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Abstract 

Aquatic invertebrates play a key ecological role in riverine biogeochemical 

cycles, transferring nutrients incorporated from diverse food sources (e.g. algae or 

terrestrial detritus) to resident and migratory predators within aquatic and riparian 

ecosystems. Agricultural land use affects stream aquatic invertebrate communities, 

generally reducing their diversity and the prevalence of sensitive taxa as a result of the 

introduction of agro-chemicals (nutrients and pesticides) and other environmental 

stressors (fine sediments and flow). This thesis aims to understand how agricultural land 

use affects aquatic invertebrate communities and the role these communities play in the 

storage and transfer of nutrients within stream food webs. To accomplish this, streams in 

northwestern New Brunswick were sampled over a three-year period (2010 – 2012) for 

water nutrient concentrations, site characteristics, and aquatic invertebrate biomass and 

nutrient content.   

The first study established associations between agricultural land use and stream 

water nutrient concentrations (positive), aquatic invertebrate community diversity and 

sensitivity (negative), and total community biomass (negative).  The second study 

determined that the nitrogen and phosphorus content within aquatic invertebrate 

communities decreased and increased, respectively, as aquatic invertebrate communities 

lost diversity and sensitive taxa. Using data from a subset of these sites and additional 

ones sampled in 2012, the final study validated the results of the previous studies and 

showed similar effects of agricultural land use on aqueous nutrient concentrations, 

aquatic invertebrate communities, and community nutrient content. Further, this study 

showed that the quantity of nitrogen stored within the aquatic invertebrate community 
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decreased with increasing agricultural land use while the quantity of phosphorus was 

unaffected. Together these results demonstrate that as aquatic invertebrate communities 

change their composition in response to increasing agricultural land cover in the 

catchment, the amount of nutrients stored by the community decreases. This reduction in 

nutrient storage capacity likely results from shifts in life history strategies in the aquatic 

invertebrate community. More broadly, these findings suggest that agriculture affects 

how aquatic invertebrates cycle nutrients in riverine food webs, which may in turn 

impact aquatic and terrestrial predators that rely on these communities.  
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Chapter 1: Linking changes in aquatic invertebrate communities to the storage and 

transfer of nutrients in stream food webs  

 

Overarching conceptual framework, hypotheses, and predictions 

The industrialization of agriculture and growing human populations have 

changed how nitrogen and phosphorus are distributed through the earth’s biosphere, 

resulting in their increased availability in freshwater streams and rivers (Carpenter et al 

1998; Bennet et al 2001; Galloway et al 2004). The increased concentrations of these 

inorganic forms of nitrogen and phosphorus within freshwater and coastal ecosystems 

stimulate excess primary production, resulting in eutrophic conditions (anoxic waters, 

algal blooms, changes in habitat) that are associated with widespread changes in species 

presence and abundance across animal phyla (fishes, molluscs, insects, amphibians; 

Vitousek et al 1997; Carpenter et al 1998; Smith et al 1999; Bennet et al 2001; Galloway 

et al 2004).  

The capacity of an ecosystem to store, transform, and transport key nutrients 

(e.g. nitrogen and phosphorus) is considered a regulatory function (Millennium 

Ecosystem Assessment (MA), 2005; Maynard et al 2010). Catchment scale changes in 

nutrient budgets from agricultural land use interact with stream flows and habitats 

increasing rates and variability in instream biogeochemical processes by microbial 

communities (e.g. denitrification) and primary producers (e.g. photosynthesis and 

respiration) (Biggs 2000; Dodds et al 2002; Bernot and Dodds 2005; Simon 2007; 

Peipoch et al 2016). Increases in heterotrophic and primary production at the base of the 

food web increase the flow of these food sources into the food web, ultimately affecting 
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its structure of the food web as well as the storage of the anthropogenic nitrogen in 

species tissues (Hicks 1997, Rosi-Marshall and Wallace 2002; Bedard-Haughn et al 

2003; Anderson and Cabana 2005). While a portion of the nutrient and energy sources 

that enter the food web is returned to the aquatic ecosystem as waste, the fate of the 

remaining portion, incorporated in the tissues of species, is determined by the life cycle 

and mobility of the species (Vanni 2002; Hecky et al 2004; Vanni and Headworth 2004; 

Leah et al 2007; Rothlisberger et al 2008). The nutrient storage has been estimated, 

directly and indirectly, in standing stocks of biofilm, course or fine particulate material 

and other compartments at the base of stream food webs (Newbold et al 1981; Delong 

and Brusvn 1998; Hall et al 2002; Langhans et al 2013). However, nutrient storage 

within the food web or benthic invertebrate community has not been estimated 

Animals are capable of storing or transporting the nutrients within and between 

habitats (Schmitz et al 2013). For example, anadromous fishes (e.g. Pacific Salmon) act 

as both an ecological driver of production through nutrient release during spawning and 

die-off and as an exporter of nutrients from watersheds during migrations to the ocean 

(Schmidt et al 1998; Moore and Schindler 2004). In lakes, freshwater mussels and 

resident fish populations affect the phosphorus budget of the ecosystem by increasing 

the bioavailability of phosphorus bound in particulates and prey tissues that are 

consumed and then released as waste products (Vanni 2002; Hecky et al 2004; Vanni 

and Headworth 2004). The bio-transport of aquatic derived nutrients into riparian food 

webs by emergent insects provides a subsidy, the magnitude of which is determined by 

the size and number of emergent insects and therefore by the environmental conditions 
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of the stream or lake from which the insects emerge (Davis et al 2011; Stenroth et al 

2015; Jonsonn et al 2015).   

The benthic invertebrate community, specifically aquatic insects, plays a key 

ecological role in the riverine biogeochemical cycle. They incorporate nutrients from 

diverse food sources (e.g. algae, detritus, suspended particulate material, terrestrial 

leaves) and transfer them to resident (e.g. minnows and amphibians) and migratory (e.g. 

salmonid) predators within aquatic ecosystems, as well as to terrestrial predators in the 

riparian zone (e.g. riparian spiders and insectivorous birds; Wallace and Webster 1996; 

Meyer et al 2007). Hence, the species composition of the aquatic invertebrate 

community would, by virtue of their individual feeding and life history traits, be 

expected to influence which elemental pools (e.g. terrestrial detritus, attached algae) are 

incorporated into the food web, the predators to which the elements are transferred, and 

the extent to which aquatically-derived nutrients subsidize riparian food webs (Bartrons 

et al 2013; Muehlbauer et al 2014; Stenroth et al 2015).  

It is well established that benthic invertebrate communities respond to 

environmental stress, such as agricultural land use, losing species determined to be most 

sensitive and ultimately reducing the overall diversity of the community (Quinn and 

Hickey 1990; Delong and Brunsvn 1998; Allan 2004; Bonada et al 2006; Weijters et al 

2009; Waite 2013). Across agricultural regions, invertebrate community assessments 

have been used to determine the degree, or intensity, of impact between different 

agricultural practices associated with different crops, livestock, and best management 

practices (Maret et al 2010; Paola Gialdo et al 2014). Further, benthic community 
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metrics (e.g. total density, richness) respond differently to increasing pressure from 

agricultural stressors, fine sediments and nutrient concentrations (Niyogi et al 2007).  

In New Brunswick, Canada, commercial potato production introduces inorganic 

fertilizers, as well as other environmental stressors such as pesticides and eroded 

sediments, to local waterways (Sutherland et al 2010; Chambers et al 2012; Xing et al 

2012). Consequently, streams within this agricultural landscape are characterized by 

high concentrations of inorganic nutrients and losses in the abundance of sensitive 

invertebrate species (Chambers et al 2012; Sutherland et al 2012). Despite the 

widespread impacts to invertebrate communities from agricultural land use, little is 

known as to how these changes in community structure affect the storage of nutrients 

within the food web of the stream ecosystem.  

Over the three data chapters in this thesis, I develop an approach to estimate the 

quantity of nutrients stored by aquatic invertebrate communities.  I then test the extent to 

which these communities integrate and store nutrients along a gradient of environmental 

stress due to agricultural land use. The following sections describe the rational and 

expected results for each of the individual data chapters (conceptual model in Figure 

1.1).  

Response of stream communities to nutrient pollution  

In the first data chapter of this thesis, I assess invertebrate community 

composition and biomass along a gradient of agricultural land use in 14 New Brunswick 

streams during 2010 and 2011 to test the hypothesis that agriculture changes the total 

biomass within the aquatic invertebrate communities. The stimulation of ecosystem 

productivity through the fertilization of streams has been shown to increase biomass of 
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benthic invertebrate and fish communities in a food web (Johnston et al 1990; Deegan et 

al 1997; Davis et al 2011; Minshall et al 2014). A 5-year experiment in a stream in 

northeastern USA showed that secondary production, community biomass, and emergent 

invertebrate biomass all increased as a result of moderate nutrient pollution (3.08 mg/L 

nitrate and 0.512 mg/L soluble reactive phosphorus; Greenwood and Rosemond 2005; 

Greenwood et al 2007; Davis et al 2010; Davis et al 2011). The long term fertilization of 

an Alaskan river with phosphorus shifted the species composition of the benthic 

invertebrate community and increased production of the dominant fish species, 

suggesting stimulation of food web productivity and increased nutrient storage (although 

total biomass or production of benthic invertebrate communities were not reported; 

Deegan et al 1997). Nutrients added to restore the trophic state of a hydroelectric 

reservoir in the USA increased benthic invertebrate biomass by 48% after five years, 

with minimal changes to community composition (Minshall et al 2014). Experimental 

fertilization of a stream increased juvenile salmon production and benthic invertebrate 

biomass (Johnston et al 1990). Finally, along gradients of decreasing stream shading and 

increasing stream size, benthic invertebrate biomass responded positively, suggesting a 

regulatory effect of sunlight on invertebrate biomass (Grubaugh et al 1997; Stephenson 

and Morin 2009; Wootton 2012). Together, these studies illustrate the stimulatory 

effects of environmental factors (e.g. nutrients or light availability) on biomass within 

aquatic food webs. 

Despite the enrichment effects of nutrients, benthic invertebrate communities in 

streams exposed to high levels of nutrients or to multiple environmental stressors, (e.g. 

sediments, pesticides) common in agricultural regions show evidence of ecological 
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impairment. These stream communities are generally less diverse and are made up of 

more tolerant taxa characterized by more resilient life cycles, reproductive strategies, 

and morphologies (e.g. shorter generation time, asexual reproduction, resistance to low 

dissolved oxygen, among others; Quinn and Hickey 1990; Delong and Brunsvn 1998; 

Allan 2004; Bonada et al 2006; Doledec et al 2006; Weijters et al 2009; Doledec et al 

2011). As a result of these changes in life history traits, less biomass is expected to 

accumulate within the insect communities of agricultural streams (Huryn and Wallace et 

al 2000).  

In Chapter 2 of this thesis, I test the hypothesis that losses in community 

diversity and sensitivity of invertebrate communities in streams with a higher proportion 

of agricultural land in their catchments will correspond with decreased community 

biomass, rather than the increase that would be expected from low levels of nutrient 

pollution in the absence of other environmental stressors (Figure 1.1).  

Elemental stoichiometry 

In aquatic ecosystems there can be a mismatch between the quality (ratio of 

nutrients) of food sources (e.g. algae, detritus) and that in the tissues of invertebrate 

consumers (Sterner and Elser 2002). The nutrient content of autotrophs is temporally 

and spatially variable and influenced by the abiotic supply of different elements (Sterner 

and Elser 2002).  In contrast, the elemental content in invertebrate tissues within taxa is 

relatively stable and is determined by the metabolism and biochemistry that underpin 

their physical structures and functions (Sterner and Elser 2002; Back and King 2013; 

Liess and Hillebrand 2005). Feeding experiments show that invertebrate elemental ratios 

(carbon to phosphorus ratios) are relatively insensitive to varying food quality, though 
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growth rate can be increased by higher food quality (Rothlisberger et al 2008; Leah et al 

2007; Deans et al 2015; Bowman et al 2005).  

Invertebrate families (and sometimes genera) show consistent differences in 

elemental content, with some genera identified as having higher nitrogen or phosphorus 

content than others (Mehler et al 2013; Evans-White et al 2005; Liess and Hillebrand 

2005).  In some cases, these differences in elemental content between taxa (family or 

genus) correspond with differences in their feeding strategy as predatory invertebrates 

have higher nitrogen concentrations and shredders have lower phosphorus content 

(Evans-White et al 2005). Phosphorus content has been linked to higher concentrations 

of RNA in tissues required to support a faster growth rate (growth rate hypothesis; 

Sterner and Elser 2002). Since the nutrient content of larval insects is not consistent 

across taxa, changes in the taxonomic composition of invertebrate communities is 

expected influence the concentration of nutrients in the community. Previous, studies 

have hypothesized that the quality of food (greater P content) favours the predominance 

of species with a higher physiological phosphorus demand (e.g. those with higher 

growth rates; Evans-White et al 2009; Back and King 2013).  

In Chapter 3 of this thesis, I test the hypothesis that agricultural land use shifts 

the aquatic insect communities towards taxa with higher nutrient requirements, 

increasing the overall nutrient content within the aquatic insect community. To test this 

hypothesis, I estimate the nutrient content within the aquatic invertebrate community 

and assess relationships with gross changes in its composition, as well as with landscape 

gradients. It is predicted that nutrient concentrations within the community will increase 
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with losses to community diversity and sensitivity, as well as with increasing 

agricultural land use and aqueous nutrient concentrations (Figure 1.1).     

