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Abstract 

The ecology of riverine ecosystems in the eastern Canadian subarctic remains 

relatively unknown and, like their circumpolar counterparts, these systems are predicted 

to be vulnerable to climate-induced ecological changes that are likely to affect species 

composition, distribution, and overall ecosystem functioning. Thus, lotic systems in this 

area must be evaluated in order to begin long-term monitoring of climate-driven 

alterations to ecological structure and function. The aim of the present research was to 

assess contemporary patterns in stream structure and function within the Torngat 

Mountains National Park in subarctic Labrador and determine the environmental 

(physicochemical) drivers of these ecological patterns. In particular, the study examined 

the influence of environmental variables from multiple spatial scales on 

macroinvertebrate assemblage structure, consumer trophic diversity and dietary overlap, 

and cellulose decomposition rates. Environmental variables that were measured at the 

reach scale ( a 1-km buffer around study sites), which included the relative area of 

glaciers and various land cover types, produced the most variation in stream structure 

and function. Glacier-fed streams had the lowest consumer richness and abundance, the 

lowest trophic diversity and little dietary overlap, arid the lowest cellulose decay rates. 

Cellulose decay rates were highest where consumer richness, trophic diversity and 

dietary overlap were highest and where riparian input was greatest. Consumer diets 

consisted primarily of allochthonous carbon (53 - 95%) and cellulose decay was likely 

mediated primarily by shredder invertebrates, as microbial activity was not correlated 

with decay rates. The present study provides baseline ecological data for long-term 

stream ecosystem monitoring in the Park and suggests that changes in glacial extent, 
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source water contribution, and quantity and quality of riparian vegetation may cause the 

greatest alteration in stream structure and function. 
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Chapter 1 General Introduction 

1.1 Rationale 

The ecology of riverine ecosystems in the eastern Canadian subarctic remains 

relatively unknown and, like their circumpolar counterparts, these systems are predicted 

to be vulnerable to climate-induced ecological changes that could affect species 

composition, distribution, and overall ecosystem functioning (Wrona et al. 2005, Culp et 

al. 2012,). Temperatures have remained relatively stable in the eastern Canadian 

subarctic in contrast with the western subarctic due to the strong marine influences of the 

Hudson Strait and Labrador Current outflows from the Arctic, but climate models predict 

that in the next several decades this area will experience the same climate-driven 

alterations that are advancing in other regions (Wrona et al. 2005). Climate change is 

predicted to alter the distribution, abundance, and taxonomic composition of freshwater 

species as a result of higher temperatures that will thaw permafrost and increase nutrient 

(Prowse 1994, Rouse et al. 1997, Wrona et al. 2006) and sediment loading (Bowden et al. 

2008). These ecological changes can affect important processes such as organic matter 

decomposition and primary productivity and can ultimately affect food web structure and 

dynamics (Wrona et al. 2006, White et al. 2007). Top predators appear to be particularly 

vulnerable to temperature increases, and alterations in their abundance could have top

down consequences on the entire food web (Meyer et al. 1999). Because the ecology of 

running waters in this subarctic region remains relatively unknown, these systems must be 

evaluated in order to begin long-term monitoring of climate-driven alterations to 

ecological structure and function. 
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The aim of this research is to assess contemporary patterns in stream structure and 

function within the Torngat Mountains National Park in northern Labrador, Canada and to 

determine the environmental (physicochemical) drivers of these ecological patterns. The 

catchments selected for study were identified by Parks Canada as areas of interest for 

long-term ecological monitoring and the present work provides the necessary baseline data 

for running waters within this newly-established Park, which is home to the only remnant 

glaciers on the eastern North American continent (V anLooy 2011 ). The present study also 

provides the basic understanding of these systems that is needed in order to predict 

specific climate-driven ecological changes. By incorporating measures of functional 

processes (i.e. organic matter decomposition) alongside structural measures (i.e. species 

diversity, abundance, and evenness), this research provides a more holistic approach to the 

evaluation of ecological integrity that is lacking in most traditional biomonitoring 

programs (Young et al. 2008). 

1.2 Background 

1.2.1 Stream Ecosystem Function 

Ecosystem functioning is the net result of several important processes such as 

primary and secondary production, organic matter decomposition, nutrient cycling, and 

predation and involves the transfer of energy and materials between the physical, chemical 

and biological components of the ecosystem (Matthews et al. 1982, Lovett et al. 2005, 

Solimini 2009). In general, the functioning of an ecosystem is a combination of bottom

up and top-down processes. A bottom-up process, such as primary production, is one that 

is primarily governed by the physico-chemical environment which influences the ability of 
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species to colonize, acquire energy and produce biomass that will eventually provide 

material to higher predators or to the decomposer food chain (Elliott et al. 2006). Top

down processes, such as predation, exert population controls on lower trophic levels 

(Elliott et al. 2006). 

Primary production and organic matter decomposition are two of the most 

important bottom-up processes because they involve the acquisition of energy and 

materials by food web constituents from the two primary sources of energy for stream 

ecosystems: photosynthesis and organic material from streamside vegetation or decaying 

organisms (Allen 1995, Benfield 2007). Primary producers can be an essential food 

source for consumer species and can make a significant contribution to the overall energy 

budget of a stream (Hynes 1970, Bott 2007). Organic material, an even larger contributor 

to the stream energy budget, particularly in temperate streams, is processed by bacteria, 

fungi and some groups of invertebrates into finer particles that are used as an energy 

source by various components of the food web (Cummins and Klug 1979, Benfield 2007). 

Primary production and decomposition are key ecosystem-level processes that are 

linked with the physical and chemical stream environment (Benfield 2007) and food web 

structure (Petchey et al. 1999). Climate change is predicted to affect these processes in 

Arctic streams by altering abiotic habitat structure which could affect function directly by 

changing the diversity and density of species that carry out particular ecological roles, and 

indirectly by changing trophic interactions ( either top-down or bottom-up control) of these 

species (Srivastava 2006). However, the magnitude of climate-induced biological 

responses is difficult to predict (Wrona et al. 2006) but may be understood through long

term biomonitoring in Arctic areas. Although traditional biomonitoring programs rely on 
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physico-chemical variables or community composition as measures of stream integrity, 

both structural and functional measures must be included in order to adequately 

characterize stream condition because stressors might cause changes to structure and not 

function, or vice versa (Young et al. 2008). Algal productivity and rates of leaf 

decomposition are good indicators of ecosystem function for biomonitoring programs 

because they are sensitive to environmental stressors and are relatively inexpensive and 

easy to measure (Young et al. 2008). 

1.2.2. Habitat Structure, Functional Processes and Food Web Patterns 

Food web patterns integrate key ecosystem processes, are affected by habitat 

structure and can be indicative of the functioning of a stream ecosystem (Kaunzinger and 

Morin 1998, Arim and Jaksic 2005). Habitat structure, or the physico-chemical 

environmental template, can affect food web structure and ecosystem functioning by 

creating niches for stream organisms (Kaunzinger and Morin 1998, Srivastava 2006). 

Habitat size can provide opportunities for immigration and specialization, while habitat 

complexity may affect ecosystem function either by limiting or promoting diversity and 

abundance of species that carry out certain functions (Srivastava 2006). Habitat structure 

could also have indirect effects on function by altering top-down or bottom-up control on 

the trophic level performing the function (Srivastava 2006). For example, habitat 

complexity and size have been shown to affect predation rates by providing prey refuges 

and alter the functions carried out by lower trophic levels as prey species modified their 

foraging behaviour (Srivastava 2006). 
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Food web patterns can also be affected by energy-acquiring processes (Arim and 

Jaksic 2005) that can themselves be affected by habitat structure. The number of species 

within the food web can be positively influenced by productivity; as species richness 

decreases, there is a corresponding decrease in the number of connections, or number of 

links per species, which simplifies food web structure (Parker and Huryn 2006). 

Therefore, if species richness is affected by productivity and links per species are related 

to species richness, a relationship is also expected between productivity and the number of 

links per species (Arim and Jaksic 2005). Food chain length could be limited by 

inefficient energy transfer between trophic levels or by the instability of longer food 

chains (Kaunzinger and Morin 1998) but has been shown to have a positive relationship 

with the amount of resources on which a community is based, which may differ with 

productivity (Arim and Jaksic 2005). Food web metrics such as the number of trophic 

levels, connectance or complexity, and number of species, should be altered where there 

are variations in ecosystem processes (Arim and Jaksic 2005). Food web patterns in 

Arctic streams are likely to be affected by climate change through alterations to both the 

physico-chemical habitat and key ecosystem processes. 

1.3 Objectives 

The specific aims of my research are: 

1) To evaluate taxonomic and trophic diversity of invertebrate consumers in streams that 

represent a range of abiotic conditions including glacial input, nutrient concentrations 

and temperatures; 

2) To evaluate organic matter decay rates across the same range of abiotic conditions; 
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3) To determine the relative importance of allochthonous and autochthonous carbon 

sources in these stream food webs; and 

4) To determine which environmental variables (from multiple spatial scales) may be 

driving patterns in consumer taxonomic diversity, trophic diversity and organic 

matter decay rates. 

1.4 Dissertation Structure 

The dissertation includes introductory and closing (synthesis) chapters along with 

three data chapters that aim to answer the research questions stated above. Data chapters 

are constructed as primary manuscripts, thus, repetitiveness in some sections of these 

chapters (e.g., site descriptions, some methods) is unavoidable. 

Chapter 2 describes the composition of macroinvertebrate assemblages (based on 

several biological metrics including relative abundance and richness) across varying 

fluvial conditions and describes the spatial scale(s) at which environmental variables are 

most closely linked with the structure of these assemblages. 

Chapter 3 discusses the relative importance of allochthonous and autochthonous 

carbon sources to invertebrate consumers and evaluates invertebrate consumer trophic 

diversity and dietary overlap (redundancy) in conjunction with taxonomic diversity across 

varying fluvial conditions. This chapter also assesses the spatial scales(s) at which 

environmental variables are most closely linked with trophic and taxonomic diversity. 

Chapter 4 highlights the importance of organic matter decomposition in Arctic 

streams and introduces the Cotton Strip Assay (CSA) as a method for evaluating 
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decomposition rates in remote northern streams. This data chapter describes 1) cellulose 

decomposition rates across a range of fluvial conditions measured via losses of cotton 

strip mass and tensile strength, 2) microbial activity associated with the decaying cotton 

and its relationship to decomposition rate, and 3) the spatial scale(s) at which 

environmental variables are most closely associated with patterns in cellulose 

decomposition rates. 

1.5 Significance of Work 

1.5.1 Contribution to Freshwater Biomonitoring in the Park 

The research contributes to the findings of a team of researchers whose common 

aim is to develop a long-term ecological monitoring program for the Tomgat Mountains 

National Park by identifying appropriate measures of ecological integrity for several 

ecotypes in the Park (i.e. wetlands, barrens, freshwater, seacoast and marine 

environments). My research establishes baseline structural and functional data for stream 

systems in the Park. In addition, this study investigates the feasibility of using the Cotton 

Strip Assay in the Park to measure organic matter decay rates, an important indicator of 

stream ecosystem function and ecological integrity. 

1.5.2 Arctic Freshwater Biodiversity 

The present research contributes to the International Polar Year project Arctic 

BioNet research network which focused on increasing understanding of Arctic freshwater 

biodiversity. A primary objective of Arctic BioNet was to document stream ecosystem 

biodiversity along a latitudinal gradient ranging from the eastern Canadian High Arctic to 
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the subarctic. My research, which includes stream biodiversity sampling in subarctic 

Labrador, provides subarctic stream biodiversity information and is the most southerly 

boundary for Arctic biodiversity data collected as part of the Arctic BioNet eastern Arctic 

stream research study. 
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Chapter 2 Environmental drivers of benthic macroinvertebrate 
assemblage structure in streams of northern Labrador, 
Canada 

2.1 Abstract 

Studies investigating the influence of physiochemical variables from multiple 

spatial scales on riverine benthic invertebrate assemblages have been largely focused on 

temperate systems. In contrast, little information exists on the relative influence of 

multi-scalar environmental variables on Arctic and subarctic stream biota. The present 

study explored the influence of physiochemical variables from local, reach, and 

catchment scales on benthic invertebrate assemblage structure in northern Labrador 

streams. Assemblages from 16 study sites were quantified in terms of taxonomic 

structure (relative abundances) and several other biological metrics. Local 

environmental data were measured in the field while reach-scale and catchment-scale 

variables were collected via geospatial software. Redundancy Analysis (RDA) 

ordinations revealed that reach scale variables, which included the relative area of 

glaciers and various land cover types (grasses, moss, shrubs, and more), explained the 

most variation (53.2 - 58.5% unconstrained variance) in relative abundance data and 

biological metrics across sites. However, environmental variables from the catchment 

and local scales were also highly correlated with community structure. The chironomid 

subfamily Diamesinae, known to be well-adapted to low water temperatures and 

unstable habitats near glacier margins, dominated the ordinations of relative abundance 

and biological metrics and was highly correlated with glacier area. It is important to 

understand how benthic assemblages are contemporarily linked to scale-dependent 
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environmental variables in order to predict responses to environmental change. The 

present study provides baseline ecological data for long-term monitoring of invertebrate 

assemblage structure in Labrador streams. 

