0 1 0 0 0 0 0 0 0 0 0 

Endochironomus spp. 1 2.5 1.5 2 0.5 0 3 2.5 1.5 0 3 3.5 4 2 5 

Glyptotendipes spp. 3 4 3 4.5 7.5 5 3 1 0 0 0 0 2 0 0 

Heterotrissocladius spp. 5.5 8 5.5 6 2 4.5 3 1 5.5 6.5 8.5 12.5 8 9.5 7.5 

Hudsonimyia spp. 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

Limnophyes/ 

Paralimnophyes spp. 0.5 3 1.5 3.5 1 1 1.5 2 0.5 0 1 0 1 0 0 

Mesosmittia spp. 0 0  0 0 0 0 0 0 1 0 0 0 1 0 

Microtendipes spp. 17.5 24 13.5 12.5 17.5 22 24 17.5 22.5 17.5 10.5 19 8.5 8.5 19 

Polypedilum spp. 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 

Psectrocladius spp. 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Rheocricotopus spp. 0 0 1 0 0 0 0 0.5 0.5 0 0 0 0 0 0 

Tanytarsini spp. 9.5 16 14 16 15.5 14.5 10.5 10.5 17 9 15 25 9.5 7 10.5 

Total 50 68.5 54.5 60.5 51.5 62 69 50.5 63 52 52.5 78 52.5 52 57.5 
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Gull Pond 

               Midpoint (cm) 0.25 2.25 4.25 6.25 8.25 10.25 12.25 14.25 16.25 18.25 20.25 22.25 24.25 26.25 28.25 30.25 

Aagardia spp. 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Brillia spp. 0 2 0 1 1.5 1 4 2.5 0 3 0 2.5 2 1 6 0 

Chironomus spp. 0 1 0 2 0 0 0 0 0 1 0 0.5 0 0 0 0 

Corynoneura/ 

Thienemanniella  spp. 0 0 0 2 1 0 3 1 3 2 0 1 3 1 0 0 

Cricotopus/ 

Orthocladius spp. 4.5 4.5 5.5 3 2.5 5.5 7.5 6 15.5 4.5 5 15 8.5 9.5 12 7 

Cryptochironomus spp. 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 

Dicrotendipes spp. 2 3 0 0 6 8 4 8 8 4 8 4 5.5 2 5.5 3 

Endochironomus spp. 0.5 2 1.5 0 1 0 1 0 0 0 1 0.5 0 0 1 3 

Glyptotendipes spp. 1 4 3 4 3.5 1 2 0 0 0 0 0 0 0 0 0 

Heterotanytarsus spp. 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

Heterotrissocladius spp. 2.5 2 0 1.5 3 3.5 4.5 9.5 9 8 3 7 8 4.5 12 7 

Limnophyes/ 

Paralimnophyes spp. 1 0 0.5 0 0 0 2 0.5 

0 0.5 0.5 0 1 0 0.5 1 

Microtendipes spp. 18 28.5 22 30.5 18 12.5 10 13 9.5 10.5 11 15 12 6 10.5 13 

Polypedilum spp. 1 2 0 0 0 0 0 0 1 0 0 0 0.5 0 0 0 

Psectrocladius spp. 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Smittia/Parasmittia spp. 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Tanytarsini spp. 20 17 16.5 12.5 20.5 26.5 15.5 10 12 18 21.5 18 12 26 12 16 

Total 51.5 66 50 56.5 57 58 53.5 51.5 58 52.5 50 65.5 52.5 50 60.5 50 
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Mainland Reference Pond 