Nutrient storage 

 In Chapter 4, I address the central hypothesis of this thesis - that agricultural 

land use changes how aquatic invertebrate communities store nutrients - using samples 

from streams with small catchments in two potato producing regions of New Brunswick 

collected over three years.  This is done by assessing the relationships between the total 

nutrients stored in the aquatic invertebrate community (calculated from family tissue 

nutrient concentrations and family biomass) and agriculturally-driven increases in 

aqueous nutrient concentrations in streams and losses in community diversity and 

sensitivity metrics. Based on previous results, it is predicted that increasing agricultural 

land use will be associated with 1) increased aqueous nutrient concentrations in stream 

waters and 2) impairment to aquatic invertebrate communities, measured as losses in 

diversity and sensitivity. Further, that nutrient storage in the invertebrate community 

(Figure 1.1) will decrease, reflecting the decreasing biomass associated with shifting life 

history traits examined in Chapter 2.  
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Figure 1.1: Predicted relationships for thesis data in Chapters 2 – 4.  In this study design, 

stream nutrient concentrations is the measured local variable demonstration the 

influence of agricultural land use.  However, other agricultural stressors (i.e. fine 

sediments and pesticides) are known to increase along this gradient.  
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Chapter 2: Aquatic invertebrate community biomass responses to agricultural land 

use in streams in northwestern New Brunswick   
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Abstract 

Agricultural land use degrades stream ecosystems by introducing agro-chemicals 

(nutrients and pesticides) and other environmental stressors (fine sediments), resulting in 

decreases in invertebrate community diversity and the prevalence of sensitive taxa. To 

determine if agriculturally-induced losses in community diversity and sensitive taxa will 

reduce aquatic invertebrate community biomass, I assessed these communities in 14 

small streams (catchment areas 8 to 35 km2) distributed along a gradient of agricultural 

land use (0-92% agriculture) in New Brunswick, Canada. As predicted, increased 

agricultural land use in stream catchments was associated with increased nutrient 

concentrations in stream waters and losses to aquatic invertebrate diversity and 

ecologically sensitive taxa (e.g. ecological sensitivity). Community biomass and 

structural endpoints (community diversity and ecological sensitivity) were positively 

related, and both decreased as agricultural land use and nutrient concentrations 

increased. Catchment area was a confounding factor, having a positive effect on aquatic 

invertebrate biomass and select community composition endpoints and this effect was 

stronger in 2010 than in 2011. In summary, agricultural land use affects invertebrate 

species composition in streams which, in turn, decreases biomass within the community.   
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Introduction 

Agricultural land use degrades stream ecosystems through the introduction of 

agro-chemicals (fertilizers and pesticides) and increased erosion of fine sediments from 

the landscape (Allan 2004). In response, communities of stream invertebrates become 

less diverse and are composed of more resilient or pollution tolerant taxa (Quinn and 

Hickey, 1990; Delong and Brunsvn 1998; Allan 2004; Bonada et al 2006; Weijters et al 

2009), as has been found in streams from New Brunswick’s potato growing region 

(Grand Falls, N.B.) where agriculture is associated with the infilling of stream beds with 

fine sediment and increased concentrations of agro-chemicals in stream waters 

(Sutherland et al 2010; Chambers et al 2012; Sutherland et al 2012; Xing et al 2012).   

In contrast to the well-documented changes in stream invertebrate community 

structure with landscape disturbance (agricultural land use specifically), only a few 

studies have examined whether the biomass of benthic invertebrate communities 

changes in response to human activities. For example, it was clearly shown that biomass 

responds to forested land, increasing with decreasing canopy cover (Stephenson and 

Morrin 2009). In contrast, although acid mine drainage impacted community structure 

there was no effect on invertebrate community biomass (Luek et al 2015). Therefore, 

there are few direct measurements of biomass to inform predictions of how biomass will 

respond along an agricultural gradient in New Brunswick. However, it is known that 

streams in agricultural regions are exposed to multiple and potentially interacting 

stressors (nutrients versus pesticides, and sediments). For example, experimental 

nutrient additions to streams have shown that nutrient pollution may increase biomass 

when nutrients limit secondary production (Deegan et al 1997; Greenwood and 

Rosemond 2005; Greenwood et al 2007; Davis et al 2010; Davis et al 2011). Stream 
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mesocosm experiments have demonstrated that nutrients combined with other stressors 

such as sediments, temperature change, and pesticides can have a negative or no effect 

on invertebrate abundances (Piggott et al 2012; Wagenhoff et al 2012; Alexander et al 

2013).  Although these studies were conducted on community abundances rather than 

biomass, they suggest that other agricultural stressors may counteract the stimulatory 

effects of nutrients on stream invertebrate communities.  

Biomass accumulation in an invertebrate community is influenced by the life 

history and reproductive strategies of the species comprising the community. 

Specifically, the larval size at maturity and growth rates determine how much biomass a 

species will contribute to the total biomass of the community (Huryn and Wallace 2000).  

Given the established shift towards smaller-bodied, fast-growing and fast-reproducing 

species with increasing agricultural land use (Doledec et al 1999; Doledec et al 2011), it 

is expected that community biomass will decrease along the agricultural gradient. 

In this study, I assessed aquatic invertebrate community composition and 

biomass along a gradient of increasing agricultural land use to test the hypothesis that 

effects on community composition, such as losses in diversity and pollution intolerant 

taxa associated with agricultural stressors (e.g. fine sediments, elevated nutrient 

concentrations, or pesticides), correspond with decreased community biomass. To do 

this, I examined aquatic invertebrate community composition and biomass from 14 

streams distributed along a gradient of increasing agricultural activity. It is predicted that 

increased agricultural land use will correspond with increased nutrient concentrations in 

stream waters, losses to invertebrate diversity and ecological sensitivity, and decreasing 

community biomass (Figure 2.1).    
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Methods 

Study region 

The study was conducted in the northwestern region of New Brunswick, Canada, 

near the municipality of Grand Falls, in the Saint John River catchment (Figure 2.2). The 

landscape was sculptured by glaciation, with steep slopes and well-drained soils from 

deposited glacial tills (Zelazny 2007). In 2010 and 2011, 14 streams (catchments 8 to 35 

km2) spanning a gradient of increasing agricultural intensity (0 to 92% of land cover) 

were sampled.  Half of the streams were upstream of the Grand Falls hydroelectric dam 

on the Saint John River and either drained directly into the main stem of the Saint John 

River (2) or into Little River (3), a tributary of the Saint John River. The remaining 7 

streams were downstream of the Grand Falls dam, and drained into either the Saint John 

River or a tributary of the Saint John River, the Little Salmon River.   

Environmental gradients: landscape, site, and water quality characteristics  

Basic land use activities and topographical information (e.g. catchment slope and 

area) were summarized with geospatial information system analysis (GIS; ArcGIS). 

Land cover was determined from Canadian land cover circa 2000 vector data provided 

by the Centre for Topographic Information, Natural Resources Canada and from the 

Maine Office of GIS Land Cover of the Gulf of Maine (GOMLC7) 2002 raster data. 

Agricultural activity within the riparian zone was calculated following Sutherland et al. 

(2010) as the proportion of agricultural land cover within 15 m of the mapped stream 

channel. Aerial photography (Google Earth 2011 imagery, 

https://www.google.com/earth/) was inspected visually to ensure summary statistics 

based on 2000 vector data for each site were representative of conditions during this 
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study.  Catchment area and slope were calculated with Arc Hydro Tools and spatial and 

3D analysis tools in ArcGIS from the Gulf of Maine digital elevation model (DEM; 1 

km resolution) and New Brunswick’s GeoBase DEM (8-23 m resolution). 

Stream temperature was measured every 20 minutes with an onset Hobo (May 

through November) and summary statistics (mean and SD) were used from July because 

the record showed that water temperatures were the highest and most different among 

streams. Further, mean July temperatures were highly corrected with max summer 

temperatures (r = 0.72 in 2010 and r = 0.91 in 2011).  In August 2011, measurements of 

wetted stream width, depth, % of large woody debris, and % canopy cover were taken 

20-30 times at 3 m intervals and averaged along the study reaches (~100 m). Wetted 

stream width and depth were measured in metres at the centre of the active stream 

channel with a measuring tape and a metre stick, respectively. The extent of large woody 

debris (snags) was assessed visually for the area between 2 survey points (3 m apart) by 

categorizing the volume of wood filling the active stream channel as 0, 25, 50, 75, or 

95%. The % forest canopy covering the stream channel was estimated in late August 

with a densiometer at each of the 20 – 30 survey points in the reach from the centre of 

the active stream channel. Actual values for some parameters (e.g. depth and wetted 

width) varied over time (e.g. month to month and year to year) but are assumed to reflect 

general trends among sites. However, other parameters (% canopy cover and % woody 

debris) were assumed to be more consistent over these two years and, subsequently, 

more reliable. 

Water grab samples (5-6 per site per year) were collected between May and 

September in 2010 and 2011 at approximately 2-3 week intervals when stream flows 

were stable and not responding to rain events. Samples were transported on ice to the 
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National Laboratory for Environmental Testing at the Canadian Centre for Inland 

Waters in Burlington, ON, and analyzed for total ammonia (filtered), nitrate + nitrite 

(filtered), total Kjeldahl nitrogen (TKN; unfiltered), and phosphorus (filtered and 

unfiltered). Water samples were filtered at the time of collection with syringe filters 

fitted with a 0.43 m millipore filter. Nutrient data are reported as total nitrogen (TN; 

nitrate + nitrite + TKN), nitrate+nitrite, organic nitrogen (org-N; unfiltered TKN – total 

ammonia), total ammonia, total phosphorus (TP; unfiltered phosphorus), total dissolved 

phosphorus (TDP; filtered phosphorus), and total particulate phosphorus (TPP; total 

phosphorus – dissolved phosphorus). The percent of each nutrient form within the total 

nitrogen or phosphorus concentration and the molar ratio of TN: TP were also reported.   

 

Invertebrate communities 

Benthic invertebrate communities were sampled with a U-net (Scrimgeour et al 

1993) with a mesh size of 400 m.  An area of 0.5 m2 of stream bottom was sampled 

(from each of 3 riffles per site) in the last two weeks of August in both 2010 and 2011. 

Invertebrate samples were immediately held on ice for < 8 hrs during transport and then 

frozen (-20◦C). Analysis of benthic samples for elemental content (data presented in 

Chapters 3 and 4) required that samples were preserved by freezing rather than in 

ethanol. 

Although three riffles were sampled per site in each year, samples from two 

riffles were processed for only 6 of 28 sites (4 of 14 in 2010 and 2 of 14 in 2011), and 

due to time constraints, a single riffle sample was processed for the remaining sites. 

Invertebrate samples were processed in the lab using a dissecting microscope (0 – 4.5x 
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magnification) whereby individual invertebrates were removed from the thawed sample, 

identified to family level (except for Hydrocarina which remained at the order level), 

placed in micro-centrifuge tubes, freeze-dried for > 24 hr, and weighed for dry mass 

(±0.001 mg). Unfortunately, soft-bodied oligochaetes did not withstand the freezing and 

thawing and were not included in data analyses. 

In 2010, community samples were sub-sampled as follows. A quarter of the 

thawed sample was subsampled by floating the sample in a 250 m sieve to distribute 

invertebrates evenly (Hauer and Lamberti 2007) and, when possible, all invertebrates 

were removed and processed from this portion. However, high invertebrate abundances 

and/or the presence of large amounts of filamentous algae and fine sediments made it 

impossible to process (isolate and identify) the entire subsample before there was risk of 

invertebrate decomposition. Therefore, a proportion (by volume) of the subsample 

containing a minimum of 300 invertebrates was processed within 24 hrs.  Community 

samples were further processed for elemental content and stable isotopes (results for 

elemental content presented in Chapter 3 and stable isotope results not included in this 

thesis). These analyses required a pooled sample of minimum of 1.5 mg of dry-mass 

from individuals for every family included in the community. During 2010, the sub-

sampling approach did not allow for sufficient biomass to be collected for the smaller 

taxa and limited the collection of all possible larger invertebrates to get the most 

representative sample possible.  Lab processing of benthic invertebrates was modified 

between 2010 and 2011 collections due to these limitations. Sample processing was 

improved in 2011 by dividing the samples into 3 size fractions (4 mm, 1 mm, and 250 

m) in the field prior to freezing. Subsequently, all invertebrates from the first size 
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fraction were sorted. Depending on the abundance in the 4 mm and 1 mm size fractions, 

25-50% of the sample was separated using the same technique as in 2010 (e.g. floatation 

over a 250 m sieve) and all invertebrates in the subsample were processed. This 

resulted in a greater number and proportion of invertebrates within a sample being 

processed in 2011.  Because all samples within a year were processed similarly, the 

trends within a year and among sites are unaffected by the change in procedure.  

A cut-off for rare (<1% abundance) and very small (<1% biomass) taxa was 

applied to all community samples. Using a cut-off for rare taxa increases accuracy and 

precision of invertebrate community analysis (Ostermiller and Hawkins 2004). The 

objective of this study is to assess spatial trends in community biomass and a single or a 

few large invertebrates (e.g. Limnephilidae, Tipulidae, larval Psephenidae) represented 

as much as 60% of the total biomass in the community but less than 1% of the 

abundance (Figure 2.5; Figure 2.6). The likelihood of collecting individuals from larger 

and rarer taxon during sampling is much lower than for common taxa but the 

consequences on community biomass estimates are substantial. Therefore, for analysis 

purposes, introducing the 1% cut-off for relative abundance (expressed as %) was 

necessary to ensure comparable communities across sites (Ostermiller and Hawkins 

2004). I compared the average biomass of individuals within each family (family total 

biomass/ # individuals) grouping them according to where they fell relative to the 1% 

count and 1% biomass cut-offs (rare, large taxa – rare, small or medium taxa – common 

small taxa- common- representative taxa). This graph demonstrates the range in body 

size of these four groups was similar between years (Figure 2.5; Figure 2.6). A 

collection of families occurred below and above the 1% abundance cut-off (e.g. Perlidae, 



29 
 

Hydropsychidae, Tipulidae); however, there were a few families that consistently had 

rare abundance and were typically excluded (Heptagenidae, Psenephidae- larvae, 

Atherceridae, Pterygiidae, Rhycophilidae). These cut-offs are likely to underestimate 

richness, particularly at less impacted sites, but this is less of a concern for functional or 

process-related endpoints (Cao et al 1998). While my study looks at richness data, it is 

primarily focused on biomass estimates and the accuracy and comparability of this data 

have been prioritized over the richness data.  

The application of the 1% cut-off to exclude rare families within a site from the 

community protects the community samples from significant bias between years. 

Further, because all samples within a year were processed similarly, the trends within a 

year and among sites are unaffected by the change in procedure. Therefore, while the 

change in sub-sampling methods was not ideal, analysis of community responses to 

environmental gradients in both years was valid and qualitative comparisons among 

years were done.  

The following four categories of metrics were calculated to describe invertebrate 

community responses using both the relative abundance and biomass data, giving two 

versions of the same metric.  