2.2 Introduction 

The variety, abundance and distribution of biota in lotic systems are influenced 

by environmental variables from multiple spatial scales that interactively affect physical 

habitat and water chemistry (Weigel et al. 2003, Parsons and Thoms 2007). For 

example, benthic macroinvertebrate assemblages are affected by substrate particle size 

and stream chemistry at the local scale which are determined by soil, landform and 

catchment geology at higher spatial scales (Feld and Hering 2007). Thus, hierarchical 

relationships can exist between large- and small-scale variables that result in complex 

linkages between stream biota and their environment. Studies that have investigated the 

relative influence of multi-scale environmental variables on stream biota have been 

largely focused on temperate systems (Parsons and Thoms 2007) and catchments with 

heavy agricultural activity (Weigel et al. 2003). In contrast, little information exists on 

the relative influence of scale-dependent variables on Arctic stream biota ( although see 

Lento et al., accepted) that face climate-driven ecological changes that may extend 

across a range of spatial scales. 

Climate warming, which is amplified in polar regions (Moritz et al. 2002), will 

alter important landscape-level variables such as seasonal flow patterns, extent and 

duration of ice-cover, and loading of nutrients and sediments (Wrona et al. 2005) that 

are likely to influence lower scale habitat characteristics and ultimately affect species 
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richness, range and distribution (Wrona et al. 2006, Burgmer et al. 2007). However, the 

magnitude of these impacts will be highly specific to the region, latitude and 

geomorphological history of a given system (Prowse et al. 2006a) as well as its size and 

water source (Prowse et al. 2006b). Glacier-fed streams are subject to particularly 

dynamic flow patterns and are extremely nutrient-poor (Milner et al. 2009), making 

these challenging environments for primary producers and invertebrate communities 

(Prowse et al. 2006b ). As a result, taxonomic richness is low in these systems and 

communities may be dominated by a small number of tolerant or specialized taxa such 

as the chironomid subfamily Diamesinae which tend to dominate habitats near glacier 

margins (Milner and Petts 1994 ). Taxon richness is generally amplified as distance 

from the glacier increases and the physicochemical habitat is influenced by the input of 

water from various sources (Milner et al. 2009). Spring-fed streams experience more 

stable, year-round habitat which enables greater primary production and invertebrate 

diversity while streams draining lakes have even higher levels of invertebrate 

productivity and diversity (Huryn et al. 2005, Prowse et al. 2006b ). Thus, a strong 

relationship exists between percent catchment glaciation and macroinvertebrate taxon 

richness. As glaciers recede due to climate warming and there are shifts in water source 

contributions (Milner et al. 2009), physicochemical conditions and thus benthic 

community structures within stream systems will be altered. Such ecological changes 

have potential implications for stream food webs (Wrona et al. 2006). It is thus 

important to understand how benthic communities are contemporarily linked to scale

dependent physicochemical variables, including the relative contribution of glaciers, in 

order to predict community responses to environmental change. 
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The aims of this study were to 1) evaluate the structure of benthic 

macroinvertebrate assemblages in terms of several biological metrics (including relative 

abundance and richness) across streams with varying glacial influence, elevation, 

temperature regimes and nutrient concentrations and 2) determine the spatial scales(s) at 

which environmental variables are most closely linked with the structure of these 

assemblages. Macroinvertebrate assemblages are often used as indicators of stream 

integrity because they respond to environmental influences from multiple spatial scales 

(Weigel et al. 2003). The variety and abundance of stream macroinvertebrates are still 

relatively unknown in the eastern Canadian subarctic where temperatures have remained 

relatively stable over the last several thousand years in comparison to the rest of the 

circumpolar Arctic (Prowse et al. 2006b ). However, this region is projected to 

experience rapid, long-term climate-related alterations over the next several decades 

(Prowse et al. 2006b) and is thus of particular interest for ecosystem-based study and 

long-term bioassessment. 

2.3 Methods 

2.3.1 Study Area 

The study was conducted in small (l51 - 3rd order) streams of the Torngat 

Mountains in subarctic regions of northern Labrador, Canada. Field sampling occurred 

from late July through late August of 2008 and 2009 in the Ivitak (McCornick) Brook 

(MC) and Nakvak Brook (NK) catchments within the recently established Torngat 

Mountains National Park (Fig. 1 ). These catchments were identified by Parks Canada as 

areas of interest for long-term ecological monitoring. The terrain is characterized by 

treeless tundra with discontinuous but extensive permafrost (Paterson et al. 2003) and 
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vegetation within the catchments consists of sparsely distributed low-growing willow, 

and more widely distributed growths of cotton sedge (Eriophorum sp. ), mosses and 

lichens. Rocky barrens exist at higher elevations. The 16 study streams had high bed 

slopes ( average sub-catchment slope = 15 - 3 7% ), complex stream bed substrates 

composed of bedrock, large boulders, cobble and gravel. Epilithic algae were sparse 

despite the streams being scarcely shaded, and aquatic mosses were not observed in our 

study sites. Nutrient and ion concentrations were extremely low and streams were ice

covered from November to May, with mean water temperatures in July and August near 

12°c. 

2.3.2 Benthic Macroinvertebrates 

Benthic macroinvertebrates were sampled once per season with a 400-µm-mesh 

U-net along a 5 to 10 metre run at each site. Ten replicate collections were made 

whereby the substrate within a 0.5m2 area in front of the net was disturbed for 1 min by 

rubbing the rocks and disturbing sand, giving a total effort of 5m2 per site. 

Macroinvertebrates were removed from the net and stored in 95% denatured ethanol for 

transport. In the lab, all macroinvertebrates were identified to family (subfamily for 

Chironomidae; Tables 1 and 2) and to genus where possible using a Leica Wild M3Z 

dissecting microscope with up to 40x magnification. A North American Benthological 

Society-certified taxonomist from the Environment Canada lab at UNB Fredericton 

performed quality assurance checks on all samples to ensure 95% sorting (taxonomic) 

accuracy. Because genus-level identification was not possible for all groups of 

invertebrates, family data were used to calculate relative abundance as well as 31 
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biological metrics that included measures of richness and diversity {Table 3). Data were 

either log10 (x + 1) or arcsin ('1x) transformed and Pearson correlation coefficients were 

calculated in order to remove redundant metrics. A group of metrics were considered 

redundant if their correlation coefficients were larger than 0.8 and all but one of these 

metrics were removed from the analysis. The reduced subsets included 15 metrics in 

2008 and 18 metrics in 2009 (Table 3) which were used in further analyses of benthic 

community structure. 

2.3.3 Environmental Variables 

Environmental variables were collected from site, reach and catchment scales 

(Fig. 2). Site-scale chemical data (Table 4) were determined by collecting water 

samples which were analyzed for ions, conductivity, pH, alkalinity and nutrients using 

standardized methods (Environment Canada 2008) at Environment Canada's National 

Laboratory for Environmental Testing in Burlington, Ontario, Canada. Physical data 

collected at the site scale included substrate composition and mean daily temperatures 

from July to August measured with HOBO temperature recorders deployed during those 

months. Substrate composition was summarized as the proportion of particles in the 

size ranges of sand (< 0.2 cm), gravel (0.2 to < 6.4 cm), cobble (6.4 to < 25.6 cm) and 

boulders (~ 25.6 cm) (Matthaei et al. 2006). Approximately 200 particles were 

characterized at each site by measuring the intermediate axes ( b-axes) of particles 

chosen along a 5 - IO metre transect. While walking along this transect, the particle at 

the very tip of every left-sided boot step was selected and measured. In addition, 

standing algal biomass was estimated by measuring the chlorophyll a concentration 
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(g/m2
) of periphyton collected from 10 rocks randomly selected at each site. A 12.9 cm2 

template was placed on the surface of each rock and a scalpel was used to remove 

periphyton from within the area of the template. The 10 scrapings from each site were 

combined and preserved in 95% denatured ethanol for transportation. In the laboratory, 

each sample was homogenized and filtered through a OF /C filter which was placed in an 

80°C bath of 90% ethanol for 7 minutes in order to extract chlorophyll a from algal cells 

(Biggs and Kilroy 2000). Chlorophyll a concentrations were then measured via 

fluorescence with a Turner Designs model 10 series fluorometer. 

Catchment- and reach-scale environmental variables (Tables 5 and 6) were 

estimated from geospatial data. Geospatial variables for each sample location were 

estimated using ArcGIS, a Geographic Information System (GIS), in which a 30 metre 

resolution Digital Elevation Model (DEM) was used for watershed delineation. The 

upstream catchment of each sampling location was delineated using the ESRI 

Watershed Delineation toolbox and geospatial variables at the reach (1 km radius from 

site; Steel et al. 2010) and catchment scales were then extracted using the Spatial 

Analyst toolbox. Environmental data were either log10 (x + 1) or arcsin ('1x) 

transformed and Pearson correlation coefficients were calculated in order to avoid 

redundancy at each scale (site, reach and catchment). Metrics were removed if their 

correlation coefficients were larger than 0. 7. The resulting subsets of variables ranged 

from 4 to 17 depending on the scale (Tables 4, 5 and 6). 
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2.3.4 Statistical Analyses 

Detrended Correspondence Analysis (DCA) was applied separately to relative 

abundance and biological metrics (Feld and Herring 2007) to determine the proper 

response models for analyzing the spatial separation of sites based on macroinvertebrate 

data (i.e. whether Prinicipal Components Analysis (PCA) or Correspondence Analysis 

(CA) should be used; Borcard et al. 1992). DCA gradient lengths were less than 3.5 

standard deviations (SDs) for both relative abundance and biological metrics (gradient 

lengths for 2008 data = 2.28 and 0.69 SDs, respectively; gradient lengths for 2009 data 

= 1.95 and 0.79 SDs, respectively) which suggested that a linear response model, and 

thus PCA, was most appropriate (Legendre and Legendre 1998). PCA was then used to 

examine site-based associations of invertebrate communities. Redundancy Analysis 

(RDA) was used to examine the associations between both relative abundance or 

biological metrics and the environmental variables collected at each of the three spatial 

scales ( catchment, reach and site). RDA bi plots were constructed to visually assess the 

variation in relative abundance data at each spatial scale. 

2.4 Results 

2.4.1 Macroinvertebrate Assemblage Structure 

A large (and similar) proportion of assemblage variance was explained by the 

first three axes of the PCA ordinations of relative abundance ( cumulative variance = 

59.0% in 2008 and 58.5% in 2009) and biological metrics (cumulative variance= 64.4% 

in 2008 and 57 .1 % in 2009). The first PCA axis of 2008 and 2009 relative abundance 

data alone (29.7 and 30.4%) accounted for proportions of assemblage variance which 
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were comparable to the variance captured in the first PCA axis of biological metrics 

each year (35.5 and 29.8%). 

Study sites were highly separated in ordination space in PCA biplots based on 

2008 relative abundance data and biological metrics. The biplot of relative abundance 

data showed a distinct separation of sites from the MC and NK catchments (Fig. 3a). 

MC sites were highly associated with the dipteran family Simuliidae and the chironomid 

subfamily Diamesinae which were spatially separated and negatively associated with 

most other taxa including Ephemeroptera and Plecoptera families. There was also a 

separation in NK sites which seemed to be associated with their position within the 

catchment. The biplot of 2008 biological metrics also showed a separation of MC and 

NK sites (although less distinct) where the relative abundance of the chironomid 

subfamily Chironominae and non-insect taxa, as well as the presence/absence of 

Diamesinae, appeared to be important metrics determining the spatial separation of MC 

sites from NK sites (Fig. 3b). The metrics for these taxa were negatively associated 

with richness and the relative abundance of most other groups, suggesting that these taxa 

dominated the sites in which they were found. 

The PCA bi plot of 2009 relative abundance data also showed a spatial separation 

of MC and NK sites, although MC sites were tightly clustered near the origin (Fig.4a). 

Again, MC sites were highly associated with Diamesinae and, to a lesser extent, 

Simuliidae. The site MC02 was more spatially separated than any other site and was 

associated with the relative abundances of Ephemeroptera families such as Ameletidae 

and Heptageniidae as well as the Plecopteran family Capniidae. The biplot of 2009 

biological metrics showed a greater separation of all sites through ordination space, 
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although MC and NK sites were still generally divided (Fig. 4b ). The ordination of 

biological metrics also showed that site MC02 was distinct in its relative abundances of 

Plecoptera as well as chironomids. Although stream sites appeared more similar in 2009 

when relative abundance was used to describe the communities, relative abundance 

accounted for a slightly higher proportion of variation (58.5%) than did the biological 

metrics (57.1 %). In general, relative abundance and biological metrics explained 

equivalent amounts of variation in macroinvertebrate assemblage structure. 

2.4.2 Association with Environmental Variables 

2.4.2.1 Relative Abundance 

Relative abundance data from both years were highly correlated with 

environmental variables at all three spatial scales. The first RDA axis at each spatial 

scale accounted for 28.0 - 53.3% and 30.4 - 49.8% of the constrained variance in 

community structure in 2008 and 2009, respectively (Table 7). The first three axes 

combined explained 59.7 - 90.3% of the constrained variance in 2008 and 58.5 - 82.2% 

of the constrained variance in 2009. The unconstrained variance explained by the first 

three RDA axes was 30.5 - 55.2% in 2008 and 47.3 - 58.5% in 2009 (Table 7). 