               Midpoint (cm) 1 2 3 4 5 6 7 8 9 9.75 10.25 10.75 

Brillia spp. 0 0 3 0 3 2 0 0.5 0 0 1 1 

Chaetocladius spp. 0.5 0 0 0 0 0 0 0 0 0 0 0 

Chironomus spp. 0 0 0 0 0 0 0 0 0 0 0 1 

Corynoneura/ 

Thienemaniella spp. 0 0 0 0 0 0 0 0 1 0 1 0 

Cricotopus/ 

Orthocladius spp. 0.5 3 4.5 1.5 4.5 4 2 1.5 3.5 2 7 3.5 

Dicrotendipes spp. 0 2 4 1 1.5 3 4 0 0 6 8.5 4 

Einfeldia spp. 0 1 0 0 0 0 0 0 1 0 0 0 

Endochironomus spp. 0 0 0 0 0 0 0.5 0 0 0 0 0 

Glyptotendipes spp. 0 0 0 0 0 0 0 0 0 0 0 1 

Heterotanytarsus spp. 0 0 1 0 0 0 0 0 0 0 0 0 

Heterotrissocladius spp. 1.5 0 3.5 0.5 0 0 0.5 0 0 0 0.5 4.5 

Microtendipes spp. 5.5 3 7.5 2 7 3 2.5 1 1.5 3.5 13.5 17 

Phaenopsectra spp. 1 0 0 0 0 0 0 0 0 0 0 0 

Polypedilum spp. 0 0 0 0 1 0.5 0 0 0 1 2 1 

Psectrocladius spp. 0 0 4.5 1 0.5 1.5 1.5 0.5 2.5 2 2.5 10 

Tanytarsini spp. 3.5 1 1 0 3 4 2 2 3.5 4 7 11.5 

Zavreliella spp. 0 0 0 0 0 0 0 0 0 1 0 0 

Total 12.5 10 29 6 20.5 18 13 5.5 13 19.5 43 54.5 
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APPENDIX B 

Chironomid degradation from Newfoundland, Canada 

 
Lunin Pond 

Depth (cm) Average degradation (%) 

0.25 0.02 

2.25 1.64 

4.25 2.84 

6.25 0.75 

8.25 0.92 

10.25 0.99 

12.25 2.80 

14.25 2.43 

16.25 2.12 

18.25 3.32 

20.25 1.95 

22.25 0.78 

24.25 3.96 

26.25 1.17 

28.25 4.66 

30.25 2.20 

32.25 4.43 

34.25 2.31 

36.25 3.01 

38.25 0.78 

 

Brister Pond 

Depth (cm) Average degradation (%) 

0.25 0.94 

1.25 1.03 

2.25 0.42 

4.25 1.81 

6.25 2.31 

8.25 4.23 

10.25 1.16 

12.25 0.58 

14.25 2.12 

16.25 1.46 

18.25 0.76 

20.25 0.83 

22.25 0.57 

24.25 0.92 

26.25 1.20 
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Gull Pond 

Depth (cm) Average degradation (%) 

0.25 0.98 

2.25 2.30 

4.25 3.84 

6.25 2.68 

8.25 4.79 

10.25 1.87 

12.25 1.56 

14.25 1.84 

16.25 1.35 

18.25 1.67 

20.25 0.38 

22.25 1.00 

24.25 1.77 

26.25 2.10 

28.25 1.80 

30.25 0.74 

 

Mainland Reference Pond 

Depth (cm) Average degradation (%) 

0.75 1.07 

1.25 0 

1.75 4.82 

2.25 0 

2.75 0.34 

3.25 0 

3.75 0 

4.25 0 

4.75 0 

5.25 0 

5.75 0.69 

6.25 0 

6.75 0 

7.25 0.09 

7.75 0 

8.25 0 

8.75 0 

9.25 0.41 

9.75 0.50 

10.25 0.49 

10.75 0.18 
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APPENDIX C 

Chironomid counts from Saint Pierre and Miquleon, France 

 
Grand Colombier Pond 

          Midpoint (cm) 0.75 1.25 2.75 5.75 7.75 10.75 12.75 15.75 17.75 20.75 22.75 25.75 27.75 30.75 32.75 35.75 37.75 

Brillia spp. 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 

Chironomus spp. 0 1 2 5 4 15 12 22 14 21.5 16 19 33.5 38 27 30 28 

Corynoneura/ 

Thienemaniella spp. 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Cricotopus/ 

Orthocladius spp. 3.5 0.5 2 1.5 1 0 1 2.5 3 3 4 1 1.5 0 0 0 3 

Cryptochironomus 

spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Dicrotendipes spp. 12 15 6 4 1 0 1 5 2 0 0 1 1 0 2 2 3 

Endochironomus spp. 4.5 6 6 3 0 3 15 8 25 6 7 5 8.5 23 13.5 8 9 

Glyptotendipes spp. 11 8.5 7 7.5 12 18 18 11 4 12 8 8 5 7 6 6 5 

Heterotrissocladius 

spp. 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

Limnophyes/ 

Paralimnophyes spp. 1 0 0 0 0 0 1.5 3 2.5 1.5 1 2.5 0.5 1 0.5 1 0 

Microtendipes spp. 50.5 33 41.5 48.5 46 45.5 28 3.5 3 8 8 10 10 0 0 0 0 

Nanocladius spp. 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 

Psectrocladius spp. 1.5 3 0.5 3.5 0.5 1 0 0 0 0 0 0 0 0 0 0 0 

Pseudosmittia spp. 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 

Tanytarsini spp. 0 2 0 0 0 0 0 2 2 4 5 4 5 3 3 3 2 

Total 85 69 65 73 64.5 82.5 76.5 58 56.5 59 50 51.5 65 72 53 50 50 
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Grand Colombier Pond (cont.) 