• Diversity category: the number of different families, feeding strategies, 

and habits within the community (family richness, trophic richness, and 

habit richness, respectively) and the number of different families within 

the orders Ephemeroptera, Plecoptera, Trichoptera (EPT richness; Merritt 

and Cummins 1996; Mandaville 2002).  
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• Sensitivity category (ecological sensitivity): The relative abundance of 

individuals or community biomass within the EPT orders and within the 

order Diptera. The modified Family Biotic Index (mFBI) tolerance scores 

were calculated using the relative abundance of individuals within each 

family as well as the relative biomass within each family (literature 

reviewed by Mandaville 2002).   

• Habit category: The proportion of individuals and community biomass 

within the following habit categories: % burrowers, % clingers, % 

sprawlers, % swimmers (Merritt and Cummins 1996; Mandaville 2002).   

• Feeding strategy category: The proportion of individuals and community 

biomass within the following feeding strategies: % collector-filterer, % 

collector-gatherer, % predator, % scraper, % shredder (Merritt and 

Cummins 1996; Mandaville 2002).   

Analysis of landscape trends was performed on invertebrate data from single 

samples for 22 sites, with means of duplicates used for 6 sites (total of 28 across years). 

Duplicate samples were used to estimate within site error for community endpoints. The 

% difference of duplicates showed good agreement for community composition 

endpoints (0.1 to 8%); while the % difference between biomass and abundance 

duplicates was less precise (14 to 62%). For sites with duplicate samples, the mean of 

the duplicates was used.     

The dominant trends in each metric category (diversity, sensitivity, habit, and 

feeding strategy) were summarized with a PCA run on all metrics (calculated from both 

relative biomass and abundance) within that category.  The first principal component 
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(PC1) from the PCA was then used to summarize gross trends in community diversity, 

sensitivity, habit, and feeding strategy (Danz et al. 2007). Specifically, the locations of 

sites (site loading values) along the first principal component (PC-1) became the 

summary values within each community response category (e.g. PC1-diversity, PC1-

sensitivity, PC1-habit, and PC1-feeding strategy).  

Environmental gradients affecting aquatic invertebrate communities  

To assess the relationships between environmental variables and aquatic 

invertebrate responses, this study used 1) correlation matrices and principal components 

analysis (PCA) to identify dominant environmental gradients and select representative 

environmental variables, 2) redundancy analysis to summarize the total variation in 

communities explained by the selected environmental variables, and 3) linear or multiple 

regression response models between aquatic invertebrate communities and the selected 

environmental variables.   

Groups of auto-correlated environmental variables were identified using a 

correlation matrix followed by a PCA of all environmental variables from 2010 and 

2011 (Table 2.1; Table 2.2). Within the correlation matrix, statistically significant (alpha 

=0.05) r values (Pearson correlation coefficient) were determined to be auto-correlated 

and these groups of correlated variables could be observed in the length and direction of 

variable vectors in the PCA plot (Table 2.3; Figure 2.3). For auto-correlated groups, a 

single variable was selected to represent the environmental gradient.  

To understand how environmental gradients influenced aquatic invertebrate 

communities, a redundancy analysis was performed with a subset of environmental 

variables representing all possible environmental gradients in the dataset. Two variables 
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representing the two dominant environmental gradients were identified from the groups 

of auto correlated variables. To ensure robust testing of additional environmental 

gradients, two additional environmental variables were included as they were not 

included in the auto correlated groups. Subsequently, of the possible 24 environmental 

variables, four were selected from these analyses: the % of agricultural land use in the 

catchment (% agriculture), the area of the stream catchment (catchment area), mean 

water temperature in July (July H2O temp.), and % urban development in the catchment 

(log % development, log transformation was necessary for this variable to be linearly 

distributed).  

Redundancy analysis (RDA) is a multivariate approach that quantifies the shared 

variation between groups of independent and dependent variables. RDA is used in this 

study to quantify the variation in the aquatic invertebrate biomass and community 

response metrics (listed above) that is explained by the four selected environmental 

variables (determined as above). To do this, 2 RDAs were run per year using the 

selected environmental factors as independent variables and the 1) biomass or 2) 

abundance based community metrics as dependent variables. The similarity of the 

biomass and abundance based analysis was determined by the amount of variation 

explained in the RDA and the associations between in the environmental and community 

variables in the bi-plots.  

  

Conceptual model of community biomass   

It is expected that agricultural effects on benthic community composition, such 

as losses in diversity and pollution intolerant taxa associated with agricultural stressors 
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(e.g. fine sediments, elevated nutrient concentrations, or pesticides), will negatively 

affect the accumulation of biomass within the benthic community. It is predicted that 

increased agricultural land use will correspond with increased nutrient concentrations in 

stream waters, losses to invertebrate diversity and ecological sensitivity, and decreasing 

community biomass (Figure 2.1).   Agreement between results and study predictions 

(Figure 2.1) were summarized with a correlation table of community biomass, 

community effect, and environmental variables.  

Calculation details for statistical analysis 

All multivariate analyses (PCA and RDA) were performed in R. Aquatic 

invertebrate community data were first run through a detrended correspondence analysis 

(DCA) to determine the gradient length and select the appropriate response model.  

Gradient lengths for the DCA were less than 3.5 (2010: metrics abundance= 0.71; 

metrics biomass= 0.79; 2011: metrics abundance= 1.14; metrics biomass=1.00) 

indicating that linear response models (PCA and RDA) should be used (Legendre and 

Legendre 2012). PCA was performed with the prcomp command with the data centred 

by columns (environmental variables/metrics; centre = TRUE) and environmental 

variables/metrics values standardized to standard deviations (scale =TRUE). RDA were 

performed with the rda command in the vegan package with the data centred by columns 

(metrics) and with columns (the metrics) standardized to standard deviations 

(centre=TRUE, scale=TRUE).  

Normality testing, regressions, and correlations were performed in Sigmaplot 

11.0 with an alpha of 0.05.   
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Results 

Environmental gradients: landscape, site, and water quality characteristics  

Mean summer rainfall (June – August) in the study region was 326 mm 

(recorded between 1985 and 2011). The first year of this study (2010) was an average 

year for summer precipitation (344 mm) but in the following year 531 mm of 

precipitation fell, making 2011 the wettest summer in the 30-year record.  

PCA of environmental variables identified a disturbance gradient associated with 

agricultural land use, and a gradient in stream size across study sites (Figure 2.3). The 

first principal component explained 37% of the variation across environmental variables 

and was most strongly influenced by agricultural land use in the catchment as well as 

local measurements of aqueous nutrient concentrations (a disturbance gradient; Figure 

2.3). The second principal component explained 18% of the variation across 

environmental variables and was influenced by variables related to the size of the 

streams such as catchment area and local measurements of stream width, woody debris, 

and % canopy cover (a stream size gradient; Figure 2.3).  For the RDA, % agricultural 

land use and catchment area were selected to represent these two environmental 

gradients (the disturbance gradient and the gradient in stream size) to determine how 

these, as well as other potential gradients, influenced community responses (determined 

by metrics).  

Agricultural land cover and forest cover in the 14 catchments were evenly 

distributed along a gradient (0 to 92% and 3 to 92%, respectively; Table 2.1) and 

inversely related with each other (r = -0.97, p < 0.001; Table 2.3). Agriculture in riparian 

zones (within 15 m of the active stream channel) ranged from 0 to 35% and was 
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positively correlated with agricultural land use in the entire catchment (r = 0.72, p = 

0.002; Table 2.3). Urban land use (% developed) was higher (9%) in the streams closer 

to the town of Grand Falls (Figure 2.2; Table 2.1) and % developed land was used to 

represent this gradient in the RDA, as it was not correlated with the agricultural 

disturbance gradients or the gradient in stream size.  Catchments below Grand Falls in 

the Little Salmon River basin were higher gradient (slope 2.31 to 4.92 °) compared to 

those upstream of the falls (slope 0.88 to 2.17 °; Table 2.1). Mean July water 

temperatures across streams ranged from 13.9 to 20.2 oC and from 12.3 to 18.7 oC in 

2010 and 2011, respectively (Table 2.2). This environmental gradient was also included 

in the RDA as it was unrelated to the other variables used to represent the agricultural 

disturbance gradient, the gradient in stream size, and urban land use.  

Stream catchment area ranged from 7.45 km2 to 35.5 km2 and appeared to 

influence local conditions. Steam canopy cover (9-86%) was inversely related (r = -0.87, 

p < 0.001) to catchment area (km2); an opposite relationship was found for stream width 

(3 – 6 m), which was greater in the larger catchments (r = 0.78, p = 0.001; Table 2.1; 

Table 2.3; Figure 2.4). Catchment area (km2), a landscape scale variable, was selected as 

a representative variable for the RDA to describe the natural gradient in stream size, due 

to strong correlations with local variables including % canopy cover (negative 

association) and stream width (positive association) (Table 2.3; Figure 2.4). 

Across streams, nitrogen and phosphorus concentrations and the proportions of 

their different forms were similar between years and influenced by the agricultural land 

use gradient. TN concentrations in 2010 and 2011 averaged (min – max) 1.84 (0.283 – 

4.49) and 2.38 (0.35 – 4.79) mg/L, respectively, (Table 2.2). Nitrate concentrations 
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ranged from 0.036 to 4.77 mg/L across sites, representing 14 – 94% of the TN in the 

water in both years (Table 2.2). Mean TP concentrations (min – max) were 0.031 (0.013 

– 0.094) and 0.025 (0.009 – 0.048) mg/L in 2010 and 2011, respectively and consisted 

of particulate phosphorus (PP) and dissolved phosphorus (DP) in similar amounts (mean 

percentages for PP and DP were 55 and 44% in 2010 and 41 and 58% in 2011, 

respectively; Table 2.2). Both TN and TP concentrations increased with agricultural land 

use (TN r = 0.87 and 0.95, p <0.0001; log TP r = 0.79 and 89, p <0.001, 2010 and 2011, 

respectively) and exceeded recommended regional water quality guidelines, across sites 

when agricultural land use exceeded 40% land cover (Chambers et al. 2012; Figure 2.4). 

The molar ratios of TN to TP ranged between 45 and 301 and increased with % 

agriculture in both 2010 and 2011 (Figure 2.4). Agricultural land use was selected as a 

representative catchment scale variable for the RDA to describe the disturbance gradient 

as a result of these strong relationships with increasing nutrient concentrations (local 

variables) in the stream water (Table 2.3).  

Aquatic invertebrate communities 

Common/rare families 

The families Chironomidae, Baetidae, and Elmidae were found at most sites (11-

14 sites), but with variable relative abundances and biomasses (0% - 75%; Table 2.4 and 

Table 2.5). Hydropsychidae, Tipulidae, Hydrachnidiae, Perlidae, and Philopotamidae 

were less common (present at 5-9 of 14 sites) and had variable relative biomasses (0% to 

26%) across sites; however, their relative abundance was always less than 10% and they 

were less variable across sites (3% to 10%) when compared to the more common 

families (Table 2.4; Table 2.5). The remaining taxa (10) were rarely found (<4 of the 14 
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sites) and typically contributed less than 10% to the total number of individuals or 

biomass in the community (Table 2.4; Table 2.5).  

Community metrics  

Diversity metrics - Across sites and years, family richness and EPT richness 

ranged from 2 to 11 and from 0 to 8, respectively (Table 2.6).  In contrast, the other two 

diversity metrics (habit richness and trophic richness) ranged between 2 to 4 and 2 to 5, 

respectively. The PCA of all the diversity-related metrics generated a strong first 

principal component (72% and 69% of the variation in 2010 and 2011, respectively) 

resulting from increasing metric values that were similar between years (Figure 2.8). 

Sensitivity, habit, and feeding –The sensitivity, habit and feeding metrics for 

2010 and 2011 showed a similar pattern in the PCA whether calculated using biomass or 

abundance data (Figure 2.8). The two versions (biomass and abundance) of each 

sensitivity metric (mFBI, % EPT, and % Diptera) were calculated and showed the 

following correlation coefficients: r = 0.72, 0.46, and 0.40 in 2010 and 0.78, 0.85, 0.79 

in 2011, respectively. The two versions of the habit metrics (% Burrowers, % Clingers, 

% Sprawlers, and % Swimmers) showed the following correlation strengths: r = 0.48, 

0.72, 0.40, and 0.57 in 2010 and 0.83, 0.84, 0.46 and 0.13 in 2011, respectively. The two 

versions of the feeding metrics (% Collector-gatherer, % Collector-filterer, % Predator, 

% Shredder, and % Scraper) showed the following correlation strengths: r = 0.45, 0.84, 

0.16, 0.80 and 0.25 in 2010 and 0.70, 0.90, 0.32, 1, and 0.003 in 2011, respectively. 

Across sites and years, the PCA of sensitivity metrics showed that %EPTbiomass & 

abundance had a similar ordination pattern and correlated negatively with mFBI tolerance 

biomass & abundance and %Dipterabiomass & abundance. In this category the first principal 
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component (PC1-sensitivity) represented 56 and 75% of the variation in 2010 and 2011, 

respectively (Figure 2.8).  

The most frequently observed habit categories across sites and years were % 

burrowerbiomass & abundance (2% to 80%), % clingerbiomass & abundance (1% to 91%), and % 

swimmerbiomass & abundance (2% to 59%; Table 2.7 and Table 2.8). In both years, % 

burrowerbiomass & abundance and % clingerbiomass & abundance were negatively related and aligned 

strongly with PC1-habit. PC1-habit represented 49% and 54% of the variation within 

the habit metrics. In contrast, % sprawlersbiomass & abundance opposed % swimmersbiomass & 

abundance and aligned with PC2-habit. PC2 represented 19% and 24% of the variation 

within the category (Figure 2.8).  

The most common feeding strategies across sites and years were collector– 

gatherersbiomass & abundance (1% to 98%), shreddersbiomass & abundance (1% to 59%) and 

predatorsbiomass & abundance (1% to 56%; Table 2.7 and Table 2.8). Collector– 

gatherersbiomass & abundance were typically opposite of collector– filterersbiomass & abundance 

along PC1-feeding strategy. This PC represented 34 and 45% of the variation in the 

feeding metrics.  