Although assemblage composition was strongly correlated with environmental variables 

from all spatial scales, the data were most highly correlated with reach-scale variables 

(unconstrained variance of first three axes= 55.2% in 2008 and 58.5% in 2009). 

2.4.2.2 Biological Metrics 

Biological metrics from both years were highly correlated with environmental 

variables from site, reach and catchment scales. In 2008, the first RDA axis at each 
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spatial scale accounted for 39.3 - 44.1 % of the constrained assemblage variance while 

the first three axes in combination explained 70.3 - 90.1 % of the variation (Table 8). 

Similarly, in 2009 the first RDA axis at each scale explained 31.5 - 55.3% of the 

constrained variance while the first three axes in combination accounted for 63 .5 -

87 .8% of the variation in assemblage structure (Table 8). The unconstrained variance 

explained by the first three RDA axes was 24.2 - 62.6% in 2008 and 3 8.4 - 56.9% in 

2009 (Table 4 ). As with relative abundance data, biological metrics were most highly 

correlated with reach scale environmental variables ( unconstrained variance of first 

three axes = 62.6% in 2008 and 56.9% in 2009) although data were strongly correlated 

with variables from all three spatial scales. 

2.4.2.3 Assessment of RDA Biplots 

RDA biplots at each scale showed similar patterns in the association of both 

relative abundance data and biological metrics with the first two ordination axes. In 

2008, catchment area was most strongly associated with the first axis of the catchment

scale RDA biplots whereas the second axis appeared to be related to aspect (Fig. 4a). 

Richness and abundance were most closely associated with catchment area and aspect 

but were negatively related to the relative abundances of Diamesinae and Simuliidae 

(Figs. 4a and Sa). At the reach scale, there were clear separations of relative abundance 

data or biological metrics based on the relative areas of glacial coverage, drift, riparian 

moss (RipMoss) and the dwarf fireweed Epilobium latifolium (SubirrEp) (Figs. 4b and 

Sb). These land cover types were positively associated with abundances of Diamesinae, 

Simuliidae and lsotomidae but were negatively related to richness and abundance. At 

the site scale, total nitrogen (1N) and alkalinity were the variables most closely 
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associated with the first axis of the relative abundance biplot whereas total phosphorus 

{TP) had a strong effect on the separation of species along the second axis (Fig. 4c ). 

Relative abundances of Jsotomidae, Simuliidae, Diamesinae and Onychiuridae were 

negatively associated with TP, alkalinity and the proportion of sand (Fig. 4c ). Site-scale 

biological metrics were mostly associated with the second axis of the RDA biplot which 

was positively associated with nutrient concentrations and proportion of sand, and 

negatively associated with alkalinity (Fig. 5c ). Richness and abundance were positively 

related to nutrients, sand and alkalinity and negatively related to the presence of 

Diamesinae (Fig. 5c ). 

In 2009, the catchment-scale variables positively associated with the first axis 

were catchment area and aspect while long-term average precipitation and the relative 

abundance of metamorphic bedrock were negatively associated with the first axis (Figs. 

6a and 7a). The second axis appeared to be associated with the relative abundance of 

intrusive bedrock. Watershed area was positively associated with richness and 

abundance but negatively associated with the relative abundances of Diamesinae which 

were positively associated with precipitation and the relative area of metamorphic 

bedrock (Figs. 6a and 7a). At the reach scale, richness and evenness were positively 

associated with the first axis and closely related to the relative abundances of dwarf 

(DwShr) and erect shrubs (ErShr), the submesic birch Betula glandulosa (SM_Betu), the 

cottongrass Eriophorum angustifolium (Hyg_ Care) and the sedge Carex membranacea 

(Hyg_ Care) (Fig. 7b ). Similarly, most species were associated with these land cover 

types in the RDA biplot of macroinvertebrate relative abundance (Fig. 6b ). Richness 

and evenness were negatively associated with the abundance of Diamesinae which was 
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closely related to the relative abundance of glaciers, lichen and the sedge Carex 

bigelowii (MesCare) (Fig. 7b ). At the site scale, all environmental variables were 

positively associated with the first axis and in both biplots the second axis seemed to 

generally represent a gradient in substrate size ranging from sand to boulders (Figs. 6c 

and 7c). Richness and evenness were positively associated with variables such as 

temperature and nutrients while abundance was closely related to sandy habitats (Fig. 

1c). Diamesinae were very negatively associated with temperature, nutrients and 

species richness (Fig. 6c and 7c). 

2.5 Discussion 

The structure of macroinvertebrate assemblages in northern Labrador streams as 

described by relative abundance and biological metrics was strongly linked to physical 

and chemical variables from multiple spatial scales. In particular, assemblages appeared 

to be most influenced by catchment area, aspect, glacial coverage, temperature, and the 

relative abundance of shrubs in the catchment. Although environmental variables from 

the reach scale appeared to explain a slightly higher proportion of variation within 

benthic assemblages, catchment and site scale variables also accounted for large 

proportions of assemblage variance. These results are in accordance with hierarchical 

theory which states that environmental variables across multiple, nested spatial scales 

interactively influence benthic community composition through combined effects on 

physical habitat and water chemistry (Weigel et al. 2003, Parsons and Thoms 2007). In 

temperate systems, there does not appear to be a dominant spatial scale driving 

community composition but rather the relative influence of each spatial scale varies 
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between regions (Weigel et al. 2003). In the Arctic, one of the strongest determinants of 

community composition is tolerance to extreme physical and chemical conditions as 

well as the influence of habitat instability (Friberg et al. 2001). Large-scale climatic 

extremes in the Arctic lead to particularly harsh conditions in lotic systems which 

include low temperatures, long duration of snow and ice cover and large variations in 

flow, particularly in glacial-fed systems (Prowse et al. 2006a). In addition, glacial 

streams have higher turbidity and experience greater physical disturbance than do 

snowmelt and rainfall streams due to shifting channels and bedload movement (Milner 

and Petts 1994). Thus, it is not surprising that RDAs from the reach scale, which 

included the relative area of glaciers, produced strong gradients in macroinvertebrate 

assemblages. Land cover at the reach scale also appeared to be a strong driver of 

assemblage composition. Similarly, Sponseller, Benfield and Valett (2001) found that in 

temperate streams macroinvertebrates were most highly associated with riparian land 

cover within 200m of study sites and Weigel (2003) attributed approximately half of the 

variation in macroinvertebrate communities to land cover within temperate catchments. 

The chironomid subfamily Diamesinae dominated the ordinations of both 

relative abundance and biological metrics at all three spatial scales. The abundance or 

presence/absence of Diamesinae was positively associated with glacier area, low 

temperatures and nutrients and large substrate composition, which is indicative of high 

streambed disturbance. Diamesinae are known to be very well adapted to low water 

temperatures and high bed instability which are characteristic of high latitude and high 

elevation streams (Milner et al. 2001 ). Adaptations include the construction of webs (by 

certain Diamesa species) as well as long posterior pro legs with strong claws that enable 
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larvae to grip the substrate and withstand high water velocities that occur during peak 

flow periods (Milner and Petts 1994). Milner and Petts (1994) showed that Diamesinae 

dominated cold, unstable habitats near glacier margins and that macroinvertebrate 

diversity increased with distance from the glacier. Similarly, invertebrate abundance in 

our study was highest in sandy (highly stable) habitats and richness was greatest in large 

catchments that were characterized by higher nutrients and water temperatures as well as 

diverse ground cover such as dwarf and erect shrubs, birch and a variety of grasses and 

sedges. Richness and abundance were also generally higher at sites with a south -

southwest aspect and with a large proportion of intrusive bedrock while Diamesinae and 

Simuliidae were associated with areas of metamorphic bedrock and drift sediment 

deposited by glaciers. The presence/absence and relative abundances of Diamesinae 

were negatively correlated with richness, indicating that this taxon dominated the sites 

in which it was found. Diamesinae dominated the communities of high-altitude, 

glacially-influenced sites in the McComick catchment which were distinct from those in 

the Nakvak catchment where richness and abundance were high and larger invertebrate 

groups such as Ephemeroptera and Plecoptera were present. 

Relative abundance and biological metrics explained similar amounts of 

variation in benthic assemblage structure, although a slightly higher proportion of 

variation was summarized by biological metrics in 2008 and by relative abundance in 

2009. In contrast, environmental variables have been shown to be more strongly 

associated with biological metrics than with relative abundances in impacted (Feld and 

Herring 2007) and pristine streams (Weigel et al. 2003). However, these studies 

included metrics such as functional feeding groups and the strong correlation between 
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biological metrics and environmental variables was attributed to the functional rather 

than structural nature of the metrics (Feld and Herring 2007). The biological metrics in 

our study were primarily structural and thus macroinvertebrate composition as measured 

by relative abundance or biological metrics expressed similar aspects of the 

assemblages. Weigel et al. (2003) stated that since biological metrics are a summary of 

assemblage variance they may reduce the noise in the dependent variables and 

strengthen the correlation between these variables and the environmental variables in 

question. In our study, summarizing assemblage variance with biological metrics did 

not greatly reduce the noise within our data set when compared to relative abundance 

measurements. 

These results indicate that changes to environmental variables that were 

measured at the reach scale, including the relative area of glaciers and various land 

cover types, may have the greatest impact on stream macroinvertebrate assemblages in 

northern Labrador. However, results show that landscape and local environmental 

variables also drive assemblage structure, emphasizing the hierarchical nature of 

environmental variables in this area. Disturbances to the physicochemical habitats at 

these scales are likely to impact benthic communities. Although temperatures in this 

region have remained relatively stable over the last several decades, climate models 

predict an accelerated warming trend in the coming decades that is likely to have 

significant impacts on the Arctic landscape, including the amount and forms of 

precipitation, glacial extent and the richness and abundance of riparian vegetation as 

species shift their distributions northward in latitude and upward in elevation (Walther et 

al. 2002). Such ecological changes are likely to alter benthic habitats across a range of 
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spatial scales and affect species composition, distribution, and abundance, particularly 

within glacial streams wherein communities will be subjected to increased variations in 

flow (Milner and Petts 1994; Prowse et al. 2006a). 
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Table 1. Taxa collected at study sites in 2008 and their abundances across all sites. 

Mean 
Order Family Subfamily Abbreviation Abundance 

{2er 5m2
} 

Ephemeroptera Heptageniidae Heptagen 101 
Ephemerellidae Ephemere 106 
Baetidae Baetidae 163 
Ameletidae Ameletid 10 
Siphlonuridae Siphlonu 5 

Plecoptera Chloroperlidae Chlorope 1 
Capniidae Capniida 10 
Perlodidae Perlodid 15 

Trichoptera Limnephilidae Limnephi 1 
Apatanidae Apatanid 4 

Diptera Chironomidae Chironominae Chironom 55 
Diamesinae Diamesin 204 
Orthocladiinae Orthocla 232 
Tanypodinae Tanypodi 29 

Simuliidae Simuliid 108 
Tipulidae Tipulida 4 
Ceratopogonidae Ceratopo 31 
Empididae Empidida 2 
Muscidae Muscidae 2 
Blephaceridae Blephace 2 

Trombidiformes Acari Acari 38 
Collembola Isotomidae Isotomid 2 

Onychiuridae Onychiur 1 
Sminthuridae Sminthur 2 

Tardigrada Tardigra 1 
Oribatida Oribatid 2 
Oligochaeta Oligocha 66 
Gastropoda Gastropo 1 
Hydrozetidae Hydrozet 3 
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Table 2. Taxa collected at study sites in 2009 and their abundances across all sites. 

Mean 
Order Family Subfamily Abbreviation Abundance 

{2er 5m2
} 

Ephemeroptera Heptageniidae Heptagen 25 
Ephemerellidae Ephemere 33 
Baetidae Baetidae 386 
Ameletidae Ameletid 1 

Plecoptera Chloroperlidae Chlorope 6 

Capniidae Capniida 7 
Trichoptera Ryacophilidae Ryacophi 2 
Diptera Chironomidae Chironominae Chironom 25 

Diamesinae Diamesin 143 
Orthocladinae Orthocla 170 
Tanypodinae Tanypodi 7 
Podonominae Podonomi 1 

Simuliidae Simuliid 121 
Tipulidae Tipulida 2 
Empididae Empidida 4 

Coleoptera Dystiscidae Dystisci 1 
Trombidiformes Acari Acari 15 
Collembola Isotomidae Isotomid 2 
Oribatida Oribatid 2 
0 ligochaeta Oligocha 11 
Hydrozetidae Hydrozet 5 
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Table 3. Biological metrics calculated from benthic invertebrate data, 
including their abbreviations and data transformations performed during 
analyses. Inclusion in RDA analyses is indicated by (*). 