         Midpoint (cm) 40.75 42.75 45.75 50.75 55.75 61.25 65.75 70.75 76.25 80.75 85.75 90.75 95.75 100.75 105.75 110.75 

Brillia spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chironomus spp. 21.5 24 3 22 7 19 20 18 5 4.5 2 9 6 6 0 0 

Corynoneura/ 

Thienemaniella spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cricotopus/ 

Orthocladius spp. 0 0.5 0 2 0.5 1 0 0.5 0.5 0 0 0 0 0 0 0.5 

Cryptochironomus 

spp. 0 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0 

Dicrotendipes spp. 6 6 12 4 10 8 9 6 14.5 10.5 27 28.5 18 11.5 10.5 10 

Endochironomus 

spp. 1 1.5 0 1.5 0 1 2 4 0.5 1 0.5 1.5 1 1.5 1 3 

Glyptotendipes spp. 12.5 14 31.5 13 9.5 14.5 13 16 24 22.5 11 19 21.5 16 13 12 

Heterotrissocladius 

spp. 1 2 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 

Limnophyes/ 

Paralimnophyes spp. 3 1.5 1 2.5 2 5 3 1.5 2 0 0 0.5 0 8 0.5 0 

Microtendipes spp. 4.5 1.5 6.5 6.5 22.5 2.5 1 2.5 7 8 10 17.5 7.5 27 22.5 37.5 

Nanocladius spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 0 0 0 0 0 0 0 0 0 0 0.5 1 0 0 0 0 

Pseudosmittia spp. 0 0 0 1 1 1 0 0 1 0 0 0 0 0 0 0 

Tanytarsini spp. 1 0 2 1 1 2 2 2 5 9.5 5 9 7 0.5 2 2 

Total 50.5 53 56 53.5 53.5 56 50 50.5 59.5 56 56 86 61 71 49.5 65 
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Grand Colombier Pond (cont.) 

         Midpoint (cm) 115.75 120.75 125.75 

Brillia spp. 0 0 0 

Chironomus spp. 0 0 0 

Corynoneura/ 

Thienemaniella spp. 0 1 0 

Cricotopus/ 

Orthocladius spp. 0 0 0 

Cryptochironomus 

spp. 0 0 0 

Dicrotendipes spp. 7.5 6.5 20 

Endochironomus 

spp. 3.5 11 2 

Glyptotendipes spp. 5 4 2.5 

Heterotrissocladius 

spp. 0 0 0 

Limnophyes/ 

Paralimnophyes spp. 1.5 0 1 

Microtendipes spp. 38 27 20.5 

Nanocladius spp. 0 0 0 

Psectrocladius spp. 0 0 0 

Pseudosmittia spp. 1 0 0 

Tanytarsini spp. 2 5 12.5 

Total 58.5 54.5 58.5 
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Saint Pierre Reference 1 (SPR1) 

                    Midpoint (cm) 0.75 2.75 4.75 6.75 8.75 10.75 12.75 14.75 16.75 18.75 20.75 22.75 24.75 26.75 28.75 

Chaetocladius spp. 0 1 0 1 0 0 1 0 0 0 0 0 0 0.5 0 

Chironomus spp. 0 1 0 0 0 0 0 0 1 3 1 0 1 0 0 

Cladopelma spp. 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

Corynoneura/ 

Thienemaniella spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cricotopus/ 

Orthocladius spp. 8 9.5 8.5 7 6 0 5 0.5 2.5 0.5 0 3 3 1 0 

Cryptochironomus spp. 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Dicrotendipes spp. 14.5 22.5 6.5 13 10 0 18 21 28.5 33 25 30 26 31 33.5 

Endochironomus spp. 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 

Heterotanytarsus spp. 0 0 0 0 0 0 0.5 0 0 0 0.5 0.5 0.5 1 1 

Heterotrissocladius spp. 0.5 2.5 2.5 1 1 0 1 0 1 0 1 0 2.5 0 0 

Limnophyes/ 

Paralimnophyes spp. 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 

Meropelopia spp. 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

Microtendipes spp. 3 2 3 11 5 0 7 4 5 1 8.5 5 10 13 16.5 

Pagastiella spp. 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Paratrissocladius spp. 0 0 0 0 0 0 0 14 0 0 0 0 0 0 0 