Environmental gradients affecting aquatic invertebrate communities  

RDA with four environmental variables (% agriculture, catchment area, log % 

developed area, and mean July temperature) revealed similar trends regardless of 

whether biomass- or abundance-based aquatic invertebrate community metrics were 

examined (Figure 2.7). All four RDAs explained approximately half (48 to 59%) of the 

total variation in community metrics.  Across all four analyses, the first RDA axis was 

the strongest (20 to 38% of variation explained) and was influenced by % agriculture in 
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both years and for community metrics calculated using both abundance and biomass. For 

the 2010 community metrics, catchment area and July water temperature also influenced 

the first RDA axis in the opposite direction to % agriculture. In 2011, catchment area 

maintained an opposite influence to % agriculture on the first RDA axis and a stronger 

influence on the 2nd RDA axis. July water temperature did not remain a consistently 

strong environmental variable in 2011 but % developed land was a stronger predictor. 

Based on this, the agricultural disturbance gradient and the gradient in stream size were 

identified as the two dominant environmental gradients most likely to predict 

community responses across the 14 streams.    

In the biomass-based RDAs, log biomass follow catchment area while tolerance 

scores followed and EPT richness opposed % agriculture (2010 and 2011). In the 

abundance-based RDA, % agriculture was followed by % collector-gatherers and % 

swimmers and opposed by family richness in 2010 and 2011.   

Conceptual model of community biomass   

Correlation coefficients (10 correlations; Table 2.9) showed that the direction of 

the relationships between invertebrate community biomass and agricultural land use/ 

increasing aqueous nutrient concentrations/ community responses were as predicted by 

the conceptual model (Figure 2.2). However, relationships were weak and not significant 

in 2010 (r = 0.053 – 0.49; p = 0.86 – 0.076; Table 2.9) when compared to those for 2011 

(r = 0.47 – 0.63; p = 0.091 – 0.016; Table 2.9). 

Discussion  

Streams in northwestern New Brunswick across a gradient of low to high 

agricultural land cover showed corresponding increases in streamwater TP and TN 
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concentrations (Figure 2.4). Aquatic invertebrate community metrics, calculated from 

either relative abundance or relative biomass data, demonstrated a loss in community 

diversity and ecological sensitivity as well as a shift in habit and feeding traits associated 

with the agricultural disturbance gradient. Support was found for the prediction that 

community biomass decreased with increasing agricultural land use and instream 

nutrient concentrations, with invertebrate biomass also being positively related to 

community diversity and ecological sensitivity.   

Community response patterns were similar between the abundance and the 

biomass-based metrics and between years. The use of the 1% relative abundance and 

relative biomass cut-offs may have attributed to this agreement by removing the families 

with extreme large and small values from the biomass and abundance data sets, 

respectively. In 2010, increasing catchment area had a positive effect on community 

diversity, sensitivity, and biomass, and shifted feeding. This positive effect occurred for 

community biomass and sensitivity in 2011 but not for the other responses (e.g. 

diversity, habit, and feeding strategy).  Agricultural land use had a negative influence on 

community diversity and sensitivity, and shifted habit and feeding strategies, but not 

community biomass in 2010. In 2011, the negative effects of agricultual land use on 

community diversity and sensitivity and the shifts in habit and feeding strategies were all 

stronger. Further, a negative effect of agricultural land use on community biomass also 

occurred. Unfortunately, there are two factors possibly responsible for these differing 

trends between years; a change in sub-sampling methodologies and the annual 

differences in precipitiation and climate. The sub-sampling technique for 2010 likely 

contributed more variability in the invertebrate samples than the approach used in 2011. 

This increased variation, possibly explains why stronger models were produced for 2011 
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data when compared to those for 2010. However, the proportion of variation that was 

explained and not explained by environmental gradients in the RDA analysis between 

years were similar and the effects of agricultural land use and catchment area on 

community sensitivity were consistent between years. Therefore, it was not possible to 

conclude that the differences among years were solely the result of the different sub-

sampling techniques.  

The summer of 2011 was the wettest in 30 years, with almost double the amount 

of precipitation falling in 2011 as fell in the summer of 2010. Precipitation events 

scower stream bottoms and reduce biofilms and invertebrate abundance; although, 

invertebrate community structure tends to be more resilient (Ramirez and Pringle 1987; 

Biggs 2000; Woodward et al 2015). The secondary gradient in stream size - represented 

by catchment area - corresponded with a widening of the stream channel, decreasing 

large woody debris in the channels (e.g. downed trees or snags), and less canopy shading 

from riparian vegetation (Figure 2.4; Table 2.1). This environmental gradient positively 

affected invertbrate community endpoints as well as community biomass in 2010 and in 

2011, albeit weakly. These results correspond with other studies showing that 

invertebrate biomass is inversely related to stream shading, which is often lower as 

streams increase in size (Grubaugh et al. 1997; Stephenson and Morin 2009; Wootton 

2012).  It is likely that catchment area had a stronger positive confounding influence on 

the invertebrate communities in 2010 when compared to that of 2011 due to high rain 

events in the latter year.  

Community compositional responses (e.g. losses of sensitive taxa from the 

community) to agricultural land cover explain why community biomass decreased with 

increasing agricultural land cover. Specifically, community responses to environmental 



42 
 

stressors, such as agriculture stressors, that result in a shift in the life history traits of the 

community are likely to affect how biomass accumulates within the community (Huryn 

and Wallace 2000).  Although taxa with short life cycles and high growth rates have 

high amounts of secondary production, they accumulate less biomass throughout the 

season as a result of frequent emergences when compared to taxa with longer life cycles 

and slower growth rates, which emerge only once a year or less (reviewed in Huryn and 

Wallace 2000).  This was shown in monthly invertebrate samples from an agricultural 

stream in the western USA, where Chironomidae abundances tripled secondary 

production without affecting the standing biomass (Sheih et al 2002). In the current 

study, the families that increased in relative biomass along the agricultural gradient 

(Baetidae and Chironomidae) contain genera with faster seasonal developmental cycles 

with more frequent emergences.  In contrast, families that decreased in relative biomass 

along the gradient (Perlidae and Hydropsychidae) contained more slow growing genera 

with less frequent emergences (traits reported in appendix of Poff et al 2006). These 

results are consistent with the documented effects of sedimentation due to agricultural 

land use, where communities shift towards smaller, faster growing species with multiple 

reproductive cycles per year (Doledec et al 2006; Doledec et al 2011; Buendia et al 

2013; Descloux et al 2014). 

Sediments have been shown to have a strong influence the structure of benthic 

communities, often overwhelming stimulatory effects of nutrients (Wagenhott et al 

2012; Piggot et al 2012; Sutherland et al 2012; Chambers et al 2012).  Although 

sediments were not measured in this study, previous assessments of these streams 

showed an increase in the proportion of fine deposited sediments with increasing 
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agricultural land use and predicted losses to invertebrate ecological sensitivity 

(Sutherland et al 2012).  

Total phosphorus and nitrogen concentrations in stream water increased with % 

agriculture in the catchment of the 14 streams (Figure 2.4). However, the slope of the 

relationship with % agriculture and total phosphorus concentrations was much lower 

than that of total nitrogen, resulting in higher TN: TP ratios with more agriculture and 

possible phosphorus limitation. Although phosphorus is an established limiting nutrient 

in the productivity of aquatic ecosystems (reviewed in Smith et al 1999), the form of 

phosphorus (soluble reactive vs. particulate phosphorus) and the availability of other 

nutrients (nitrogen) determine whether experimental fertilization of streams increases 

production at the base of the food web (e.g. algae and heterotrophic micro-fauna) and, in 

turn, invertebrate growth rates (House 2003; Deans et al. 2015). In the present study, 

approximately half of the total phosphorus was in the particulate form rather than a more 

bioavailable, dissolved form (Error! Reference source not found.). In an 

experimentally fertilized stream, the amount of soluble reactive phosphorus 

concentrations (a portion of the total dissolved phosphorus) shown to increase 

invertebrate biomass (0.05 and 0.1 mg/L soluble reactive phosphorus; Deans et al 2015) 

was greater than the amount of total dissolved phosphorus found in the streams in the 

current study, typically ˂0.03 mg/L, (Table 2.2). Further, phosphorus has been shown to 

be the limiting nutrient for primary production in an aquatic ecosystem when TP 

concentrations are less that 0.5 µmol/L or ~ 0.1 mg/L (Guildford and Hecky, 2000). 

Consequently, invertebrate productivity in the New Brunswick streams may have been 

limited by phosphorus. However, previous assessments showed that the production of 

benthic algae increases along a similar agricultural gradient in streams in New 
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Brunswick (Chambers et al 2012).  Under nutrient enrichment, inedible forms of algae 

that are not incorporated in the food web through herbivory can proliferate (Hicks 1997; 

Bunn et al 1999). It is possible that the proliferation of inedible benthic algae occurred in 

these streams at higher TP concentrations and this negatively affected the ability of 

invertebrate communities to incorporate biomass along the agricultural gradient. 

Similarly, the community response to sediments (discussed above) could explain the 

decrease in community biomass. 

The agricultural disturbance gradient and the gradient in stream sizes in this 

study were represented by local and catchment scale variables (Figure 2.3). Landscape 

scale variables were similar or better than local scale variables at predicting certain 

endpoints (community biomass, diversity, and feeding strategy responses) but others 

(community sensitivity and habit responses) were better predicted by a local scale 

variable, in particular total nitrogen concentrations (Table 2.9; Table 2.10). The superior 

performance of this local variable in predicting the sensitivity and habit related metrics 

suggests that these metrics respond more strongly to specific agricultural stressors while 

other metrics (e.g. community biomass) may be more integrative. Specifically, 

community biomass was influenced by productivity related environmental variables (e.g. 

shading and temperature), as shown in other studies (Stephenson and Morrin 2009), as 

well as changes in species composition.  

Conclusions 

 This study assessed changes in water quality, aquatic invertebrate community 

composition, and community biomass in 14 sites along a disturbance gradient of 

increasing agricultural land use.  Results supported the prediction that biomass in the 
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aquatic invertebrate community would decrease as the community responded to 

agricultural stressors through losses in sensitive taxa and overall diversity. However, 

results were also influenced by a secondary gradient in stream size, which corresponded 

with increased aquatic invertebrate biomass. These results suggest that community 

biomass is both negatively affected by changes in community composition (as predicted) 

and positively affected by productivity related factors (e.g. stream size).   
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Table 2.1: Catchment characteristics for the 14 streams in Grand Falls, N.B. in 2010 and 2011, determined using GIS analysis or at the 

field site (sites ordered by increasing agricultural land use). 

 NB10 

Suther-

land 

Brook 

NB09 

Bogan 

Brook 

NB07 

Foley 

Brook 

NB12 

Evans 

Brook 

NB03 

Ten Mile 

Brook 

NB08 

Otter-

slide 

NB02 

Dead 

Brook 

NB12a 

Rapid 

de 

Femme 

NB15 

Power 

Brook 

NB11 

Outlet 

Brook 

NB14 

Poitra 

Brook 

NB06 

Mooney 

Brook 

NB01 

Black 

Brook 

NB05 

Godan 

Brook 

Lat. 47. 

07858 

47. 

0556 

47. 

04678 

47. 

01528 

47. 

16778 

47. 

05812 

47. 

13226 

47. 

01952 

47. 

08302 

46. 

98765 

47. 

08919 

47. 

03718 

47. 

09152 

46. 

99356 

Long. -67. 

5215 

-67. 

56382 

-67. 

57747 

-67. 

76197 

-67. 

67158 

-67. 

57002 

-67. 

74116 

-67. 

76273 

-67. 

81232 

-67. 

59492 

-67. 

80227 

-67. 

60375 

-67. 

73084 

-67. 

63171 

% Forest  

cover  82.2 92.5 92.0 57.0 52.4 47.4 49.4 35.0 35.0 33.6 19.9 18.2 12.8 2.99 

% Ag. 

cover 0 1.64 2.38 28.5 32.8 34.0 34.9 40.1 53.3 53.6 74.6 76.4 80.2 92.4 

 % Urban 

devel. 0 0 0 1.35 0 0.11 0.03 8.69 0.11 0.66 0.42 0.23 1.02 0.53 

% Ag. in  

riparian 2.1 9.4 0.03 2.64 4.1 0 1.9 20.9 17.1 11 6.1 34.5 30.1 27.9 

Catch-

ment 

area 

(km2) 27.7 13.5 24.9 7.45 10.3 7.86 28.1 11.4 24.3 35.5 9.05 22.0 14.3 13.6 

Mean 

slope 

(degree) 3.23 3.69 4.92 0.88 1.93 2.31 1.49 0.90 2.17 4.15 2.03 2.46 1.71 2.83 

Mean % 

cover 55.1 86.1 45.2 84.7 73.1 78.6 26.7 86.1 48.5 9.16 80.0 35.4 61.3 44.1 

Mean % 

lg. woody 

debris  10.4 7.5 20.2 36.5 31.6 43.8 29.0 44.0 27.9 4.52 13.7 12.2 7.03 8.55 

Mean 

width (m) 5.26 4.23 5.67 3.44 3.73 4.36 6.36 4.06 4.40 6.00 4.82 4.32 5.10 4.14 

Mean 

depth (m) 0.44 0.34 0.29 0.36 0.34 0.34 0.67 0.30 0.36 0.50 0.47 0.30 0.28 0.24 
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Table 2.2: Mean (n = 5 per year) water quality measurements for Grand Falls sites in 2010 and 2011. All site means in black font had a 

coefficient of variance (CV; standard deviation /mean) less than 0.49, those with bolded blue font had a CV between 0.50 and 0.99, 

and those with red-font had COV of 1 or greater (sites ordered by increasing agricultural land use). 