Metric Abbreviation Transformation Used in RDA 

2008 2009 

Richness Richness LoglO+l * * 
Abundance Abundance LoglO+l * * 
Margalef Margalef LoglO+l 
Evenness Evenness LoglO+l * 
Shannon Diversity SW LoglO+l 
Simpson Simpson LoglO+l 
Taxa Distinctiness Distinct LoglO+l 
RA Ephemeroptera RAE ASIN(SQRT) 
RA Plecoptera RA p ASIN(SQRT) * * 
RA Trichoptera RAT ASIN(SQRT) * * 
RADiptera RAD ASIN(SQRT) 
RAEPT RA EPT ASIN(SQRT) * 
RA Non-Dipteran RA NonD ASIN(SQRT) * * 
RA Non-Insect RA Noni ASIN(SQRT) * * 
RA Chironomidae RA Chid ASIN(SQRT) * * 
RA Chironominae RA Chin ASIN(SQRT) * * 
RA Diamesinae RA Diam ASIN(SQRT) * 
RA Orthocladiinae RA Ortho ASIN(SQRT) * * 
RA Tanypodinae RA_Tany ASIN(SQRT) * 
# Ephemeroptera Taxa Num E LoglO+l 

# Plecoptera Taxa Num P LoglO+l * 
# Trichoptera Taxa Num T LoglO+l 

# Diptera Taxa Num D LoglO+l * * 
#EPTTaxa Num EPT LoglO+l 

# Non-Dipteran Taxa Num NonD LoglO+l 

# Non-Insect Taxa Num Noni LoglO+l 

# Chironomidae Taxa Num Chid LoglO+l * * 
Pl A Chironominae PA Chin LoglO+l * * 
Pl A Diamesinae PA Diam LoglO+l * 
PI A Orthocladiinae PA Ortho LoglO+l 
PIA Tanypodinae PA_Tany LoglO+l * * 
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Table 4. Chemical and physical variables collected at the site scale 
for each sampling location. Variables included in the RDA analysis 
are indicated by(*). 

Variable Description Units Used in RDA 
2008 2009 

Cond Conductivity µSiem * 
pH pH pH units * 
Alk Alkalinity mg/L * 
Temp Temperature oc * * 
Cl Chloride mg/L 
S04 Sulphate mg/L 
Ca Calcium mg/L 

Mg Magnesium mg/L 

Na Sodium mg/L * 
K Potassium mg/L * 
TN Total Nitrogen ( unfiltered) mg/L * * 
TP Total Phosphorus (filtered) mg/L * * 
TP-UF Total Phosphorus (unfiltered) mg/L * * 
Chi-A Chlorophyll a g/m2 * 
Sand Proportion of sand % * * 
Gravel Proportion of gravel % * 
Cobble Proportion of cobble % 
Boulder Proportion of boulder % * 
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Table 5. Environmental variables collected at the catchment scale for each sampling location. 
Variables included in the RDA analysis are indicated by (*). 

Data Type Variable Description Scale Used in RDA 

2008 2009 

Climate LTA_Precip Long-term average annual precipitation Catchment * 

Landscape WS Area Watershed area Catchment * * 
Measurement WS Perim Watershed perimeter Catchment 

Mean Elev Mean watershed elevation Catchment 

Min Elev Minimum watershed elevation Catchment 

Max Elev Maximum watershed elevation Catchment 

Std Elev Standard deviation watershed elevation Catchment 

Rng_Elev Range of watershed elevation Catchment 

Aspect Mean watershed aspect Catchment * * 
Slope Mean watershed slope Catchment 

Bedrock RA Meta Relative area of metamorphic bedrock Catchment * * 
Geology RA Intru Relative area of intrusive bedrock Catchment * * 

RA Sedi Relative area of sedimentary bedrock Catchment 



Table 6. Environmental variables collected at the reach scale for each sampling location. 
Variables included in the RDA analysis are indicated by (*). 

Data Type Variable Description Used in RDA 

2008 2009 

Surficial Drift Relative area of drift * * 
Geology Till Relative area of till * * 

AblDft Relative area of ablation drift 

Land Cover ErShr Relative area of mesic erect shrub tundra (Betula glandulosa) * * 
DwShr Relative area of mesic dwarf shrub tundra * 
Lichen Relative area of rock lichen * 
SMBetu Relative area of submesic Betula g/andulosa, Vaccinium vitis-idaea * 
SHgBetu Relative area of subhygric Betula glandulosa * * 
SHgRTallSh Relative area of subhygric rich tall shrub (A/nus crispa, Salix sp.) * 
SubirrEpil Relative area of subirigated Epilobrium latifolium * * 
HygCare Relative area of hygric Carex membranacea, Eriophorum angustifolium * 
RipMoss Relative area of riparian moss * 
UpTidal Relative area of upper tidal * 
LowTidal Relative area of lower tidal * 
SaltSpMead Relative area of salt spray rich meadow * 
BeachDune Relative are of beach dune (Ammophila sp.) * 
SaltMarsh Relative area of salt marsh (Carex glareosa) * 
SMSileLich Relative area of Silene acaulis lichen * 
SHgCare Relative area of subhygric Carex bigelowii * * 
MesCare Relative area of mesic Carex bigelowii * 
SHgCryp Relative area of subhygric cryptogamic crust * 
MesRaco Relative area of mesic Racomitrium /anuginosum * 
Glacier Relative area of glacier * * 
RipTallShr Relative area of riparian tall shrub (A/nus crispa, Salix planifolia) * * w 
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Table 7. Variance in community structure as measured by relative abundance data. 
Percent constrained and unconstrained variances are reported for the first three RDA 
axes. 

Relative Abundance 

2008 2009 
% Constrained % Unconstrained % Constrained % Unconstrained 

Variance Variance Variance Variance 
Scale Axes I - III Axes I- III Axes I - III Axes I - III 

Catchment 90.3 44.6 82.2 47.3 
Reach 59.7 53.3 58.5 58.5 
Site 87.8 30.5 64.5 53.7 
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Table 8. Variance in community structure as measured by biological metrics. Percent 
constrained and unconstrained variances are reported for the first three RDA axes. 

Biological Metrics 

2008 2009 
% Constrained % Unconstrained % Constrained % Unconstrained 

Variance Variance Variance Variance 
Scale Axes I - III Axes I - III Axes I - III Axes I - III 

Catchment 90.1 47.2 87.8 38.4 
Reach 62.9 56.2 66.5 53.2 
Site 87.9 24.2 68.7 49.6 
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Figure 1. Sampling sites (a) within the McComick (MC) and Nakvak (NK) 
catchments and (b) study area in northern Labrador, Canada. 
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Figure 2. Visual representation of the three 
spatial scales at which environmental variables 
were collected, indicated in grey for a) catchment 
b) reach and c) site scales. 
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Chapter 3 Environmental drivers of trophic and taxonomic diversity 
in northern Labrador streams 

3.1 Abstract 

Climate warming in the Canadian subarctic is anticipated to alter fundamental 

environmental variables such as seasonal flow patterns and the loading of nutrients and 

sediments from melting permafrost, and subsequently alter the diversity and density of 

invertebrate species and their trophic interactions. Understanding how benthic 

communities are contemporarily linked to the physicochemical environment is needed in 

order to predict how they will respond to environmental change. The present study 

explored the association of environmental variables (from local, reach, and catchment 

scales) with invertebrate trophic and taxonomic diversity in northern Labrador streams. 

Metrics summarizing trophic diversity and overlap were produced for 16 study sites by 

quantifying relative positions of species within two-dimensional biplot space created by 

C and N isotope mixing model results. Metrics summarizing taxonomic diversity 

included richness, abundance, and evenness. Local environmental data were measured 

in the field while reach-scale and catchment-scale variables were collected via 

geospatial software. Redundancy Analysis (RDA) ordinations revealed that reach scale 

variables, which included the relative area of glaciers and various land cover types 

(grasses, moss, shrubs, and more), explained the most variation (81. 7% unconstrained 

variance) in trophic and taxonomic diversity across sites. Consumer richness and 

trophic diversity were lowest in streams with glacial influence and highest in streams 

with higher temperatures and nutrient concentrations. Where consumer richness was 

low, dietary overlap was also low. Frequent substratum movements in glacial streams 
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result in communities that are low in richness, which can lead to fewer feeding ecologies 

being represented in the food web. Food webs with discrete feeding ecologies, such as 

those in glacial streams, are expected to be more prone to species extinction under 

climate warming scenarios. 

3.2 Introduction 

Lotic food webs are shaped not only by biotic but also abiotic variables from 

multiple, nested spatial scales (Woodward and Hildrew 2002) which result in complex 

linkages between stream biota and their environment. At the local scale, benthic 

macroinvertebrate assemblages are influenced by environmental variables such as 

stream bed particle size and microhabitat composition that are directly related to soil, 

landform and catchment geology at higher spatial scales (Feld and Hering 2007; see 

Chapter 2). Multi-scale environmental variables interactively affect physical habitat and 

water chemistry (Weigel et al. 2003, Parsons and Thoms 2007), thereby influencing the 

variety, abundance and distribution of biota whose trophic interactions form the 

community food web (Wrona et al. 2006, Allan and Johnson 1997). The flow of energy 

and nutrients through the food web influences key processes including primary 

production and organic matter decomposition and can provide important information 

about ecosystem functioning (Kaunzinger and Morin 1998, Arim and Jaksic 2005). 

The generalized conceptual model of stream structure and function is largely 

based on studies of temperate woodland streams that derive a substantial amount of 

carbon from allochthonous material (Peterson et al. 1986). Although Arctic streams 

lack extensive riparian vegetation, allochthonous carbon is thought to be a similarly 
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important energy source for aquatic species (Bunn et al. 1989). Studies by Peterson et 

al. (1986) and Bunn et al. (1989) have shown that tundra streams appear to be similar in 

function to their temperate counterparts in that they rely to a large extent on 

allochthonous sources of carbon. However, there is still relatively little known about the 

flow of energy through tundra stream food webs which face climate-driven ecological 

changes that may extend across a range of spatial scales. 

Climate warming, which is amplified in polar regions (Moritz et al. 2002), is 

expected to alter fundamental environmental variables such as seasonal flow patterns, 

extent and duration of ice-cover, and loading of nutrients and sediments from melting 

permafrost (Wrona et al. 2006). These changes to the physical and chemical template of 

flowing waters are predicted to affect species richness, range, and distribution (Wrona et 

al. 2006, Burgmer et al. 2007, Culp et al. 2012). As a result, stream processes may be 

altered directly by changes in the diversity and density of species that carry out 

particular functions, and indirectly via changes in trophic interactions (Srivastava 2006, 

Wrona et al. 2006). However, if considerable dietary overlap (or trophic redundancy) 

exists across taxa, then broad-scale changes in species richness may not alter ecosystem 

function. Indeed, trophic redundancy explains why rate-processes often reach their 

maximum at relatively low species richness (Belgrano et al. 2005). Because the extent 

of trophic redundancy tends to increase with resource availability, redundancy is likely 

to vary spatially and temporally (Belgrano et al. 2005). It is thus important to 

understand how benthic communities and their trophic diversities are contemporarily 

linked to scale-dependent physicochemical variables in order to predict community 

responses to environmental change. 
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The aims of this study were to 1) determine the relative importance of 

allochthonous and autochthonous carbon sources to invertebrate consumers in subarctic 

streams, 2) evaluate invertebrate consumer trophic diversity and redundancy in 

conjunction with taxonomic diversity in streams with varying glacial influence, 

elevation, temperature and nutrient concentrations and 3) determine the spatial scales( s) 

at which environmental variables are most closely linked with trophic and taxonomic 

diversity. The importance of various carbon resources in the diets of consumers was 

inferred qualitatively by evaluating biplots of ci13C and ci15N stable isotope ratios and 

was examined quantitatively via isotopic mixing models. Trophic metrics were 

calculated by producing quantitative metrics discussed in Layman et al. (2007) that 

describe the relative positions of species within the two-dimensional space of biplots 

created with mixing model results. Metrics describe the trophic structure of realized 

trophic niches rather than presumed feeding roles based on phenotypic characteristics 

(Layman et al. 2007). This analytical approach may be particularly useful in evaluating 

stream food webs in resource-poor and species-poor Arctic streams where omnivory is 

often prevalent (Woodward and Hildrew 2002). 

3.3 Methods 

3.3.1 Study Area 

The study was conducted in small (P1 - 3rd order) streams of the Tomgat 

Mountains in subarctic regions of northern Labrador, Canada. Field sampling occurred 

from late July through late August of 2008 and 2009 in the Ivitak (McComick) Brook 

(MC) and Nakvak Brook (NK) catchments within the recently established Tomgat 

Mountains National Park (Fig. 1 ). These catchments were identified by Parks Canada as 
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areas of interest for long-term ecological monitoring. The terrain is characterized by 

treeless tundra with discontinuous but extensive permafrost (Paterson et al. 2003) and 

vegetation within the catchments consists of sparsely distributed low-growing willow, 

and more widely distributed growths of cotton sedge (Eriophorum sp. ), mosses and 

lichens. Rocky barrens exist at higher elevations. The 16 study streams had high bed 

slopes (average sub-catchment slope = 15 - 37%), complex stream bed substrates 

composed of bedrock, large boulders, cobble and gravel. Epilithic algae were sparse 

despite the streams being scarcely shaded and aquatic mosses were not observed in our 

study sites. Nutrient and ion concentrations were extremely low and streams were ice

covered from November to May, with mean water temperatures in July and August near 

12°c. 

3.3.2 Environmental Variables 

Environmental variables were collected from site, reach and catchment scales as 

per Chapter 2 (section 2.3.3). 