Phaenopsectra spp. 0 0 0 0 1 0 0 0 0 0 0.5 0 2.5 2 0 

Polypedilum spp. 0 1 0 2 0 0 0 1 1 0 3 0 3 0 0 

Psectrocladius spp. 21 14.5 18.5 20 23 0.5 14 0 9.5 5.5 6.5 3 5.5 6 2 

Sergentia spp. 0 1 0 0 2 0 0 0 0 0 0 1 0 0 0 

Tanytarsini spp. 2 3 11.5 17 0 1 3 9 3 10 11 11 14 14.5 19 

Total 50 59 52.5 72 50 1.5 49.5 50.5 51.5 53 57 54.5 68.5 69 72 
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SPR1 (cont.) 

                   Midpoint (cm) 30.75 32.75 34.75 36.75 38.75 40.75 42.75 44.75 46.75 48.75 50.25 52.75 54.75 

Chaetocladius spp. 0 0 0 0 0 1.5 0 0 0.5 0 0 0.5 0 

Chironomus spp. 0 0 0 0 0 0 0 0 1 0 0 0 1 

Cladopelma spp. 0 0 0 1 0 0 0 0 0 0 0 0 0 

Corynoneura/ 

Thienemaniella spp. 1 0 0 0 1 0 0 0 0 0 0 1 1 

Cricotopus/ 

Orthocladius spp. 0 2 2 2.5 2.5 1.5 3.5 1.5 1 1 3 11 6 

Cryptochironomus spp. 0 0.5 0 1 0 0 0 0 0 0 0 0 0 

Dicrotendipes spp. 21.5 14 20.5 23 34.5 25 16.5 17 19 19 15 16.5 5 

Endochironomus spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 

Heterotanytarsus spp. 1.5 0 0 0 0.5 0.5 0.5 0 0 0 0 0 0 

Heterotrissocladius spp. 0 0 0.5 0 0 0 0 0 0 0 0.5 0 0 

Limnophyes/ 

Paralimnophyes spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 

Meropelopia spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 

Microtendipes spp. 14.5 15 9.5 15.5 10.5 11.5 17 10.5 7.5 16.5 11 3 7 

Pagastiella spp. 0 0 0 0 2 0 0 0 0 0 0 0 0 

Paratrissocladius spp. 0 0 0 0 0 0 0 0 0 0 0 0 2 

Phaenopsectra spp. 1.5 1 2.5 5 0.5 0 2 4 1.5 0 0 0 1 

Polypedilum spp. 2 2 0 1 0 4 4 1 3 0 1 0 0 

Psectrocladius spp. 3.5 1.5 6 3 4.5 3 3 6 3 12.5 10 14 24 

Sergentia spp. 0 0 0 0 0.5 0 0 0.5 0 0 1 0 0 

Tanytarsini spp. 15 19 13.5 14 9 16 12 21 14.5 10 14 7.5 3 

Total 60.5 55 54.5 66 65.5 63 58.5 61.5 51 59 55.5 53.5 50 
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APPENDIX D 

Chironomid degradation from Saint Pierre and Miquelon, France 
 

Grand Colombier Pond 

Depth (cm) Average degradation (%) 

0.75 2.39 

1.25 1.67 

2.75 1.74 

5.75 5.30 

7.75 2.51 

10.75 3.62 

12.75 1.51 

15.75 0 

17.75 0 

20.75 1.79 

22.75 0.30 

25.75 0.05 

27.75 0.17 

30.75 0 

32.75 0 

35.75 0.01 

37.75 0 

40.75 0.82 

42.75 0 

45.75 0.38 

50.75 0.06 

55.75 0.69 

61.25 0.06 

65.75 0.17 

70.75 1.25 

76.25 0.70 

80.75 1.03 

85.75 1.21 

90.75 1.77 

95.75 0.13 

100.75 0.88 

105.75 1.68 

110.75 4.48 

115.75 0.43 

120.75 2.17 

125.75 1.21 
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Saint Pierre Reference 1 (SPR1) 

Depth (cm) Average degradation (%) 

0.75 0 

2.75 0 

4.75 0.11 

6.75 0.30 

8.75 0 

12.75 0.24 

14.75 0 

16.75 0 

18.75 0 

20.75 0 

22.75 0 

24.75 0 

26.75 0 

28.75 0.03 

30.75 0 

32.75 0.07 

34.75 0.23 

36.75 0.08 

38.75 0.09 

40.75 0 

42.75 0 

44.75 0.04 

46.75 0 

48.75 0 

50.25 0 

52.75 0 

 

 

 