 Descriptor NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 NB05 

2 

0 

1 

0 

Mean July H2O temp 
oC 

19.5 17.5 18.8 19.8 15.1 15.3 16.2 15.7 17.2 20.2 15.2 17.2 13.9 16.6 

TN mg/L 0.495 0.283 0.358 0.781 1.63 1.37 2.08 2.05 1.64 0.885 3.65 2.87 4.49 3.25 

% Nitrate  26.5 22.3 27.0 46.5 74.9 75.0 77.1 85.3 74.7 52.9 87.0 84.8 88.0 87.2 
% Organic N 71.7 75.5 70.8 50.3 22.2 24.5 69.8 14.3 24.5 45.7 12.5 14.7 11.4 12.3 

% Ammonia 1.75 2.12 2.05 3.10 2.82 0.41 0.529 0.304 0.770 1.24 0.376 0.382 0.506 0.411 

Nitrate mg/L 0.178 0.064 0.091 0.382 1.179 1.046 1.675 1.76 1.244 0.529 3.217 2.452 3.975 2.84 
Total Ammonia mg/L 0.009 0.006 0.008 0.023 0.037 0.005 0.010 0.006 0.012 0.010 0.012 0.010 0.022 0.012 

Organic N mg/L 0.299 0.206 0.251 0.352 0.303 0.315 0.390 0.280 0.377 0.336 0.416 0.399 0.484 0.390 

TP mg/L 0.0177 0.0138 0.0130 0.0318 0.0243 0.0278 0.0181 0.0223 0.0380 0.0314 0.0418 0.027 0.0938 0.0370 

% Dissolved P 69.4 61.7 56.6 42.3 47.7 51.5 64.5 49.8 45.9 49.9 66.3 54.2 65.9 50.8 

% Particulate P 30.5 38.2 43.3 57.6 52.2 48.4 35.4 50.1 54.0 50.0 33.6 45.7 34.0 49.1 

Dissolved P mg/L 0.0124 0.0068 0.0064 0.0122 0.0107 0.0096 0.0117 0.0112 0.0173 0.0124 0.0306 0.0138 0.0559 0.0139 
Particulate P mg/L 0.0053 0.0070 0.0066 0.0195 0.0136 0.0182 0.0064 0.0111 0.0207 0.0189 0.0177 0.0131 0.0379 0.0231 

 Ratio TN: TP 61.6 45.2 60.7 54.1 147 108 253 202 95.1 62.1 192 234 105 193 

2 

0 

1 

1 

Mean July H2O temp 
oC 

16.1 14.2 17.4 17.0 12.3 12.6 17.9 12.8 14.6 16.9 17.3 18.4 n/a 18.7 

TN mg/L 0.360 0.235 0.299 1.25 2.05 1.68 2.60 2.40 2.51 1.44 4.47 4.25 4.79 5.05 

% Nitrate  14.1 16.8 33.4 71.5 87.3 84.6 84.5 89.9 84.3 79.6 92.2 91.3 92.4 94.2 
% Organic N 84.9 82.4 65.9 27.4 12.3 15.0 15.1 9.66 15.0 19.3 7.54 8.36 7.07 5.54 

% Ammonia 0.897 0.671 0.599 1.04 0.220 0.289 0.225 0.381 0.602 0.921 0.240 0.248 0.464 0.243 

Nitrate mg/L 0.0504 0.0356 0.096 0.917 1.818 1.445 2.244 2.17 2.188 1.1692 4.136 3.896 4.436 4.766 

 Total Ammonia mg/L 0.0034 0.0018 0.002 0.0116 0.0034 0.0044 0.005 0.0084 0.0122 0.0112 0.0098 0.009 0.0206 0.0114 

Organic N mg/L 0.3066 0.1982 0.2014 0.3226 0.235 0.237 0.3596 0.226 0.319 0.2672 0.327 0.3488 0.3346 0.2746 
TP mg/L 0.0158 0.0097 0.0093 0.0231 0.0241 0.0182 0.0130 0.0210 0.0313 0.0286 0.0405 0.0313 0.0475 0.0369 

% Dissolved P 56.2 73.9 70.1 47.2 40.5 56.3 72.0 66.0 46.3 60.8 65.7 58.2 56.2 49.4 

% Particulate P 43.7 26.0 29.8 52.7 59.4 43.6 27.9 33.9 53.6 39.1 34.2 41.7 43.7 50.5 
Dissolved P mg/L 0.0083 0.0072 0.0109 0.0108 0.0085 0.0091 0.0093 0.0182 0.0142 0.017 0.0286 0.0180 0.0270 0.0153 

Particulate P mg/L 0.0074 0.0025 0.0029 0.0123 0.0156 0.0091 0.0037 0.0078 0.0171 0.0116 0.0160 0.0133 0.0205 0.0216 

 Ratio TN :TP 50.2 53.4 70.9 119 187 203 441 252 176 111 243 299 222 301 
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Table 2.3: Correlation coefficients between select environmental variables shown to influence the first two principal components of the 

PCA of landscape variables and representative of the disturbance and stream size gradients. Statically significant correlations (p<0.05) 

are bolded.   

 % Forest % Ag. riparian TN mg/L logTP 

 mg/L 

TN:TP CA % CC % Woody debris Width (m) 

% Agriculture -0.979 0.736 0.895 0.827 0.538 -0.143 -0.241 -0.252 -0.105 

% Forest  -0.705 -0.873 -0.831 -0.576 0.160 0.207 0.108 0.127 

% Ag. riparian   0.674 0.568 0.341 -0.0185 -0.194 -0.358 -0.212 

TN (mg/L)    0.728 0.690 -0.256 -0.0759 -0.203 -0.0769 

TP (mg/L)     0.698 -0.196 -0.0101 -0.281 -0.0625 

TN:TP ratio      -0.0745 -0.191 0.170 0.0788 

Catchment area (CA)       -0.874 -0.428 0.778 

% Canopy cover (CC)        0.450 -0.702 

% Woody debris         -0.375 
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Table 2.4: The proportion of community taxa (by abundance) for 14 study sites in 2010 and 2011, along with mean, standard deviation 

and frequency of occurrence (n) across all sites (sites ordered by increasing agricultural land use). 

 Family NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 NB05 

2 

0 

1 

0 

Chironomidae 0.292 0.627 0.310 0.137 0.568 0.531 0.472 0.467 0.337 0.471 0.270 0.144 0.325 0.728 

Baetidae 0.092  0.082  0.101 0.081 0.103 0.088 0.546 0.132 0.573 0.375 0.467 0.187 

Elmidae 0.15  0.189 0.784 0.095 0.184 0.283 0.11 0.1 0.112 0.123 0.071   
Hydropsychidae 0.146 0.059 0.104   0.020  0.010 0.015 0.195  0.093 0.010  

Tipulidae  0.043  0.020 0.039 0.10  0.027   0.015 0.013 0.071  

Hydrachnidia 0.084    0.141 0.078 0.081 0.166     0.125 0.046 
Perlidae 0.067 0.110 0.054 0.020      0.026     

Philopotamidae 0.015  0.016 0.035    0.030    0.177   

Capnidae 0.021 0.159 0.074         0.059   
Simulidae     0.052      0.016 0.038  0.037 

Leuctridae   0.119     0.098       

Ephemerellidae 0.086         0.045     
Polycentopodidae 0.013  0.047            

Psephenidae-larve 0.011         0.015     

Empididae       0.040        
Rhyacophilidae            0.027   

Apataniidae       0.018        

Potamanthidae 0.016              

2 

0 

1 

1 

Chironomidae  0.025 0.025 0.042 0.068 0.211 0.146 0.758 0.131 0.029 0.254 0.506 0.369 0.535 

Baetidae 0.038 0.087 0.059 0.028 0.083 0.137 0.029  0.261 0.274 0.153 0.381 0.406  

Elmidae 0.095 0.040 0.107 0.519 0.504 0.473 0.400 0.041 0.439 0.133 0.344 0.080   
Tipulidae 0.310 0.350  0.138 0.014 0.020 0.203  0.133  0.079  0.182  

Chloroperlidae 0.020 0.148 0.013 0.018 0.132 0.036   0.033      

Hydrachnidia 0.015    0.031 0.027 0.094 0.200     0.041 0.464 
Simulidae 0.016 0.028 0.050 0.023 0.132  0.076        

Ephemerellidae   0.039  0.032 0.092 0.050        

Hydropsychidae 0.362 0.017 0.102 0.160           
Perlidae 0.114 0.299 0.452       0.562     

Philopotamidae   0.116        0.151    

Athericidae    0.067           
Glossomatidae   0.031            

Leutricidae           0.015    

Nemouridae            0.031   
Polycentropodiae 0.026              
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Table 2.5: The proportions of community taxa (by biomass) for 14 study sites in 2010 and 2011, along with mean, standard deviation 

and frequency of occurrence (n) across all sites (sites ordered by increasing agricultural land use). 

 Family 

NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 

 

NB05 

2 
0 

1 

0 

Chironomidae 0.058 0.023 0.112 0.018 0.692 0.581 0.198 0.183 0.108 0.041 0.062 0.253 0.131 0.580 
Baetidae 0.021  0.028  0.189 0.134 0.064 0.054 0.476 0.033 0.160 0.033 0.060 0.223 

Elmidae 0.053  0.225 0.318 0.028 0.126 0.481 0.473 0.055 0.141 0.417 0.14   

Hydropsychidae 0.531 0.029 0.150   0.036  0.052 0.087 0.592  0.304 0.171  
Tipulidae  0.386  0.254 0.013 0.103  0.049 0.271  0.341 0.033 0.592  

Hydrachnidia 0.022    0.036 0.017 0.044 0.045     0.043 0.024 

Perlidae 0.121 0.541 0.309 0.317      0.018     
Philopotamidae 0.037  0.069 0.090    0.094    0.071   

Capnidae 0.012 0.018 0.045         0.040   

Simulidae     0.038      0.017 0.078  0.171 
Leuctridae   0.026     0.045       

Ephemerellidae 0.012         0.018     

Polycentopodidae 0.025  0.032            
Psephenidae-larve 0.091         0.153     

Empididae       0.175        

Rhyacophilidae            0.042   
Apataniidae       0.034        

Potamanthidae 0.012              

2 
0 

1 

1 

Chironomidae  0.192 0.177 0.170 0.097 0.183 0.445 0.8 0.234 0.208 0.520 0.635 0.756 0.7 
Baetidae 0.201 0.329 0.245 0.047 0.163 0.110 0.021  0.389 0.596 0.301 0.181 0.108  

Elmidae 0.256 0.068 0.243 0.669 0.560 0.432 0.204 0.029 0.317 0.177 0.087 0.044   

Tipulidae 0.025 0.012  0.023 0.010 0.028 0.032  0.046  0.033  0.014  
Chloroperlidae 0.060 0.245 0.019 0.018 0.029 0.069   0.011      

Hydrachnidia 0.201    0.087 0.089 0.259 0.170     0.120 0.3 

Simulidae 0.037 0.052 0.122 0.025 0.036  0.022        
Ephemerellidae   0.019  0.014 0.085 0.014        

Hydropsychidae 0.170 0.015 0.081 0.031           

Perlidae 0.027 0.083 0.058       0.017     
Philopotamidae   0.017        0.015    

Athericidae    0.012           

Glossomatidae   0.012            
Leutricidae           0.039    

Nemouridae            0.138   

Polycentropodiae 0.020              
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Table 2.6: Invertebrate community biomass, abundance and diversity metrics in streams around Grand Falls, NB. Averages are 

presented for those samples processed in duplicate. Grand means, standard deviations and sample sizes across all streams are shown in 

the columns on the far right (sites ordered by increasing agricultural land use). 

  

 Endpoint NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 NB05 

                

2 

0 

1 

0 

Biomass (g/m2) 0.386 1.521 0.4651 0.4453 0.1010 0.3467 1.047 0.3705

98 

3.0657

2 

2.571 0.5144

4 

0.9928 0.1217 0.1875 

Abundance (#/m2) 6664 7171.8 5086 3796.2

11 

4864 2848.3

08 

10840 8496 22232 12664.

53 

5320 6514 1888 6023.5 

Family richness 10.5 5.5 9 5 6 8.5 6 9 5 8 6 9 5 4 

EPT richness 8 3 7 2 1 2 2 4 2 4 1 5 2 1 

Trophic richness 4 3 4 2 3 3 4 4 3 3 3 4 3 3 

Habit richness 5 4 4 4 4 4 3 4 3 4 3 4 4 3 

2 

0 

1 

1 

Biomass (g/m2) 0.1873 0.1059 0.4627 0.1004 0.0364

7 

0.0390

6 

0.2406 0.0661 0.0803

2 

0.1223 0.0762 0.1583 0.0466

6 

0.0016

62 Abundance (#/m2) 796 644 2342 1088 942 490 5790 3960 1022 798 1002 2348 1608 130 

Family richness 9 8 10 8 8 7 7 3 5 4 6 4 4 2 

EPT richness 5 4 7 3 3 3 2 0 2 2 3 2 1 0 

Trophic richness 4 4 4 4 4 3 4 2 3 2 3 2 3 2 

Habit richness 3 3 3 4 3 3 3 3 3 3 4 4 2 2 
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Table 2.7: Invertebrate community metrics derived using relative biomass of invertebrate families. Averages are presented for those 

samples processed in duplicate. Grand means, standard deviations and sample sizes across all streams are shown in the columns on the 

far right (sites ordered by increasing agricultural land use). 