3.3.3 Sample Collection and Isotope Analysis 

Benthic macroinvertebrates were sampled as per Chapter 2 (section 2.3.2). 

Periphyton was collected by scraping 10 rocks randomly selected at each site and was 

stored in 95% denatured ethanol for transport. These samples were analyzed for o13C 

and o15N stable isotopes. Taxonomic identification of periphyton, to genus or species, 

was completed by Michael Agbeti at Bio-Limno Research & Consulting Inc. in Halifax, 

Nova Scotia. Aquatic macrophytes were absent from our sites and thus were not part of 
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our analyses. Riparian vegetation, including grasses, moss, lichen, woody stems and 

flowering plants were collected at each site and combined for isotope analysis. Riparian 

vegetation was not collected at sites MC07 and MC08 because this component was 

absent or extremely scarce at these locations. Fine particulate organic matter (FPOM) 

was also collected by filtering approximately 5 litres of water at each site. Filter papers 

were wrapped in aluminum foil and kept frozen for transport to the laboratory. 

Preparation of samples for stable isotope analysis consisted of drying samples of 

periphyton, riparian vegetation and invertebrate samples for 48 h at 60°C and grinding 

the dried material to a fine, homogenous powder. Because of the relatively low 

abundances ofperiphyton and invertebrates (which also had small body sizes), there was 

not enough material to run replicate isotope analyses at the majority of sites. FPOM 

filters were dried for 48 h at 60°C and a subsample of each filter was removed for 

analysis. Carbon {12C / 13C) and nitrogen (14N / 15N) stable isotope ratios were measured 

by placing all samples in tin capsules which were combusted and analyzed in the Stable 

Isotopes in Nature Laboratory (SINLAB) at the University of New Brunswick, 

Fredericton, New Brunswick using a Finnigan Mat Delta Plus continuous-flow, isotope

ratio mass spectrometer (ISOMASS Scientific, Inc., Calgary, Alberta) connected to a 

Thermoquest NC2500 elemental analyzer (ISOMASS Scientific Inc.). Periphyton 

samples from 2008 did not produce reliable stable isotope data as a result of insufficient 

sample volumes and thus we focus here on isotope data from the 2009 field season. 

FPOM samples from 2009 also did not produce reliable isotope values and thus we 

present trophic structures based on stable isotope ratios of riparian vegetation, 

periphyton and benthic macroinvertebrates. 
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3.3.4 Partitioning of Carbon Sources 

The proportion of allochthonous carbon in consumer diets at each site was 

determined following the two-source linear mixing model in Post (2002). The 

proportion of carbon (a) in the consumer ultimately derived from riparian vegetation, or 

source 1, was estimated using the following equations: 

Equation 1 

a = o13C(consumer) - o13C(source 2) 
o13C(source 1) - o13C source 2) 

The movement of carbon and nitrogen through the food web was assumed to be similar 

and thus the alpha (a) value from Equation 1 was used to estimate trophic position using 

the following equation: 

Equation 2 

tpos = 1 + o15N(consumer) - [o15N(source 1) *a+ o15N(source 2) * (l - a)] 
3.4 

where a is the proportion of nitrogen in the consumer diet ultimately derived from 

source 1 ( allochthonous material). The proportion of carbon in the consumer ultimately 

derived from source 1 (a) was re-calculated to correct for carbon fractionation of 0.4o/oo 

per trophic level: 

Equation 3 

a = o13C(source 2) - [o13C(consumer) - 0.4 * tpos] 
o13C(source 2) - o13C(source 1) 
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Because alpha is in the equation for trophic position (Equation 2) and trophic position is 

in the equation for alpha (Equation 3), these two equations were solved using an 

iterative routine (Post 2002) wherein the values converged after four iterations. After 

correcting for carbon fractionation, some alpha values (proportions) fell outside of the 

end point for allochthonous carbon, resulting in proportions greater than 100%. In such 

cases, values were reported as 100% and are indicated by (*) in the results. It is possible 

that proportions fell outside of mixing model endpoints where there were changes in the 

isotopic value of food sources and their position relative to the consumer rather than a 

switch in food source reliance (McWilliam-Hughes 2012). 

3.3.5 Taxonomic Diversity Metrics 

Taxonomic diversity was summarized using the following three metrics (Tables 1 and 

2): 

1) Richness: Calculated as the total number of families and subfamilies ( chironomids) 

collected at each site. 

2) Abundance: Calculated as the total number of individual consumers collected at 

each site. 

3) Evenness: Calculated as Shannon Diversity (H') / Species Richness (S), where 

H' = Lf =l (pi In pi) 

and 

pi = relative abundance of the ith taxon 
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3.3.6 Trophic Diversity Metrics 

Two trophic metrics (trophic diversity and trophic divergence) were calculated 

by producing quantitative metrics that describe the relative positions of species within 

the two-dimensional space of biplots created with mixing model results (Figs. 2 and 3). 

Autochthonous carbon (0) and allochthonous carbon (100) sources are represented along 

the x-axis while consumer trophic positions and their dietary allochthonous carbon 

percentages are represented within two-dimensional biplot space. Larger vertical ranges 

represent higher overall trophic diversity and tightly clustered samples represent higher 

dietary overlap. The approach is similar to that of Layman et al. (2007) and is based on 

the calculation of metrics that describe relative positions of consumer C and N isotope 

ratios in two-dimensional (o-) space. Hoeinghaus and Zeug (2008) critiqued the 

metrics-based approach by Layman et al. (2007), emphasizing the need to 1) present 

consumer isotopic data in conjunction with source isotopic data such that sources are 

incorporated into metric calculations and 2) to control for isotopic variation among the 

potential sources available to consumers. Using the variance in consumer isotopic data 

in o-space as a proxy for niche width can be problematic because it depends on the 

distance between isotopic data of available food sources (Newsome et al. 2007). Thus, 

for metrics to be comparable among food webs, N isotope ratios of sources must be 

equal or standardized and the difference between C isotope ratios between two sources 

must be the same magnitude across food webs. The critique concluded that the best way 

to address this issue is through the conversion of isotopic data into source proportions 

via mixing models (Newsome et al. 2012) which transform o-values into p-values that 

are plotted in p-space (Newsome et al. 2007). 
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To address the issues highlighted in Hoeinghaus and Zeug (2008), dietary 

proportions ( or p-values) determined above using linear mixing models were plotted 

against trophic positions ( also determined above) to produce bi plots representing p

space which included carbon sources (Figs. 2 and 3). Biplots were constructed for each 

site and metrics summarizing the spatial separation of data in two-dimensional space 

were analyzed using the spatial analysis program P ASSaGE© (Rosenberg and Anderson 

2011) and the mathematical computing program Octave©. All metrics were log10 (x + 

1) transformed and used in further analyses. Trophic metrics included (Tables 1 and 2): 

1) Overall Trophic Diversity: Calculated as the total area encompassed by all taxa in 

2-D biplot space. The area is calculated as a convex hull (see Layman et al. 2007 

and Cornwell et al. 2006 for details) and represents the total extent of diversity 

within a food web based on extremes in trophic positions (see Figs. 2 and 3). 

2) Trophic Ecology Divergence/Redundancy: Calculated as the mean nearest

neighbour distance (NND) - a measure of the overall density of taxa in 2-D biplot 

space which is determined by calculating the mean Euclidean distances to each 

taxon's nearest-neighbour in biplot space. Food webs in which species are 

characterized by similar (redundant) trophic ecologies will have smaller NNDs than 

those whose species have more divergent trophic ecologies. 

3.3. 7 Statistical Analyses 

Detrended Correspondence Analysis (DCA) was applied to structural and 

functional metrics to determine the proper response model for analyzing the spatial 

separation of sites based on metrics (i.e. whether Prinicipal Components Analysis (PCA) 
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or Correspondence Analysis (CA) should be used; Borcard et al. 1992). DCA gradient 

length was less than 3.5 standard deviations (SDs) (gradient length= 0.413 SDs) which 

suggested that a linear response model, and thus PCA, was most appropriate (Legendre 

and Legendre 1998). PCA was then used to examine site-based associations of food 

web metrics. Redundancy Analysis (RDA) was used to examine the associations 

between both structural and functional metrics and the environmental variables collected 

at each of the three spatial scales (catchment, reach and site). RDA biplots were 

constructed to visually assess the variation in food web metrics at each spatial scale. 

3.4 Results 

3.4.1 Partitioning of Carbon Resources 

Periphyton was generally more 13C enriched (mean of - 23.42%0 across sites) 

than riparian vegetation (mean of - 26.81 %0 across sites) and thus these two basal 

carbon sources were isotopically distinct at ten of the study sites. In contrast, 

allochthonous and autochthonous carbon ratios were isotopically indistinguishable at 

five of the study sites and those data were removed from further analysis. In general, 

ci13C of invertebrate groups was most similar to that of allochthonous vegetation (Figs. 4 

and 5). Mixing model results confirmed that consumer diets were based primarily on 

terrestrial carbon, with the mean proportion of allochthonous ci13C in invertebrate diets 

ranging from 53% - 95% across study sites (Fig. 6). Dietary allochthonous carbon was 

lowest in consumers at site MC04 (Fig. 8). This site had substantially higher periphyton 

biomass in contrast to other sites in the catchment ( except MC 12) although 

temperatures, nutrient concentrations, and substrate particle sizes were similar across 

sites (Table 3). Although site MC12 also had high periphyton biomass, it was lower in 
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elevation {Table 3) and riparian vegetation was more abundant, accounting for over 90% 

of consumer dietary carbon (Fig. 6). Taxon-specific dependence on terrestrial carbon 

was examined at the family level ( subfamily level for chrionomids) by determining the 

mean proportion of dietary allochthonous 613C across all sites. The diets of all taxa 

were based largely on terrestrial 613C (proportions ranging from 54% - 100% across 

sites) with the diets of Simuliidae, Heptageniidae, Diamesinae, Capniidae and Baetidae 

appearing to be the most dependent on allochthonous carbon (Fig. 7). 

3.4.2 Site-Based Analysis of Structural and Functional Metrics 

In general, NK sites had higher overall trophic diversity (larger vertical range 

along y-axis) and higher dietary overlap (tightly clustered samples) than did MC sites 

(Figs. 2 and 3). Sites were highly separated in ordination space in the PCA biplot, with 

a clear separation of sites from the MC and NK catchments (Fig. 8). A very large 

proportion of variance in metrics across sites was explained by the first three axes of the 

PCA ordination ( cumulative variance = 88.9% ); the first PCA axis alone accounted for 

38.2% of the site-based variance in metrics. NK sites were most highly associated with 

consumer richness and trophic diversity along the first axis while MC sites were most 

associated with the evenness of taxon abundance along the first axis. Site MCO 1, a 

predominantly glacial-fed system, was very strongly associated with trophic divergence 

and was negatively associated with richness, abundance and evenness. Thus, sites with 

higher consumer richness appeared to have greater overall trophic diversities but their 

trophic ecologies were more redundant. Conversely, trophic divergence was greater 

where richness, abundance and evenness were low. 
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3.4.3 Association with Environmental Variables 

Metrics were separated along both axes of the RDA biplots and were highly 

correlated with environmental variables from the catchment, reach and site scales. The 

first three RDA axes in combination explained 89.3 - 99.0% of the constrained variance 

and 49.8 - 81.7% of the unconstrained variance (Table 4). Metrics were most highly 

correlated with reach-scale environmental variables (unconstrained variance of first 

three axes = 81. 7%) although data were strongly correlated with variables from all three 

spatial scales. 

At the catchment scale, metrics were separated along the first and second axes of 

the RDA biplot (Fig. 9a). Consumer richness and trophic diversity were highly 

correlated with drainage area along the first axis while abundance was associated with 

both aspect and the relative abundance of intrusive bedrock along the second axis. By 

contrast, consumer evenness and trophic ecology divergence were closely correlated 

with long-term average precipitation and the relative abundance of metamorphic 

bedrock (Fig. 9a). At the reach scale, trophic divergence was closely associated with the 

relative areas of glacial coverage and lichen (Fig. 9b ). Richness, abundance and trophic 

diversity were associated with the relative abundances of erect shrubs and the dwarf 

birch Betula glandulosa. Evenness was associated with the relative abundances of the 

dwarf fireweed Epilobrium latifolium and the sedge Carex bigelowii along the first axis. 

At the site scale, consumer richness and abundance were associated with temperature 

and total nitrogen concentration (Fig. 9c ). The first axis appeared to represent a gradient 

in substrate size, with the relative area of gravel being associated with consumer 

richness and trophic diversity. Evenness of consumer taxa was associated with 
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chlorophyll a concentration and pH. Trophic ecology divergence was associated 

positively with the second axis of the RDA biplot which represented low temperature, 

low nutrient environments. 

The environmental variables that appeared to be driving trophic divergence were 

primarily glacial coverage and the relative abundance of lichen at the reach-scale. These 

same environmental variables were associated with low richness, abundance and 

evenness of consumer invertebrates as well as low trophic diversity. Consumer 

richness, abundance and trophic diversity were highly correlated with temperature, 

nitrogen and phosphorus concentrations, gravel substrate, watershed area, aspect and the 

relative abundance of erect shrubs. 