 Family NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 NB05 

2010 Tolerance scores (mFBI) 3.69 1.98 3.05 2.74 5.45 5.06 4.71 4.04 3.95 3.97 3.82 4.27 3.67 5.50 

proportion EPT 0.77 0.59 0.66 0.41 0.19 0.17 0.10 0.25 0.56 0.66 0.16 0.49 0.23 0.22 

proportion Diptera  0.06 0.41 0.11 0.27 0.74 0.69 0.37 0.23 0.38 0.04 0.42 0.37 0.72 0.75 

proportion Burrowers 0.07 0.41 0.11 0.27 0.71 0.69 0.20 0.23 0.38 0.04 0.40 0.29 0.72 0.58 

proportion Clingers 0.87 0.57 0.79 0.73 0.07 0.16 0.52 0.62 0.14 0.92 0.44 0.64 0.17 0.17 

proportion Sprawlers 0.01 0.02 0.07 0.00 0.00 0.00 0.18 0.05 0.00 0.00  0.04 0.00 0.00 

proportion Swimmers 0.04 0.00 0.03 0.00 0.23 0.15 0.11 0.10 0.48 0.03 0.16 0.03 0.10 0.25 

proportion Collector -filterer 0.61 0.03 0.25 0.09 0.04 0.04 0.00 0.15 0.09 0.59 0.02 0.45 0.17 0.17 

proportion Collector -gatherer 0.15 0.02 0.37 0.34 0.91 0.84 0.74 0.71 0.64 0.24 0.64 0.43 0.19 0.80 

proportion Predator 0.14 0.54 0.31 0.32 0.04 0.02 0.22 0.05 0.00 0.02 0.00 0.04 0.04 0.02 

proportion Scraper 0.09 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.15 0.00 0.00 0.00 0.00 

proportion Shredder 0.01 0.40 0.07 0.25 0.01 0.10 0.00 0.10 0.27 0.00 0.34 0.07 0.59 0.00 

2011 Tolerance scores (mFBI) 3.83 3.49 4.24 4.29 4.12 3.87 4.86 5.60 4.39 4.36 4.83 4.99 5.50 5.40 

proportion EPT 0.56 0.55 0.82 0.21 0.25 0.27 0.08 0.00 0.29 0.84 0.32 0.41 0.41 0.00 

proportion Diptera  0.33 0.41 0.08 0.27 0.22 0.23 0.43 0.76 0.27 0.03 0.33 0.51 0.55 0.43 

proportion Burrowers 0.03 0.20 0.18 0.19 0.11 0.21 0.48 0.80 0.28 0.21 0.55 0.64 0.77 0.70 

proportion Clingers 0.57 0.47 0.58 0.74 0.64 0.59 0.24 0.03 0.33 0.20 0.10 0.04 0.00 0.00 

proportion Sprawlers 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.14 0.00 0.00 

proportion Swimmers 0.40 0.33 0.25 0.05 0.25 0.20 0.28 0.17 0.39 0.60 0.30 0.18 0.23 0.30 

proportion Collector -filterer 0.23 0.07 0.22 0.06 0.04 0.00 0.02 0.00 0.00  0.02 0.00 0.00 0.00 

proportion Collector -gatherer 0.46 0.59 0.69 0.89 0.84 0.81 0.69 0.83 0.94 0.98 0.91 0.86 0.86 0.70 

proportion Predator 0.29 0.33 0.08 0.03 0.12 0.16 0.26 0.17 0.01 0.02 0.00 0.00 0.12 0.30 

proportion Scraper 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

proportion Shredder 0.03 0.01 0.00 0.02 0.01 0.03 0.03 0.00 0.05 0.00 0.07 0.14 0.01 0.00 

Note: The following families were put into the following feeding groups: collector filters (Hydropsychidae; Philopotamidae; Polycentropodiae; Potamanthidae; 

Simulidae), collector-gathers (Baetidae; Chironomdae; Elmidae; Ephemerellidae), predators (Hydrachnidia; Athericidae; Chloroperlidae; Perlidae; Empididae; 

Rhyacophilidae), scrapers(Glossomatidae; Psephenidae; Apataniidae), shredders (Leutricidae; Nemouridae; Tipulidae; Capnidae). 

The following families were put into the following habit groups: burrowers (Tipulidae; Chironomdae; Potamanthidae), clingers (Chloroperlidae; Elmidae; 

Ephemerellidae; Glossomatidae; Hydropsychidae; Perlidae; Philopotamidae; Polycentropodiae; Simulidae; Psephenidae; Rhyacophilidae; Apataniidae), sprawlers 

(Leutricidae; Nemouridae; Capnidae; Athericidae; Empididae), swimmers (Baetidae; Hydrachnidia).  
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Table 2.8: Invertebrate community metrics derived from relative abundance of invertebrate families. Averages are presented for those 

samples processed in duplicate. Grand means, standard deviations and sample sizes across all streams are shown in the columns on the 

far right (sites ordered by increasing agricultural land use). 

 Family NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 NB05 

2010 Tolerance scores (mFBI) 4.07 4.40 3.83 4.16 5.20 4.96 5.01 4.48 4.66 4.73 4.56 3.89 4.58 5.53 

proportion EPT 0.46 0.29 0.25 0.03 0.05 0.10 0.06 0.11 0.28 0.40 0.57 0.37 0.24 0.19 

proportion Diptera  0.29 0.59 0.16 0.08 0.33 0.64 0.26 0.25 0.18 0.47 0.30 0.10 0.20 0.77 

proportion Burrowers 0.31 0.67 0.31 0.16 0.61 0.64 0.47 0.49 0.36 0.47 0.29 0.16 0.40 0.73 

proportion Clingers 0.49 0.17 0.41 0.84 0.15 0.20 0.30 0.15 0.10 0.40 0.14 0.41 0.01 0.04 

proportion Sprawlers 0.02 0.16 0.19 0.00 0.00 0.00 0.04 0.10    0.06   

proportion Swimmers 0.18 0.00 0.08  0.24 0.16 0.18 0.25 0.55 0.13 0.57 0.38 0.59 0.23 

proportion Collector -filterers 0.19 0.06 0.17 0.04 0.05 0.02 0.00 0.04 0.02 0.20 0.02 0.31 0.01 0.04 

proportion Collector -gatherers 0.62 0.63 0.58 0.92 0.77 0.80 0.86 0.67 0.97 0.76 0.97 0.59 0.79 0.92 

proportion Predators 0.15 0.11 0.05 0.02 0.14 0.08 0.12 0.17  0.03  0.03 0.13 0.05 

proportion Scrapers 0.01      0.02   0.02     

proportion Shredders 0.02 0.20 0.19 0.02 0.04 0.10  0.13 0.02 0.00 0.02 0.07 0.07  
2011 Tolerance scores (mFBI) 3.37 2.41 2.39 3.80 3.89 4.01 4.09 5.52 4.03 2.37 4.22 4.95 4.56 5.07 

proportion EPT 0.48 0.67 0.46 0.10 0.21 0.27 0.04  0.40 0.61 0.36 0.32 0.11  

proportion Diptera  0.06 0.26 0.30 0.23 0.14 0.21 0.50 0.80 0.28 0.21 0.55 0.64 0.77 0.65 

proportion Burrowers 0.31 0.38 0.03 0.18 0.08 0.23 0.35 0.76 0.27 0.03 0.33 0.51 0.55 0.54 

proportion Clingers 0.64 0.54 0.91 0.72 0.80 0.60 0.53 0.04 0.47 0.70 0.50 0.08   

proportion Sprawlers    0.07       0.02 0.03   

proportion Swimmers 0.05 0.09 0.06 0.03 0.11 0.17 0.12 0.20 0.26 0.27 0.15 0.38 0.45 0.46 

proportion Collector –filterers 0.41 0.05 0.27 0.18 0.13  0.08    0.15    

proportion Collector –gatherers 0.13 0.15 0.23 0.59 0.69 0.92 0.63 0.80 0.83 0.44 0.75 0.97 0.78 0.54 

proportion Predators 0.15 0.45 0.47 0.09 0.16 0.06 0.09 0.20 0.03 0.56   0.04 0.46 

proportion Scrapers   0.03            

proportion Shredders 0.31 0.35  0.14 0.01 0.02 0.20  0.13  0.10 0.03 0.18  
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Table 2.9: Correlation coefficients for the study’s conceptual model for the community 

biomass response to agricultural land use using all relationships between community 

biomass and % agriculture, stream nutrient concentrations, and community effects in 

2010 and 2011. Bolded values have a p-value less than 0.05.   

 Predicted 

r 

Actual r 

2010 2011 

r p  r p  

% Agriculture -1 -0.14 0.63 -0.56 0.027 

TN -1 -0.39 0.17 -0.56 0.036 

TP -1 -0.27 0.34 -0.53 0.051 

PC1-Diversity +1 0.053 0.86 0.63 0.016 

PC1-Sensitivity +1 0.49 0.076 0.47 0.091 
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Figure 2.1: Predicted effects of agricultural land use on nutrient concentrations in stream 

water, invertebrate community diversity and sensitivity, and total community biomass. 
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Figure 2.2: Locations of streams in New Brunswick, Canada studied in 2010 and 2011 

(Source, Nature Trust of New Brunswick). 
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Figure 2.3: The first and second principal components from a PCA of all landscape and 

local scale environmental variables for the 14 sites from 2010 and 2011.   
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Figure 2.4: Left panel: TN: TP molar ratios (top), total nitrogen (middle) and total 

phosphorus (bottom) concentrations of stream water sampled in 2010 (closed) and 2011 

(open) from streams along a disturbance gradient in New Brunswick’s potato growing 

region plotted as agricultural land cover.  Recommended water quality guidelines 

determined previously for the region shown in red (Chambers et al. 2012). Right panel: 

Mean canopy cover (top) and channel width (bottom) of reaches (100 m) measured in 

2011 from streams along a disturbance gradient in New Brunswick’s potato growing 

regions plotted by catchment area (km2).
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Figure 2.5: Left panel: The relative biomass by abundance for each family across streams in benthic communities with the 

quadrants created by the 1% cut-offs identified in 2010. Select families predominantly excluded from community analysis are 

identified by symbols.  Right panel: The average body weight for each quadrant in the relative biomass by abundance plots, 

per year. 
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Figure 2.6: Left panel: The relative biomass by abundance for each family across streams in benthic communities with the 

quadrants created by the 1% cut-offs identified in 2011. Select families predominantly excluded from community analysis are 

identified by symbols.  Right panel: The average body weight for each quadrant in the relative biomass by abundance plots, 

per year. 
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Figure 2.7: Redundancy analysis of invertebrate metrics calculated from relative 

biomass data (top) and relative abundance (bottom) in 2010 (left) and 2011 (right) using 

% agriculture, catchment area, mean July water temperature, and log % developed land 

as environmental variables (shown in blue).
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Figure 2.8: Principal component analysis (PC1 and 2) for diversity, sensitivity, feeding, and habit community metric 

categories calculated using both biomass and abundance data from invertebrate communities sampled in 2010 and 2011.    
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Figure 2.9: Log total biomass of benthic invertebrate communities plotted against 

environmental variables (% agricultural and catchment area) in streams near Grand Falls 

in 2010 (top) and 2011 (bottom).   
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Figure 2.10: PC1-diversity of invertebrate communities plotted against environmental 

variables (% agricultural and catchment area) in streams near Grand Falls in 2010 (top) 

and 2011 (bottom). 
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Figure 2.11: PC1-sensitivity of invertebrate communities plotted against environmental 

variables (% agricultural and catchment area) in streams near Grand Falls in 2010 (top) 

and 2011 (bottom). 

  



73 
 

Chapter 3: Changes in community composition affect nitrogen and phosphorus 

content of aquatic invertebrates along an agricultural gradient in Grand Falls, NB 
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Abstract 

The diverse body forms, mobility strategies, feeding habits, and life histories of 

taxa in stream invertebrate communities allow them to adapt to shifting stream habitats 

and water quality associated with agricultural landscapes. To test the hypothesis that 

these shifts in taxonomic structure and physiological traits alter the overall nutrient 

content of aquatic invertebrate communities, families were collected from 14 streams 

(2010 and 2011) along a gradient of agricultural land use in northwestern New 

Brunswick and the nutrient content (% P, % N) of the community (sum of each family’s 

phosphorus or nitrogen content weighted by its relative biomass in the community) was 

related to environmental variables (% agriculture, water quality) and changes in 

community composition (community diversity, sensitivity, habit metrics). Community 

phosphorus (% P) content ranged from 0.19 to 0.76%, increasing with total phosphorous 

concentrations in stream waters, with losses in community diversity and sensitivity 

metrics, and with shifts in the dominant habit (from clingers to burrowers). Nitrogen 

content (% N) of the invertebrate community ranged from 7.28 to 10.46%, decreasing 

with % agriculture in the watershed and as dominant habits in the community shifted 

from clingers to burrowers. Collectively, these results suggest that both invertebrate 

community composition and environmental factors predict the nutrient content in the 

invertebrate community. Further, they suggest that the effects of agricultural land use on 

the species composition of aquatic invertebrates in turn impacts nutrient retention by this 

community. 
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Introduction 

Aquatic invertebrates and other invertebrates affect the movement of elements in 

a riverine ecosystem by incorporating nutrients from diverse food sources (e.g. terrestrial 

detritus, algae, and suspended material from upstream) and then transferring these 

nutrients to aquatic or terrestrial predators (Wallace and Webster 1996; Vanni 2002; 

Meyer et al 2007). Agricultural land use introduces agro-chemicals (e.g. nutrients, 

pesticides) to streams and rivers and alters natural watershed processes (e.g.  

mobilization and transport of sediments), thereby affecting nutrient budgets, the 

availability of different food sources and, in turn, the composition of invertebrate 

assemblages (Carpenter et al. 1998; Allan 2004; Weijters et al 2009). Yet despite the 

significant role that aquatic invertebrates play in nutrient cycling, little is known as to 

whether changes in their community composition affect the retention of nutrients by 

aquatic invertebrates and the transport of nutrients within and between riverine habitats.    

Within taxa, the nutrient content of animal tissues varies over a narrow range 

when compared to the wide-ranging concentrations observed in primary producers and 

the abiotic environment (Sterner and Elser 2002). In aquatic invertebrates, this narrow 

range exists even when they consume food that contains much higher or lower amounts 

of nitrogen or phosphorus relative to their tissue nutrient content. This tendency towards 

homeostasis reflects the physiological requirements of the animal, which determine the 

elements from consumed foods that are retained or eliminated in waste products (e.g. 

Sterner and Elser 2002; Bowman et al 2005; Leah et al 2007; Rothlisberger et al 2008; 

Deans et al 2015). Concentrations of nitrogen and phosphorus do, however, vary among 
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invertebrate species and these differences are thought to reflect their distinctive 

physiological characteristics such as food preference and growth rate (Evans-White et al 

2005; Liess and Hillebrand 2005; Mehler et al 2013).  

It is known that different variations (e.g. clinging habit vs. a burrowing habit) in 

an ecological trait (e.g. trait states) of aquatic invertebrates are supported by distinct 

physiological characteristics (e.g. body morphology associated with legs), such that the 

physiological structures correspond with specific ecological functions (e.g. the body 

form corresponds to the select habitat the insect larvae inhabit). This leads to the 

hypothesis that changes in the ecological traits in aquatic invertebrate communities due 

to environmental stressors will result in a change in the physical features of the 

community and, subsequently, the nitrogen and phosphorous content of their tissues. 

Phosphorus content in aquatic invertebrate species is determined by the amount of 

phosphorus-containing RNA - required to support cellular growth - in invertebrate 

tissues. This has led to the hypothesis that variation in body phosphorous content 

between species, or between life stages within a species, reflects differing growth rates 

(Sterner and Elser 2002; Back and King 2013).  Further, that higher phosphorus 

concentrations will occur in taxa employing life history strategies that depend on rapid 

development (Sterner and Elser 2002; Back and King 2013).  Nitrogen content in 

aquatic invertebrates is likely associated with the amount of nitrogen-rich muscle protein 

and is higher in predatory invertebrates (Sterner and Elser 2002; Evans-White et al. 