3.5 Discussion 

The analysis of basal carbon resources in subarctic streams of northern Labrador 

indicated that riparian vegetation, consisting of grasses, moss, lichen, dwarf trees, shrubs 

and flowering plants, was the predominant source of energy for invertebrate 

communities. Our results are consistent with those published by Bunn et al. (1989) who 

reported that terrestrial plants were a primary resource for invertebrates in the nearby 

Koroc River in northern Quebec. Similarly, terrestrial plants in the Koroc River were 

more 13C depleted than aquatic samples and periphyton biomass was extremely low 

despite the fact that streams were scarcely shaded. Tundra streams are generally 

nutrient-limited and have been shown to have low primary productivity even though 

they receive ample amounts of insolation during the summer months (Bunn et al. 1989). 

In glacial streams, low periphyton biomass during summer months has been linked with 
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elevated shear stress and turbidity associated with high sediment transport (Milner et al. 

2001 ). In the harsh physical extremes of Arctic streams where periphyton biomass is 

typically low, omnivory and feeding plasticity are important factors that allow benthic 

macroinvertebrates to persist (Milner et al. 2001). In the present study, for example, the 

diets of Heptageniidae were largely based on allochthonous carbon although most 

members of this family are typically considered scrapers (Merritt and Cummins, 1984). 

The analysis of invertebrate consumers indicated that where richness was high, 

both trophic diversity and dietary overlap were greater. Conversely, where richness, 

abundance and evenness were low, overall trophic diversity was also low and consumer 

diets were more divergent. Taxonomic richness and abundance were lowest in streams 

with glacial influence where these assemblages are likely subjected to frequent 

substratum movement due to large variations in flow (Milner and Petts 1994; Prowse et 

al. 2006a). Frequent substratum movement has been linked with benthic communities 

that are low in both abundance and taxonomic richness (Parker and Huryn 2006) as only 

the hardiest taxa persist under such physical extremes. In addition, glacial streams 

typically have high turbidity, low temperatures and low nutrient concentrations (Wrona 

et al. 2006), making them challenging environments for both primary producers and 

consumers. Low taxon richness is likely to correspond with proportionally fewer 

trophic links within the food web (Parker and Huryn 2006) and thus trophic niches ( or 

feeding ecologies) may be more divergent. Conversely, dietary overlap, or redundancy, 

generally increases with resource availability (Belgrano et al. 2005). It is not surprising, 

therefore, that trophic redundancy in the present study was greatest at sites which had 

the highest consumer richness. 
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Further analysis of invertebrate consumers indicated that taxonomic and trophic 

diversity were strongly linked to physical and chemical variables from multiple spatial 

scales. As Arctic stream communities are determined largely by tolerance to extreme 

physico-chemical conditions and habitat instability (Friberg et al. 2001 ), it is not 

surprising that RDAs from the reach scale, which included the relative area of glaciers, 

produced the strongest gradients in taxon richness, trophic diversity and trophic 

redundancy. Our results show, however, that landscape and local environmental 

variables also influenced patterns in community structure and trophic ecologies, 

emphasizing the complex, multi-scalar nature of the linkages between stream biota and 

their environment. Consumer richness, abundance and trophic diversity were higher at 

sites which had a south - southwest aspect and hence had higher temperatures, and that 

were within larger catchments with higher nutrient concentrations and proportions of 

gravel substrate. In contrast, richness and trophic diversity were lowest in sites with 

glacial influence and there was little dietary overlap. These results are in accordance 

with Parker and Huryn (2006) who showed that macroinvertebrate richness, food chain 

length and food chain connectance were lower in meltwater streams than in groundwater 

streams on the North Slope of Alaska. The relatively unstable habitats of glacial 

streams limit opportunities for larger organisms including various predatory 

invertebrates, leading to a general scarcity of predatory feeding links in glacial streams 

(Milner et al. 2009). Instead, these systems are dominated by generalist herbivores, 

detritivores (Woodward and Hildrew 2002) and dipteran species (such as chironomid 

midges) which are particularly adapted to feeding on fine particulate matter from the 

direct leaching of peat (Hershey et al. 1995). 
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Changes to environmental variables measured at the reach scale, including the 

relative area of glaciers, appear to have the greatest impact on the ecology of subarctic 

streams of northern Labrador. Although temperatures in this region have remained 

relatively stable over the last several decades, climate models predict an accelerated 

warming trend in the coming decades that is likely to have significant impacts on the 

freshwater ecosystems (Wrona et al. 2005), including changes in the relative proportions 

of glacier and groundwater contributions (Milner et al. 2009) and the relative 

importance of autochthounous and allochthonous production. Such ecological changes 

are likely to alter benthic habitats and substantially affect biological interactions, 

including trophic structure and food chain composition (Wrona et al. 2006; Culp et al. 

2012). Where trophic redundancy is high, key process rates (such as decomposition of 

allochthonous material) may not be affected by species loss if remaining, functionally 

equivalent taxa can maintain these processes (Belgrano et al. 2005). Conversely, food 

webs with discrete trophic ecologies, such as those in glacier-fed systems, are expected 

to be more prone to species extinction than more highly interconnected food webs 

(Woodward and Hildrew 2002). 
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Table I. Taxon diversity (richness, abundance, and evenness) and 
trophic diversity metrics (mean distance to controid and mean 
nearest neighbour distance) calculated from benthic invertebrate, 
periphyton and terrestrial vegetation data, including their 
abbreviations and data transformations performed during analyses. 
All metrics were included in the RDA analyses. 

Metric Describes Transformation 

Richness Richness Log10+ 1 
Abundance Abundance Log10+l 

Evenness Evenness Log10+ 1 
Mean Distance to Centroid Trophic Diversity Log1o+l 
Mean Nearest Neighbour Distance Trophic Divergence Log10+l 
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Table 2. Taxon diversity (richness, abundance, evenness) and 
trophic diversity (total area, mean nearest-neighbour distance) 
metric values for each sample site. 

Site Richness Abundance Evenness Total Area MeanNND 

MCOl 6 173 0.54 193.16 20.67 
MC02 10 834 0.68 117.85 1.61 
MC04 6 1331 0.77 117.20 7.73 
MC09 6 605 0.72 139.37 0.74 
MClO 14 942 0.52 167.38 8.96 
MC12 9 641 0.64 151.86 3.73 
NKOl 11 2602 0.42 176.38 3.76 
NK02 15 551 0.67 233.36 3.19 
NK04 11 1227 0.51 197.79 1.19 
NK05 14 495 0.67 221.89 2.12 
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Site 

MCOI 
MC02 
MC04 
MC09 

MClO 
MC12 

NKOI 

NK02 

NK04 
NK05 

Table 3. Elevations, algal biomasses (chi-a), and physicochemical variables measured at study sites. 

Total Total Total 
Temperature Nitrogen Phosphorus Phosphorus 

Elevation Chi-a (Daily Mean (mg/L (mg/L (mg/L % % % 
(m) (g/m2) oc) unfiltered) filtered) unfiltered) Sand Gravel Cobble 

255 0.15 4.6 0.0720 0.0038 0.0021 I 39 50 
264 2.78 6.2 0.0970 0.0021 0.0045 0 17 65 

·496 3.52 5.5 0.0410 0.0012 0.0048 I 26 60 
321 0.68 7.0 0.0780 0.0006 0.0013 0 22 69 
305 0.61 7.1 0.0730 0.0229 0.0029 I 34 53 
48 4.15 6.4 0.0820 0.0007 0.0027 2 56 36 
516 0.63 10.4 0.0930 0.0020 0.0021 3 51 43 

121 0.19 10.0 0.0670 0.0029 0.0043 0 33 61 
127 0.56 6.5 0.1310 0.0016 0.0027 2 39 52 
195 2.62 11.1 0.1470 0.0035 0.0046 3 25 59 
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Table 4. Variance in community structure as measured by 
trophic diversity metrics. Percent constrained and 
unconstrained variances are reported for the first three RDA 
axes. 

% Constrained Variance % Unconstrained Variance 

Scale Axes I - III Axes I - III 

Catchment 99.0 49.8 

Reach 84.5 81.7 
Site 89.3 72.1 
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Figure 1. Sampling sites (a) within the McComick (MC) and Nakvak (NK) 
catchments and (b) location of the study area in northern Labrador, Canada. 
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Figure 4. 8C13 and 8N15 values for periphyton, riparian vegetation and benthic invertebrates collected in streams within the 
McComick Brook catchment. 
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invertebrates collected in streams within the Nakvak Brook catchment. 
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Chapter 4 Invertebrate diversity and cellulose decay rates in 
subarctic Labrador streams 

4.1 Abstract 

Aquatic consumers are known to derive a substantial amount of energy from 

allochthonous material, even in Arctic streams where the contribution of riparian carbon 

is substantially lower than at temperate latitudes. Decomposition of allochthonous 

debris in subarctic Labrador streams is expected to be altered by climate warming as a 

result of changes to consumer species composition, food web structure and the quantity 

and quality of allochthonous inputs. The present study examined the biotic ( consumer 

taxonomic and trophic diversity) and abiotic (physiochemical) variables that influence 

cellulose decay rates in Labrador streams. Decay rates were measured at 16 study sites 

using the Cotton Strip Assay and local environmental data were measured in the field. 

Reach-scale and catchment-scale variables were collected via geospatial software. 

Decay rates were highest where consumer richness, overall trophic diversity, and dietary 

overlap were high. Redundancy Analysis (RDA) ordinations revealed that reach scale 

variables, which included the relative area of glaciers and various land cover types 

(grasses, moss, shrubs, and more), explained the most variation (91. 7% unconstrained 

variance) in decay rates and diversity metrics across sites. Glacial coverage appeared to 

be the primary driver of variance in decay rates across sites and was associated with low 

consumer richness and trophic diversity. Decay rates were highest where riparian 

shrubs were more abundant and likely support a community with a high proportion of 

shredder invertebrates. The results of the study suggest that changes to the richness and 
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abundance of riparian vegetation and to glacial coverage, which is almost certain to 

occur under a changing temperature regime, could alter consumer species richness and 

organic matter decay rates. Macroinvertebrate species and their associated functions 

will likely become similar to those measured at temperate latitudes. 

4.2 Introduction 

Decomposition of allochthonous organic material is an essential process in 

stream metabolism (Cummins 1974, Gessner et al. 1998) and is most thoroughly 

understood in temperate woodland streams that receive substantial riparian inputs. In 

contrast, little information exists on organic matter breakdown in Arctic streams that 

face potential climate-induced alterations to such vital processes (Buzby and Perry 

2000). Although Arctic streams receive limited amounts of allochthonous litter in 

comparison to their temperate counterparts, even such small contributions can provide a 

significant source of carbon to aquatic consumers (Bunn et al. 1989). Climate warming 

is expected to affect species composition and food web structure (Wrona et al. 2006), 

leading to altered detrital processing rates and stream productivity (Buzby and Perry 

2000). The magnitude of these impacts will be highly specific to the region, latitude and 

geomorphological history of a given system (Prowse et al. 2006) and thus it is important 

to assess contemporary decomposition rates in order to produce improved predictions of 

climate-driven alterations to Arctic stream ecosystems. 

Decay rates in aquatic environments are conventionally measured using the leaf

litter assay, in which ecologists determine leaf mass remaining after a period of 

incubation in the field (Bouton and Quinn 2000). However, variability in leaf quality 
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and thus decomposition rates both across and within species is an important limitation 

that ultimately impedes broad-scale synthesis of leaf-litter assays (Tiegs et al. 2007). 

The Cotton Strip Assay (CSA) developed by terrestrial ecologists as a standard method 

for measuring cellulose decomposition in soils (Boulton and Quinn 2000) provides a 

potential solution to the problem of leaf variability across sites and the technique has 

been effectively adapted for fluvial research (see Egglishaw 1972, Hildrew et al. 1984, 

Tiegs et al. 2007). Cotton strips are a suitable alternative to traditional leaf packs 

because they are rich in cellulose, a major component of allochthonous litter, are 

successfully colonized by bacteria and fungi and provide a food source for shredder 

invertebrates (Tiegs et al. 2007). The CSA provides a standardized technique for 

aquatic bioassessment and large-scale comparison of decay rates, which are primarily 

determined by measuring the loss of tensile strength of the cotton fibres. Mass loss of 

cotton strips has also been used as a proxy of decomposition rate (Egglishaw 1972, 

Tiegs et al. 2007). Finally, cotton strips are less susceptible to fragmentation than leaves 

and are smaller and more easily transported than leaf packs (Tiegs et al. 2007), making 

the CSA an ideal method for evaluating decomposition rates in remote northern streams. 

The aims of our study were to 1) determine cellulose decomposition rates across 

a range of fluvial conditions in subarctic Labrador by measuring losses of cotton strip 

mass and tensile strength, 2) assess microbial activity via oxygen consumption 

associated with the decaying cotton to determine its relationship to decomposition rate, 

3) evaluate the taxonomic and trophic diversities of invertebrate consumers and how 

they are related to cellulose decay rates, and 4) determine the spatial scales(s) at which 

environmental variables are most closely linked with the rates of cotton decay microbial 
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respiration rates, and invertebrate diversity. Pluvial decay rates are unknown in the 

eastern Canadian subarctic where temperatures have remained relatively stable over the 

last several thousand years in comparison to the rest of the circumpolar Arctic (Prowse 

et al. 2006). This region is projected to experience rapid, long-term climate-related 

alterations over the next several decades (Prowse et al. 2006b) and is thus of particular 

interest for ecosystem-based study and long-term bioassessment. 