2005). In aquatic invertebrates, predatory feeding traits also co-vary with ecological 

traits (fast crawling and swimming rates; Poff et al 2006) that are likely to require more 

robust underlying musculature. Therefore, if communities shift towards taxa with shorter 
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life cycles and predatory feeding patterns, it is expected that nitrogen and phosphorus 

content of the community as whole will also increase.  

Despite the established differences in nitrogen and phosphorus content between 

aquatic insect taxa, variation in elemental content of taxa along environmental gradients 

has been observed, albeit inconsistently, for some genera (Liess and Hillebrand 2005). It 

is established that nutrient content in aquatic invertebrates tends towards homeostasis, as 

a result of physiological constraints of individual species (discussed above), but its 

variation along environmental gradients within a taxon has lead to the suggestion that 

their nutrient content can vary within the defined limits of their physiology (rheostatic; 

Liess and Hillebrand 2005). Therefore, differences in environmental characteristics 

across sites that are likely to influence growth rates, the amount of muscle tissue, or the 

condition of individual invertebrates (e.g. temperature, flow, or the availability of food) 

can create variation in nutrient content within a single family. But this within-family 

variation is expected to be less than that observed between families, reflecting the 

physiological limits set by the larger differences in body forms and metabolism. 

Agriculture distorts catchment biogeochemical cycles as a result of synthetic and 

manure fertilizer application and increases nitrogen and phosphorus concentrations in 

proximate streams and rivers (Chapter 2; Vitousek et al 1997; Carpenter et al 1998; 

Allan 2004).  Low to moderate nutrient pollution, in the absence of other stressors, is 

known to stimulate primary and secondary production in aquatic ecosystems, and 

increase the incorporation of nutrients into aquatic food webs (Deegan et al 1997; Smith 

et al 1999; Greenwood and Rosemond 2005; Davis et al 2011).  However, the effects of 

nutrient pollution are less predictable when combined with other agricultural stressors 
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(sediments and pesticides) as they can overshadow or confound the stimulatory effects 

of nutrients on species abundances (Piggott et al 2012; Wagenhoff et al 2012; Alexander 

et al 2013).  

Higher agricultural land use in stream catchments in New Brunswick’s potato 

growing region corresponds with increased stream water nutrient concentrations, lower 

biomass of aquatic invertebrates, losses of sensitive aquatic invertebrate taxa and 

community diversity, as well as a shift from clinger to burrowing habits (Chapter 2; 

Chambers et al 2012; Sutherland et al 2012; Xing et al 2012). These changes in 

community composition corresponded with a reduction in longer lived taxa (Perlidae) 

and increased prevalence of smaller, short-lived taxa (Baetidae and Chironomidae; 

Chapter 2). This leads to the expectation that the concentration of phosphorus within the 

community – herein called “community phosphorus content” - will increase, consistent 

with the hypothesis that phosphorus pollution in streams favours invertebrate species 

with a higher physiological demand for phosphorus (Evans-White et al 2005). In 

contrast, individual nitrogen content within an aquatic invertebrate is likely determined 

by their amount of muscle protein. As such, increases in the prevalence of taxa with 

complex mobility patterns (e.g. predators) are expected in streams with high nitrogen 

concentrations (Evans-White et al 2005). In streams near Grand Falls, the proportion of 

predators in the community was greater at sites with lower agricultural land use (<5% 

land cover) in their catchments (Chapter 2). However, a shift in habit from clingers to 

burrowers occurred along the gradient of increasing agricultural land cover in stream 

catchments and it is unknown how this change in body form will affect the nitrogen 

content of the community. 
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In this chapter, I test the hypothesis that aquatic invertebrate community 

responses to increasing agricultural land use in stream catchments increases the nutrient 

content of the community, as mediated by a change in physiological traits of the taxa 

making up the community. Specifically, it is predicted that nitrogen and phosphorus 

content (%N or %P) of the aquatic invertebrate community will increase with increasing 

agricultural land use (% agriculture) and stream water nutrient concentrations (TN and 

TP mg/L), and decreasing community diversity and sensitivity metrics (Figure 3.1).  To 

test this hypothesis, the elemental (%N and %P) content of aquatic invertebrate families 

sampled over two years from 14 streams in New Brunswick was measured and the 

community elemental content was determined as the sum of each family’s elemental 

content weighted by its relative biomass in the community. Associations between 

community elemental content and community composition effects (summarized 

diversity, sensitivity, and habit responses reported in Chapter 2) were assessed to 

determine if community nutrient content co-varied with dominant shifts in the 

community. Models of community elemental content against catchment and local scale 

variables representing the dominant environmental gradients across sites - agricultural 

land use and stream size (Chapter 2) - were compared to select the best environmental 

model for community nutrient content. This modeling approach was also used to 

determine if the nutrient content of individual families varied along environmental 

gradients.    

Methods 

Aquatic invertebrate communities were sampled from riffles in 14 streams 

(catchment areas 9-32 km2) along a gradient of agricultural land cover (0-92%) in the 
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Grand Falls region, New Brunswick, during late August 2010 and 2011. A detailed 

description of the study sites and invertebrate sample collection, processing, and analysis 

can be found in Chapter 2. In brief, invertebrate communities were processed from two 

riffles for 6 of 28 sites (based on two years of sampling), and from a single riffle for the 

remaining 22 sites. Communities were described by identifying individuals to family 

level (dissecting microscope), recording the number of individuals per family 

(abundance), freeze drying all individuals from the same family in a microcentrifuge 

tube, and measuring dry mass for each family (± 0.001 mg).  Families were excluded 

from community analysis if they represented <1% of the abundance and then < 1 % of 

the biomass.  

Two versions of invertebrate community diversity, sensitivity, and habit metrics 

were calculated for each site and year from both the biomass and abundance data and 

dominant trends in each of these metric categories were summarized with the first 

principal component from principal component analysis (PCA; see Chapter 2 for 

details).     

When there was sufficient biomass, individuals within a family were pooled and 

analyzed for nitrogen and phosphorus content (expressed as %N and %P) after they were 

freeze-dried and homogenized in a glass vial with a glass rod. In 2010, insufficient 

biomass was obtained for some families and, as such, separate families were pooled for 

nutrient analysis (see Table 3.1; Table 3.2 for details).  However, even after pooling 

families there was not sufficient material to measure %P and these communities were 

excluded from subsequent statistical analysis (see Table 3.2). A subsample (0.5 mg) was 

weighed (± 0.01 mg) into a tin cup and analyzed for %N with an elemental analyzer 
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(Carlo Erba, Milan, Italy) at the Stable Isotopes in Nature Laboratory (SINLab) 

(Fredericton, New Brunswick). A CRM B2162 (Mirco Elemental Analysis) and lab 

standards (BLS developed by the SINlab as an internal long term standard) were used. 

Sample error (1SD of replicate differences) was estimated at 0.21% for N based on 

CRM and lab standards, ± 0.39 for N based on replicate invertebrate samples from the 

same sample, ± 0.25 for N based on duplicate invertebrate samples from the same 

stream. A second subsample (0.5 mg) was weighed (± 0.01 mg) and then digested with 5 

ml of nitric acid (TraceMetalTM Grade) in a microwave digester (CEM Mars 5). The 

digested sample was diluted to a total volume of 25 ml with ultrapure water along with a 

known amount of Yittrium (Y) (SCP Science, QC) as an internal standard.  Samples 

were filtered using Millex syringe filters (0.45 μm) and disposable syringes with 

polyethylene barrels and polypropylene plungers (Fisher Scientific) into polypropylene 

test tubes (Fisher Scientific) and analysed for %P with ion coupled plasma spectrometry 

(ICP-OES; Thermofisher CAP Duo 6500; UNB Saint John, New Brunswick) using an 

internal standard calibration method. The CRM NIST 2976 (National Institute of 

Standards and Technology) was used for quality assurance. Sample error (1SD of mean 

differences for replicates) was estimated at ± 0.04% based on the CRM, ± 0.34% based 

on sample duplicates, and ± 0.17% based on site duplicates.  The limit of quantitation 

for P was 0.67 mg/kg dry weight. 

Comparisons of elemental content between common families 

To determine if elemental content of individual families differed, nutrient content 

(%N and %P) was compared between a subset of families. These taxa represented 5 of 

the 17 families of invertebrates analyzed and they were common in most streams and in 
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both years (Chironomidae, Baetidae, Elmidae (adult and larvae), Hydropsychidae, and 

Perlidae). A nonparametric (based on normality testing and an inequality of variance 

between families) Kruskal Wallis test was used for the among-family comparisons 

followed by pairwise comparisons using Dunn’s test. 

To determine if elemental content of a family varies along the environmental 

gradients of agricultural disturbance and stream size, non-parametric (Spearman rank) 

correlations were run between the %N and %P of Chironomidae, Baetidae, Elmidae 

(adult and larvae) and the following environmental variables, % agricultural land use, 

catchment area, TP (mg/L), TN (mg/L), and % canopy cover.  

Calculation of community elemental content  

Community elemental content was calculated by taking the sum of the P or N 

content (expressed as percent) measured for each family (mean for replicate samples; 

Table 3.1; Table 3.2) multiplied by their corresponding relative biomass (proportions of 

total biomass presented in Chapter 2). This was then divided by the total biomass for all 

families that were measured for nutrient content (Equation 3.1).  

Equation 3.1  

 

Prior to statistical analyses, some streams (% P in 2010 for NB07, NB12, and 

NB14) were excluded from the dataset because the overall proportion of community 

biomass actually analysed for phosphorous was too low (0.07, 0.4, and 0.4, respectively; 

Table 3.2). Adjustment of the sampling methods in 2011 reduced this problem 

(described in Chapter 2 Methods) and data for all sites but NB05 were used in statistical 

analysis of community nitrogen and phosphorus content. 
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Relationships between community nutrient content and community composition 

responses  

Trends in aquatic invertebrate community diversity, sensitivity, and habit metrics 

for each year were summarized with principal component analysis (e.g. PC1-diversity, 

PC1-sensitivity, PC1-habit; see Chapter 2 for details of analysis). Community elemental 

content across sites within a year was then related to PC1-diversity, PC1-sensitivity, or 

PC1-habit using Pearson r correlations. All variables were tested for normality and non-

normally distributed variables were corrected using a log transformation. As long as the 

correlations were consistent between years, the p-values were combined using the fisher 

method. For PC1-habit, correlations in opposite directions indicate consistency between 

years because PC1 in 2010 was opposite to that of PC1 in 2011. More specifically, % 

clingers aligned with the negative end of PC1 in 2010 and with the positive end of PC1 

in 2011 (Chapter 2). All of the above statistical tests used an alpha of 0.05, and were 

performed and graphed in Sigmaplot 11 (2008 Systat Software, Inc.). 

Conceptual model of community nutrient content   

Agreement between results and study predictions (Figure 3.1) were summarized 

with a correlation table between community nutrient content and environmental and 

community effect gradients. All of the above statistical tests used an alpha of 0.05 and 

were performed and graphed in Sigmaplot 11 (2008 Systat Software, Inc.). 

Results   

Elemental content of invertebrate families 

The N content across families ranged from 3.76% to 13.1% in 2010 and from 

6.35% to 12.9% in 2011. Hydracarina (mean values of 2010: 12.2% and 2011: 12.2%) 
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and Perlidae (2010: 10.5% and 2011: 10.3%) had the highest percentages and 

Chironomidae (2010: 9.10% and 2011: 8.79%), Baetidae (2010: 7.16% and 2011: 

9.34%), and Simulidae (2010: 9.59% and 2011: 7.38%) had the lowest (Table 3.1).  

Community nitrogen content ranged from 7.28 – 11.4% in 2010 and from 7.69 – 10.5% 

in 2011 (Table 3.1). 

  The P content across families ranged from 0.2754% to 0.8908% in 2010 and 

from 0.1992% to 0.8139% in 2011. The highest P content occurred in Chironomidae 

(mean % P was 0.6440 and 0.6129 in 2010 and 2011, respectively) and the lowest 

occurred in Elmidae adults (0.3087 and 0.2708 % P in 2010 and 2011, respectively; 

Table 3.2Error! Reference source not found.).  Community P content ranged from 

0.3937 – 0.7602% in 2010 and from 0.1928 – 0.5563% in 2011 (Table 3.2).  

Nitrogen content also differed significantly among the six taxonomic groups (p = 

<0.001; Figure 3.2). It was higher in Elmidae adults (mean of 10.0%) and Perlidae 

(mean of 10.2%) than the other four taxonomic groups (Figure 3.2). Similarly, % P was 

significantly different among taxonomic groups (p = 0.001), with Chironomidae and 

Baetidae having higher % P than Elmidae adults (Figure 3.2).  

Relationships between community nutrient content and community composition 

responses  

Community nitrogen content showed significant relationships with PC1-habit in 

both years (2010 and 2011 r = -0.429 and 0.501, respectively; Figure 3.4) but no 

relationships were found with PC1-diversity or PC1-sensitivity (Table 3.5).  Community 

phosphorus content was the only element to relate consistently in direction and strength 

with both PC1-diversity (2010 and 2011: r = -0.662 and -0.382) and PC1-sensitivity (r = 
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-0.894 and -0.490; Figure 3.4).  Community phosphorus content was also related with 

PC1-habit in both years, but in opposite directions (r = 0.712 and -0.571; Table 3.5 and 

Figure 3.4).  

Conceptual model of community nutrient content   

The conceptual model that community elemental content would increase with 

increasing agricultural land use and aqueous nutrient concentrations and decreasing 

community diversity and sensitivity was not supported for nitrogen. In addition, 

community nitrogen content behaved opposite to predictions and tended to decrease with 

increasing agricultural land use and stream nutrient content and increase with 

community diversity and sensitivity.  

In contrast, the conceptual model for community phosphorus content was 

supported (Table 3.6).  Community P content was positively related to increasing 

agricultural land use and nutrient concentrations in stream waters and to decreasing 

community diversity and sensitivity.  