4.3 Methods 

4.3.1 Study Area 

The study was conducted in small (1st - 3rd order) streams of the Torngat 

Mountains in subarctic regions of northern Labrador, Canada. Field sampling occurred 

from late July through late August of 2008 and 2009 in the Ivitak (McCornick) Brook 

(MC) and Nakvak Brook (NK) catchments within the recently established Torngat 

Mountains National Park (Fig. 1). These catchments were identified by Parks Canada as 

areas of interest for long-term ecological monitoring. The terrain is characterized by 

treeless tundra with discontinuous but extensive permafrost (Paterson et al. 2003) and 

vegetation within the catchments consists of sparsely distributed low-growing willow, 

and more widely distributed growths of cotton sedge (Eriophorum sp.), mosses and 

lichens. Rocky barrens exist at higher elevations. The 16 study streams had high bed 

slopes ( average sub-catchment slope = 15 - 3 7% ), complex stream bed substrates 

composed of bedrock, large boulders, cobble and gravel. Epilithic algae were sparse 

despite the streams being scarcely shaded and aquatic mosses were not observed in our 

study sites. Nutrient and ion concentrations were extremely low and streams were ice-
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covered from November to May, with mean water temperatures in July and August near 

12°c. 

4.3.2 Cotton Strip Assay 

4.3.2.1 Preparation, Deployment and Retrieval of Cotton Strips 

Standardized strips of 100% unbleached cotton (5 x 10 cm) were used in a 

cellulose bioassay following the general approach of Tiegs et al. (2007). Cotton strips 

were placed individually in coarse-mesh bags constructed of 1-cm plastic poultry 

fencing sewn with nylon thread. Groups of 10 mesh bags were wrapped in aluminum 

foil, autoclaved for 30 minutes at 121°C and kept sealed until deployment. Ten replicate 

strips were individually fastened to 12-inch rods and anchored flush with the substrate in 

each stream along a 5 - 10 metre run. Five replicate strips were recovered after 21 (± 2) 

and 31 (± 3) days of incubation, since previous studies have shown this incubation time 

to be adequate for cotton strip decomposition in temperate regions (Tiegs et al. 2007). 

Upon removal, strips were gently removed from the mesh bags, rinsed with stream 

water to remove debris and were placed in individual plastic bags. Within 

approximately 2 h after removal from the stream, microbial respiration associated with 

the fabric was measured in the field laboratory and the strips were soaked in 95% 

ethanol for 24 h to arrest further microbial decay. The strips were subsequently 

removed from the ethanol, air dried, wrapped in aluminum foil and stored in sealed 

plastic bags until tensile strength could be determined. 
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4.3.2.2 Microbial Respiration Rates Associated with Cotton Strips 

Respiration rates were used as a measure of microbial activity and were 

determined as the amount of oxygen consumed in the absence of light. A soft-bristled 

paintbrush was used to remove small debris and invertebrates from the cotton strips 

before they were individually folded into 120-ml vials containing filtered stream water 

with conductivity, pH and temperature similar to study sites. After initial dissolved 

oxygen was measured, vials containing the cotton strips were wrapped in aluminum foil 

to eliminate light exposure, thereby preventing the production of oxygen by primary 

producers. Incubation occurred for 18 - 24 h (mean water temperature 11 ± 3°C) after 

which final dissolved oxygen concentrations were measured. As a control, oxygen 

consumption rates were measured in 5 additional vials containing only filtered stream 

water. 

4.3.2.3 Cotton Strip Mass Loss 

Replicate strips were numbered with permanent archival ink and individual dry 

masses were recorded before strips were placed into mesh bags and autoclaved. Dry 

masses of individual strips were measured again post-incubation before they underwent 

tensile strength testing. Mass losses were calculated as the original dry mass of 

individual strips less their corresponding post-incubation dry masses. 

4.3.2.4 Cotton Strip Tensile Strength Loss 

Preliminary tests on 15 non-deployed strips revealed that more than 60% broke 

within the area gripped by the tensometer (Instron 5500R) clamps, which is attributed to 
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high stress at the jaw line caused by tight gripping of the material (Milthorpe et al. 

1988). Tensile strength measurements associated with these 'jaw breaks' are considered 

invalid. A tapered design is commonly employed in the tensile strength testing of 

various materials such as steel and plastic (Guy 1995) in order to increase the stress 

within the reduced cross-sectional area under load and prevent breakage at the clamps. 

A subsequent study of 15 non-deployed strips was initiated to examine whether a 

tapered design cut into the strips using a scalpel and template (leaving 60% of the 

original area; Fig. 2) would effectively reduce the variance and invalidity of tensile 

strength measurements that can arise due to 'jaw' breaks. All but one of the newly

designed tapered strips ripped at a distance from the clamps and the new procedure 

greatly reduced variance in tensile strength measurements (s2 = 6.76) compared to 

rectangular strips (s2 = 78.58). 

Tensile strength loss of incubated strips was determined as the difference in 

tensile strength between tapered control strips (n = 15) and deployed strips cut with the 

same tapered design post-incubation. As a procedural control, non-deployed strips were 

autoclaved for 30 minutes at 121 °C, soaked in 95% ethanol for 24 hours and air dried 

before testing. Small pieces of cork rubber were glued to the top and bottom tabs of the 

strips to minimize slippage in the tensometer clamps and strips were conditioned to 

65% humidity in a humidor for 24 hours ( at 20 ± 2 °C) (Tiegs et al. 2007). Strips were 

removed from the humidor one at a time immediately before tensile strength testing 

which occurred at an elongation rate of 4 mm/min. 
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4.3.3 Sample Collection, Isotope Analysis, and Metric Calculation 

Invertebrates, periphyton, and riparian vegetation were collected and analyzed as 

per Chapter 2 (section 3.2) and Chapter 3 (section 3.3). Taxonomic diversity was 

summarized by richness, abundance and evenness calculations as described in Chapter 3 

(section 3.5). Finally, trophic diversity metrics including 1) overall trophic diversity and 

2) trophic redundancy were calculated as per Chapter 3 (section 3.6). 

Environmental variables were collected from site, reach and catchment scales as 

per Chapter 2 (section 3.3). 

4.3.4 Statistical Analyses 

Cotton strip decay rates (k) were estimated by regressing the natural log of mean 

percent tensile strength remaining against days of incubation, as described in Benfield 

(2006). Detrended Correspondence Analysis (DCA) was applied separately to tensile 

strength loss and diversity data to determine the proper response models for analyzing 

the spatial separation of sites (i.e. whether Prinicipal Components Analysis (PCA) or 

Correspondence Analysis (CA) should be used; Borcard et al. 1992). DCA gradient 

lengths were less than 3.5 standard deviations (SDs) (gradient length = 0.364 SDs) 

which suggested that a linear response model, and thus PCA, was most appropriate 

(Legendre and Legendre 1998). PCA was then used to examine site-based associations 

of invertebrate communities. Redundancy Analysis (RDA) was used to examine the 

associations between both tensile strength or mass decay rates and the environmental 

variables collected at each of the three spatial scales ( catchment, reach and site). 
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4.4 Results 

4.4.1 Loss of Mass and Tensile Strength 

Loss of cotton strip tensile strength was significantly greater than mass loss 

across sites after 21 days (p = 0.003) and 31 days of incubation (p < 0.001) (Fig. 3). 

Tensile strength decay did not increase significantly from 21 to 31 days of incubation, 

but after 31 days, mean tensile strength loss (15.6%) was approximately ten percent 

greater than mass loss (Fig. 3). Cotton strip mass loss may have been underestimated as 

a result of sediment accumulation on the material, particularly in glacial streams which 

generally have high sediment loads. In the present study, several cotton strips incubated 

in glacially-influenced sites actually appeared to increase in mass after incubation. For 

this reason, mass loss estimates have been removed from further analysis and the 

remainder of this chapter will focus solely on losses of cotton strip tensile strength as a 

measure of cellulose decomposition rate. Tensile strength decay rates in northern 

Labrador were significantly lower than literature values reported in northeastern Italy 

(Tiegs et al. 2007) but were not statistically different from values reported in the 

Scottish Highlands (Egglishaw 1972) (Fig. 4). Physicochemical parameters of sample 

sites from all three studies are summarized in Table 1. 

4.4.2 Site-Based Analysis of Decay Rates 

Sites were highly separated in ordination space in the PCA biplot, with a clear 

separation of sites from the MC and NK catchments (Fig. 5). A very large proportion of 

variance in metrics across sites was explained by the first three axes of the PCA 

ordination (cumulative variance= 81.2%); the first PCA axis alone accounted for 44.8% 
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of the site-based variance in metrics. NK sites were most associated with high cellulose 

decay rates, consumer richness and abundance, and trophic diversity, while MC sites 

were most associated with taxa evenness and trophic divergence. Site MCO 1, a 

predominantly glacial-fed system, was negatively associated with high cellulose decay 

rates, consumer richness, and abundance but very strongly associated with trophic 

ecology divergence. Thus, sites with higher consumer richness and trophic diversity, 

but more redundant trophic ecologies, had higher rates of cellulose decay. Conversely, 

cellulose decay rates were lowest where consumer richness and abundance were low and 

trophic ecologies were most divergent. Microbial activity (measured via oxygen 

consumption rates) did not appear to be closely associated with high rates of cellulose 

decay (Fig. 5). Regression analyses showed that consumer richness accounted for more 

variability in cotton strip decay rates (R2 = 0.53, p = 0.025) than did microbial oxygen 

consumption rates (R2 
= 0.03, p = 0.65) (Fig. 6). Consumer richness and microbial 

consumption rates combined only accounted for 46% of the variability in cotton strip 

decay. 

4.4.3 Association with Environmental Variables 

Metrics were separated along both axes of the RDA biplots and were highly 

correlated with environmental variables from the catchment, reach and site scales (Fig. 

7). The first three RDA axes in combination explained 87.9 - 94.4% of the constrained 

variance and 48.4 - 91.7% of the unconstrained variance (Table 2). Metrics were most 

highly correlated with reach-scale environmental variables (unconstrained variance of 

first three axes = 91. 7%) although data were strongly correlated with variables from all 

three spatial scales. Glacial coverage appeared to be the primary driver of variance in 
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cellulose decay rates across sites, as well as consumer richness and trophic diversity 

(Fig. 7b ). The relative abundances of erect shrubs and the dwarf birch Betula 

glandulosa at the reach scale were positively correlated with high decay rates and 

consumer richness (Fig. 7b ), which were positively correlated with watershed area at the 

catchment scale (Fig. 7a) as well as temperature and total nitrogen concentration at the 

site scale (Fig. 7c). Multiple regression showed that temperature (p = 0.022), total 

nitrogen concentration (p = 0.031) and pH (p = 0.008) were significant for predicting 

microbial oxygen consumption rates. These three variables accounted for 88% of the 

variability in microbial oxygen consumption rates across sites. 

4.5 Discussion 

In subarctic Labrador streams, cellulose decay rates were faster where consumer 

richness and trophic diversity were high. These results are consistent with previous 

stream decomposition studies that indicate leaf breakdown rates increase with higher 

species diversity (Gessner et al. 2010). Moreover, breakdown rates appear to be faster 

in streams with mixed invertebrate communities compared to those with the most 

efficient detritivore taxa alone (Jonsson and Mamlqvist 2000, McKie et al. 2008). This 

suggests that higher diversity can widen the range of functional feeding traits in stream 

invertebrate communities, potentially leading to greater resource exploitation capacity 

within the ecosystem (Chapin III et al. 1997). Thus, given that benthic invertebrate 

diversity in subarctic streams is expected to increase as climate change elevates 

temperature regimes (Wrona et al. 2006), a similar increase in decomposition rates is 

expected. 
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Cellulose decay rates, consumer richness, and trophic diversity in these subarctic 

streams were also strongly linked to the physiochemical variables at multiple spatial 

scales. As Arctic stream communities are determined largely by tolerance to extreme 

physico-chemical conditions and habitat instability (Friberg et al. 2001 ), it is not 

surprising that the strongest gradients in taxon richness and cellulose decay rates were 

observed at the reach scale, which included the relative area of glaciers. Invertebrate 

communities in glacial streams often consist of simply structured food webs, and 

shredders may be altogether absent (Gessner et al. 1998). In the present study, 

chironomids (Diamesinae and Orthocladiinae) and oligochaetes were the primary 

invertebrate taxa in glacially-influenced sites, none of which are considered to be 

shredder invertebrates. In contrast, tipulids, which include genera known to be 

shredders, were found at sites with the highest cellulose decay rates. The abundances of 

low-growing shrubs and dwarf birch were highest near these sites, and it follows that 

greater allochthonous inputs would support a benthic community with a higher 

proportion of shredders, including both generalist and specialist species. Cotton strip 

decay was primarily mediated by shredder invertebrates as microbial activity was 

limited, particularly in glacial streams, by low water temperatures as previously noted 

by Milner and Petts (1994). Furthermore, decay rates were more strongly correlated 

with invertebrate richness than with microbial activity, although both appeared to be 

influenced to a certain extent by temperature. 

Previous studies have shown that water temperature may not be the primary 

driver of cellulose decay rates, although it has often been described as an important 

factor controlling allochthonous decomposition (Paul, Benfield and Cairns 1983). Irons 
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et al. (1994) conducted a latitudinal comparison ofleaflitter decay rates reported in the 

literature for sites in Costa Rica, Michigan, and Alaska. This latitudinal gradient 

simulated a shift in thermal regime, and their analysis indicated that when the data were 

normalized for temperature ( as cumulative degree days), a positive correlation was 

found between breakdown rates and latitude. Similarly, Gessner et al. (1998) 

demonstrated that leaf breakdown rates in alpine glacial streams in the upper Val Roseg 

catchment (Swiss Alps) were higher, when normalized for degree days, than breakdown 

rates in the catchment's wooded, lower altitude streams. Such studies indicate that 

allochthonous decay occurs at similar, if not faster (per degree day), rates in cold 

streams at high latitude and high altitude as they do in lower latitude, lower altitude 

streams (Short et al. 1980, Cowan et al. 1983). This has been attributed to the feeding 

efficiency of shredder invertebrates, many species of which evolved in cool mountain 

streams (Gessner et al. 1998). Irons et al. (1994) found that shredder abundance and 

biomass increased with latitude and that microbial-mediated decay, which occurs less 

effectively at colder temperatures, decreased with latitude. Correspondingly, consumer 

richness in the present study explained a much larger proportion of the variation in 

decay rates across sites than did microbial activity. 

Measurement of decomposition via the standardized cotton strip bioassay has 

important potential as a monitoring tool of ecological function in Arctic streams. This 

study indicates that the analysis of cellulose decay via cotton strip tensile strength is a 

more sensitive measure of organic matter decomposition in streams than the loss of 

cotton strip mass. Similarly, Egglishaw (1972) found that a 42% loss in cotton strip 

tensile strength corresponded to only a 10% loss in mass in temperate rivers, and Tiegs 
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et al. (2007) found that a decrease in cotton strip tensile strength of up to 95% 

corresponded to a mass loss of only 20 - 30%. Mass loss is likely underestimated due 

to the accumulation of fine particulate matter, particularly in streams with high sediment 

loads. Egglishaw (1972) found that algae also accumulated on cotton strips incubated in 

temperate streams, contributing to the underestimation of mass loss. Although algal 

growth was limited in the present study, cells may have accumulated on the cotton strips 

which were anchored flush with the substrate. In order to confidently estimate cotton 

strip mass losses, measures of both inorganic and organic accumulation on the material 

must be considered, requiring more materials and processing time. As such, tensile 

strength decay is a more reliable, convenient, and cost-effective measure for estimating 

cellulose decomposition, particularly in remote locations. 

The results of this study indicate that changes to environmental variables that 

were measured at the reach scale, including the relative area of glaciers, may have the 

greatest impact on the ecological structure and function of northern Labrador streams. 

Although temperatures in this region have remained relatively stable over the last 

several decades, climate models predict an accelerated warming trend in the coming 

decades that is likely to have significant impacts on the Arctic landscape, including the 

amount and forms of precipitation, glacial extent and the richness and abundance of 

riparian vegetation as species shift their distributions northward in latitude and upward 

in elevation (Walther et al. 2002). Such ecological changes are likely to increase 

invertebrate species richness as well as allochthonous inputs to streams, leading to 

higher proportions of both generalist and specialist shredder invertebrates and increased 

leaf litter processing rates. Furthermore, higher temperatures will result in greater 
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microbial degradation of organic material and the proportions of microbial-mediated 

decay may become more similar to those measured at temperature latitudes. 
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Table 1. Chemical and physical variables measured for each sampling location in the latitudinal 
comparison of cellulose decay rates. 

Elevation Temperature Conductivity Nitrate 
Location Latitude (m) (OC) pH (p.S/cm) (p.g/L) 

Northern Labrador 580 246 ± 187 7.7 ± 2.3 7.2 ± 0.3 40± 16 80 ± 31 (TN) 

Scottish Highlands 55° 291 ± 99 Unknown 7.3 ± 0.1 99± 50 226 ± 119 

N ortheastem Italy 46° 135 9.3 ± 0.5 8.2 ± 0.1 445 ± 56 656 ± 34 



Table 2. Variance in cellulose decay rates, trophic diversity, and 

taxonomic diversity metrics. Percent constrained and 

unconstrained variances are reported for the first three RDA axes. 

% Constrained Variance % Unconstrained Variance 

Scale Axes I - III Axes I- III 

Catchment 94.4 48.4 

Reach 91.7 91.7 

Site 87.9 74.6 
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Figure 1. Study area (b) and sampling sites ( a) within the McComick (MC) 
and Nakvak (NK) catchments, northern Labrador, Canada. 
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Figure 2. Diagram showing (a) cotton strip dimensions 
relative to (b) the area and shape of template. 
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Figure 3. Mean percentage of cotton strip mass and tensile 
strength losses after 21 and 31 days of incubation in the field 
(± SE). 
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Figure 4. Latitudinal comparison of mean tensile strength decay rates (± 1 
SD) measured in Northern Labrador, the Scottish Highlands (Egglishaw 1972), 
and Northeastern Italy (Tiegs et al. 2007). Approximate latitudes of study sites 
are indicated in brackets. 
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Chapter 5 General Discussion 

5.1 Stated Objectives 

The aim of the present study was to assess contemporary patterns in stream 

structure and function within the Torngat Mountain National Park in subarctic Labrador 

and determine the physiochemical drivers of these ecological patterns. Chapter 2 

evaluated the composition of macroinvertebrate assemblages across varying fluvial 

conditions and describes the spatial scale(s) at which environmental variables are most 

closely linked with the structure of these assemblages; Chapter 3 discussed the relative 

importance of allochthonous and autochthonous carbon sources to invertebrate 

consumers, evaluated invertebrate consumer trophic diversity and dietary overlap 

(redundancy) in conjunction with taxonomic diversity across varying fluvial conditions, 

and assessed the spatial scales(s) at which environmental variables are most closely 

linked with trophic and taxonomic diversity; and Chapter 4 evaluated cellulose 

decomposition rates across a range of fluvial conditions, the relationship between 

microbial activity and decomposition rate, and the spatial scale(s) at which 

environmental variables are most closely associated with patterns in cellulose 

decomposition rates. 

5.2 Environmental Drivers of Stream Structure and Function 

This study revealed that environmental variables that were measured at the reach 

scale, including the relative area of glaciers and various land cover types, had the 

greatest influence on stream ecosystem structure and function in subarctic Labrador, 
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although variables measured at site, reach, and catchment spatial scales produced 

structural and functional patterns. Taxonomic richness and abundance were lowest in 

glacial streams, where invertebrates are subjected to frequent substratum movement due 

to large variations in flow (Milner and Petts 1994; Prowse et al. 2006). In contrast, 

richness and abundance were greatest in streams with higher temperatures and more 

ample supplies of riparian vegetation. The relatively unstable habitats of glacial streams 

limit opportunities for larger organisms including various predatory invertebrates, 

leading to a general scarcity of predatory feeding links in glacial streams (Milner et al. 

2009). Invertebrate communities in glacial streams are often simply structured, and 

shredders may be altogether absent (Gessner et al. 1998). Instead, these systems are 

dominated by generalist herbivores, detritivores (Woodward and Hildrew 2002) and 

dipteran species (such as chironomid midges) which are particularly adapted to feeding 

on fine particulate matter from the direct leaching of peat (Hershey et al. 1995). 

Streams in subarctic Labrador followed this trend as glacially-influenced sites were 

dominated by the chironomid subfamily Diamesinae and also by oligochaetes. 

Moreover, allochthonous carbon (not autochthonous carbon) was the predominant 

source of energy for invertebrate consumers across sites and cellulose decay rates were 

fastest in streams with greater riparian input. In addition, cellulose decay rates were 

highest where consumer richness and trophic diversity were high. Cellulose decay is 

likely mediated by shredder invertebrates as microbial activity is limited, particularly in 

glacial streams, by low water temperatures (Milner and Petts 1994). Results also 

indicated that where consumer richness was high, overall trophic diversity was greater 

but dietary overlap (redundancy) was substantial. Where trophic redundancy is high, 
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key process rates (such as decomposition of allochthonous material) may not be affected 

by climate-mediated species loss if remaining, functionally equivalent taxa can maintain 

these processes (Belgrano et al. 2005). Conversely, food webs with discrete trophic 

ecologies, such as those in glacier-fed systems, are expected to be more prone to species 

extinction than more highly interconnected food webs (Woodward and Hildrew 2002). 

5.3 Research Implications 

The results of this study provide baseline data on species richness and 

abundance, trophic diversity, and organic matter decay rates, which may be the basis for 

long-term stream monitoring in the Park. Results also indicate that changes to reach

scale variables, including the relative area of glaciers and contribution of allochthonous 

vegetation, are the most likely to cause alterations in stream structure and function. 

These findings are important given that an accelerated warming trend is likely to have 

significant impacts on glacial extent, source water contribution, and the richness and 

abundance of riparian vegetation as species shift their distributions northward in latitude 

and upward in elevation (Walther et al. 2002). The results of this study may ultimately 

aid Park managers in targeting specific stream systems for long-term study and also 

reinforces the importance of comprehensive, multi-disciplinary monitoring that includes 

the adjacent terrestrial environment. 

In addition, the Cotton Strip Assay was determined to be a successful and 

logistically feasible means of measuring cellulose decay, although it was determined that 

tensile strength loss is a more reliable and sensitive estimate of organic breakdown than 

is mass loss. Incorporating this functional metric into a b~omonitoring program provides 
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a more holistic approach to the evaluation of ecological integrity that is lacking in most 

traditional biomonitoring programs (Young et al. 2008). 

5.4 References 

Belgrano, A., U.M. Scharler, J. Dunne and R.E. Ulanowicz. 2005. Aquatic Food Webs: 
An Ecosystem Approach. Oxford University Press Inc., New York, USA, 262 p. 

Gessner, M. 0., C. T. Robinson, And J. V. Ward. 1998. Leaf breakdown in streams of 
an alpine glacial floodplain: dynamics of fungi and nutrients. Journal of the 
North American Benthological Society 17(4):403-419. 

Hershey, A.E., K.W. Merritt M.C. Miller. 1995. Insect diversity, life history, and trophic 
dynamics in arctic streams, with particular emphasis on black flies (Diptera: 
Simuliidae ). In Arctic and alpine biodiversity: patterns, causes, and ecosystem 
consequences. Edited by F.S. Chapin III and C. Komer. Ecological Studies Vol. 
113. Springer-Verlag, Berlin, Heidelberg, 283-295p. 

Milner, A.M. and G.E. Petts. 1994. Glacial rivers: physical habitat and ecology. 
Freshwater Biology 32:295-307. 

Milner, A.M., L.E. Brown and D.M. Hannah. 2009. Hydroecological response ofriver 
systems to shrinking glaciers. Hydrological Processes 23(1):62-77. 

Prowse, T.D., F.J. Wrona, J.D. Reist, J.J Gibson, J.E. Hobbie, L.M.J. Levesque and 
W.F. Vincent. 2006a. Historical changes in Arctic freshwater ecosystems. 
Ambio 35(7):339-346. 

Walther, G-R, E. Post, P. Convey, A. Menzel, C. Parmesan, T. J.C. Beebee, J-M. 
Fromentin, 0. Hoegh-Guldberg and F. Bairlein. 2002. Ecological responses to 
recent climate change. Nature 416:389-395. 

Woodward,G. and A.G. Hildrew. 2002. Food web structure in riverine landscapes. 
Freshwater Biology 47(4):777-798. 

108 



Universities Attended: 

Conference Presentations: 

Allison Ritcey 
Curriculum Vitae 

University of New Brunswick 
Bachelor of Science (Biology), 2008 

University of New Brunswick 
Master of Science (Biology), 2013 

Ritcey, A. L. and J. M. Culp. Stream ecosystem structure and function in the Torngat 
Mountains National Park, Labrador. Arctic Change. December 2008. 
Quebec City, Quebec. 

Ritcey, A. L. and J. M. Culp. Stream ecosystem structure and function in the Torngat 
Mountains National Park, Labrador. Canadian Conference for Fisheries 
Research. January 2009. Ottawa, Ontario. 

Ritcey, A. L. and J. M. Culp. Stream ecosystem structure and function in the Torngat 
Mountains National Park, Labrador. 9th Annual ACUNS Student 
Conference on Northern Studies. October 2009. Whitehorse, Yukon. 

Ritcey, A. L. and J. M. Culp. Decomposition rates in subarctic streams of northern 
Labrador. ArcticNet 6th Annual Scientific Meeting. December 2009. 
Victoria, British Columbia. 

Publications (in preparation): 

Ritcey, A. L., J. M. Culp. Environmental divers of invertebrate taxonomic and trophic 
diversity in northern Labrador streams. 

Ritcey, A. L. and J. M. Culp. Invertebrate diversity and cellulose decay in northern 
Labrador streams. 