Discussion 

The hypothesis that responses in the aquatic invertebrate community to 

agricultural land use alter community nutrient content as a result of its shifting 

physiological traits was supported, in part, when tested using data from New Brunswick 

streams. Specifically, phosphorus content within the community was positively related 

to increasing % agricultural land use in stream catchments and local stream nutrient 

concentrations. Further, community phosphorus content increased as sensitive taxa were 

lost, diversity decreased, and clinger habits were replaced by burrowing habits in the 

community. In contrast, community nitrogen content did not increase as expected with 
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% agricultural land use in stream catchments or aqueous nutrient concentrations, but 

rather tended to decrease, although insignificantly. Community nitrogen content did not 

increase with losses to diversity- or sensitivity-related community endpoints, as 

predicted. Interestingly, community nitrogen content did decrease as clinger habits were 

replaced by burrowing habits within the community, and suggests that taxa that burrow 

had lower muscle protein requirements; however, this has not been examined. 

If physiological characteristics associated with species traits (e.g. body form, 

mobility strategies, and feeding habits) were the only factors affecting elemental content, 

then nutrient content of common families should have been stable along the 

environmental gradients in this study. While this was true for select families for % N 

(Baetidae, Chironomidae, and Elmidae larvae) and % P (Baetidae and Elmidae adults), it 

was not true for others (% N in Elmidae adults and % P in Elmidae larvae increased with 

agricultural land use). The elemental content of invertebrate taxa is considered to be 

rheostatic (Liess and Hillebrand 2005), indicating that it can respond to environmental 

factors but only within the limits of the species’ physiology. While the nutrient content 

of some families did vary along environmental gradients, elemental content was still 

distinct between families, showing that physiological differences were a bigger driver of 

family nutrient content than environmental factors (Figure 3.3).   

Community and family phosphorus content  

In the current study, phosphorus content for common taxa agreed with previously 

reported ranges and with predictions based upon the growth rate hypothesis (Sterner and 

Elser 2002; Evans-White et al 2005; Liess and Hillebrand 2005; Mehler et al 2013). This 
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hypothesis states that the amount of phosphorus rich RNA in invertebrate tissues is 

determined by the growth requirements of the individual such that species, life stages, or 

individuals with faster growth will have higher tissue phosphorus content (Sterner and 

Elser 2002). In the New Brunswick streams I studied, taxa with fast seasonal 

developmental cycles (Chironomidae and Baetidae) were found to have the highest 

phosphorus content while families with slow seasonal or non-seasonal developmental 

cycles (Perlidae, Hydropsychidae, and Elmidae adult; Poff et al 2006) had lower 

phosphorus content. In addition, adult Elmidae beetles had a lower phosphorus content 

than the growing and developing Elmidae larva, as was observed between 

immature/growing and adult life stages of zooplankton (Villar-Argaiz et al 2002). 

Interestingly, it was Chironomidae and Elmidae larvae - two groups known to be faster 

growing and that have higher phosphorus content (Figure 3.3) - that responded to 

environmental gradients (% P decreased with increasing catchment area and decreasing 

canopy shading). However, Baetidae is also a family with a shorter life cycle and 

relatively higher body % P but in this taxa, % P was unrelated to environmental 

gradients.  

The hypothesis that taxa with higher phosphorus requirements are associated 

with nutrient enriched conditions (Evans-White et al 2005), as observed at these study 

sites (Chapter 2) and in Chambers et al (2012), was partially supported but appears to be 

confounded by another environmental factor.  While the phosphorus content of 

invertebrate communities increased with catchment and local scale indicators of 

agricultural land use (% agriculture in catchment and total phosphorus and nitrogen 

concentrations in stream waters), invertebrate communities in smaller streams (as 
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indicated by smaller catchment area and increasing canopy shading) also had higher 

community phosphorus content. Together these relationships suggested that agricultural 

streams with smaller catchments were more likely to have communities with higher 

phosphorus content (0.7 - 0.8% P) when compared to those of larger streams (0.5- 0.6% 

P) with similar nutrient pollution from agriculture (Figure 3.3).  

Stream size (as indicated by catchment area) and % agriculture had opposite 

effects on invertebrate community sensitivity (PC1- sensitivity), and these relationships 

(as for community phosphorus content) suggest a more severe impact of agriculture on 

invertebrate community composition in smaller streams (Chapter 2). The similar 

responses of both community sensitivity and community phosphorus content to stream 

size and % agriculture are likely due to a shift to more taxa with faster growth rates and 

higher phosphorus demands in small streams impacted by agriculture.  

Community and family nitrogen content 

The range in nitrogen content in common taxa (Chironomidae, Baetidae, 

Elmidae, and Perlidae) from this study agreed with previously reported values (Evans-

White et al 2005; Liess and Hillebrand 2005; Mehler et al 2013) and values were highest 

for Perlidae, a predatory taxon. Differences in nitrogen content among invertebrate 

families were expected as predators have higher nitrogen content relative to primary 

consumers (Evans-White et al 2005). In my study the two families with the highest 

nitrogen content were clingers (Perlidae and Elmidae) but only one of the two (Perlidae) 

was predatory (Chapter 3; Merrit and Cummins 1996). Nitrogen content is influenced 

mainly by the protein content in animal tissues (Sterner and Elser 2002) and differences 
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between invertebrate mobility habits may reflect different musculatures required for 

clinging compared to burrowing, although this has not been documented to the best of 

my knowledge. Many physical traits co-vary with certain life history, trophic, and 

mobility traits (Poff et al 2006). Subsequently, the high nitrogen content observed in 

predatory invertebrates (Evans-White et al 2005) may occur because of the musculature 

needed to support specific habits or the movement traits of predators.  

The prediction of this current study - that species with higher nitrogen 

requirements would be favoured in agricultural streams - was not supported. The 

deposition of fine sediments in streams has a negative effect on clinger abundances 

(Sakai et al 2013) and a more negative influence on benthic community diversity and 

sensitivity endpoints than nutrients (Piggott et al 2012; Wagenhoff et al 2012). In the 

current study, losses of clinger taxa (e.g. Perlidae) from benthic communities in 

agricultural streams (from 47 -  87% total community biomass in steam with < 5% 

agriculture in their catchment to 0 to 17% in streams with > 80% agriculture in their 

catchments) appeared to reduce the capacity of the community to collectively retain 

nitrogen despite the increasing % of agricultural land in the catchment, shown 

previously to correspond with high concentrations of nitrogen in stream water (Chapter 

2).         

Conclusions  

Results from this study partially support the hypothesis that invertebrate 

community responses to agricultural land use alter nutrient content within the 

community because of shifting life history, trophic and mobility traits in the community. 

Community phosphorus content increased with agricultural land use and aqueous 
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nutrient concentrations, and decreased with community sensitivity, as predicted. 

However, community nitrogen content did not change as predicted. This was the first 

study, to the best of my knowledge, to estimate and relate nutrient content in the aquatic 

invertebrate community with its compositional responses to environmental gradients and 

provides insights into the consequences of altered communities on the movement of 

nutrients through riverine food webs.  
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Table 3.1: Percent nitrogen (%N) in families from aquatic invertebrate communities collected from 14 streams near Grand Falls, N.B. in 2010 and 

2011. The proportion of the total community biomass analysed and the weighted average %N for the sites are summarized in rows at the bottom of each year. Red values are for 

families that were pooled to obtain adequate biomass. The term n/a indicates that %N was not measured for the family though it was present at the site (sites ordered by increasing 

agricultural land use). 

 

 

 

 

  

Year  Family 
NB10  NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  NB01 NB05 

2010  Chironomidae 9.50 9.53 8.46 8.90 9.38 10.1 10.7 8.47 8.01 8.53 8.81 9.83 8.09 9.49 

 Baetidae 9.25    n/a   3.76 7.20 9.56 8.40 5.77 6.39 8.40 6.89 7.44 5.66 

 Elmidae larve 10.0   9.73 9.94 n/a 9.50 9.38 9.25 8.95 9.98 9.45 8.39     

 Elmidae adult     10.7 10.6     10.8 10.4   6.82 8.40       

 Hydropsychidae 8.72 8.26 8.40     9.52   8.75 7.81 8.21   8.59 11.7   

 Tipulidae   11.0     n/a 9.10   10.9 9.11   9.89 7.48 9.89   

 Hydrachnidia 12.0       13.1 12.3 11.7 10.9         11.9 12.2 

 Simulidae         9.15           n/a 9.07   10.6 

 Perlidae 9.08 11.9 11.0 9.63           10.7         

 Philopotamidae 9.50   10.5 10.9       10.9       9.88     

 Capnidae 9.50 11.0 11.1                 9.29     

 Chironomidae-pu         n/a     10.9       n/a     

 Leuctridae     n/a         10.9             

 Ephemerellidae 9.50                 5.63         

 Polycentopodidae 9.50   10.5                       

 Psephenidae-larve 9.88         7.92     

 Empididae             10.32              

 Rhyacophilidae                            

 Apataniidae       n/a        

 Potamanthidae                       10.0     

  N 7 5 8 5 4 6 6 6 5 8 5 9 5 4 

  Prop. community biomass 1 1 0.94 0.74 0.93 1 0.96 1 1 1 0.98 0.93 1 1 

  Biomass weighted mean %N 9.15 11.4 10.2 10.1 8.33 9.57 10.1 9.78 7.28 8.22 9.31 8.95 9.91 8.89 

2011  Chironomidae   8.66 8.76 10.3 8.73 10.0 8.18 7.71 8.92 8.43 9.07 8.30 8.39 n/a 

 Baetidae 9.44 9.71 9.01 9.66 11.7 9.20 9.44   9.27 9.34 8.75 9.34 7.20   

 Elmidae larve 9.72 9.04 9.42 10.1 8.85 9.41 9.06 9.19 9.55 9.05 n/a  10.3     

 Elmidae adult 10.6     11.6 9.59 9.30 10.3 11.1 11.6           

 Hydropsychidae 8.9 n/a 9.7 8.34                     

 Tipulidae 10.8 11.3   11.5 n/a n/a 9.18   9.39   n/a    9.22   

 Hydrachnidia 13.0       12.7 12.9 11.0 11.7         11.8 n/a 

 Simulidae 8.33 n/a 7.59 6.78 n/a   6.80               

 Perlidae 9.58 10.7 10.6             n/a         

 Ephemerellidae     8.12   7.85 8.49 8.23               

 Chloroperlidae 9.65 9.58 8.86 9.88 11.0 10.3     9.25           

 Philopotamidae     n/a               n/a       

 Athericidae       10.1                     

 Glossomatidae     6.35                       

 Leutricidae                     8.86       

 Nemouridae                       12.5     

 Polycentropodiae 8.03                           

  N 10 6 9 9 7 7 8 4 6 3 3 4 4  

  pro. community biomass 1.00 0.93 0.98 1.00 0.95 0.97 1.00 1.00 1.00 0.98 0.86 1.00 1.00 0 

  (Biomass wted) mean 10.20 8.84 8.77 10.46 9.45 9.46 9.21 8.46 9.60 8.92 7.69 9.14 8.67  

9
6 
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 Table 3.2: Percent phosphorus (%P) in families from aquatic invertebrate communities collected from 14 streams near Grand Falls N.B. in 2010 

and 2011. The proportion of the total community biomass analysed and the weighted average %P for the sites are summarized in row at the bottom of each year. The proportion 

of total biomass analysed in red idicates sites not used in the community phoshorus content due to low biomass analysed. The term n/a indicates that elemental measures were not 

available for the family (sites ordered by increasing agricultural land use). 

 
Year Family 

NB10  

 

NB09  NB07  NB12 NB03 NB08  NB02 NB12a NB15  NB11 NB14 NB06  

 

NB01 NB05 

2010 Chironomidae n/a  0.5864 0.4097 n/a 0.7385 0.5806 0.6093 0.6704 0.6746 0.4026 0.9732 n/a  0.5487 0.8908 

Baetidae n/a    n/a   n/a 0.7705 0.5154 n/a 0.4488 0.5914 n/a n/a  0.6635 0.4207 

Elmidae larve n/a    0.4062 0.6554 n/a 0.5436 n/a  n/a 0.5233 0.429 0.9039 n/a      

Elmidae adult      0.2725 0.2754     0.3632 0.3235   n/a n/a        

Hydropsychidae n/a  0.4473 0.4758     0.4304   n/a 0.5003 0.3763   n/a  n/a   

Tipulidae    0.6833   n/a n/a n/a   n/a n/a   n/a n/a  0.5996   

Hydrachnidia n/a        n/a n/a n/a n/a          0.6525 n/a 

Simulidae          n/a           n/a 1.146    n/a 

Perlidae 0.3764  0.4293 0.4293 n/a           n/a          

Philopotamidae n/a    0.5152 0.6051       n/a       n/a      

Capnidae n/a  0.4039 0.5750                 n/a      

Chironomidae-pu          n/a     n/a       n/a      

Leuctridae      n/a         n/a              

Ephemerellidae n/a                  n/a          

Polycentopodidae n/a    0.3800                        

Psephenidae-larve n/a                  n/a          

Empididae              0.6505                

Rhyacophilidae                        n/a      

Apataniidae              n/a                

Potamanthidae n/a                             

 N 1  5 8 3 1 4 4 2 4 4 2 1  4 2 

 
pro. community biomass 0.12  1 0.94 0.4 0.66 0.87 0.55 0.44 0.72 0.76 0.4 0.07  0.82 0.8 

 
(Biomass wted) mean  

 
0.5313 0.4246  0.7385 0.5982 0.5604  0.4945 0.3937   

 
0.5992 0.7602 

2011 Chironomidae    0.5074 0.4432 1.0815 0.4521 0.747 0.415 0.656 0.5815 n/a 0.8139 0.4153  0.6296 n/a 

Baetidae 0.5902  0.4896 0.4061 n/a n/a 0.5548 0.5004   0.4861 0.5169 0.4422 0.5562  0.5775   

Elmidae larve 0.4672  0.4156 0.3886 0.5214 0.3328 0.3835 0.3509 0.406 0.4077 0.2356 n/a  0.5325      

Elmidae adult 0.3645      0.3192 0.1992 0.3113 0.2124 0.2017 0.2878            

Hydropsychidae 0.4605  n/a 0.3792 0.3203                      

Tipulidae 0.3987  n/a   n/a n/a n/a 0.2652   n/a   n/a    0.4188   

Hydrachnidia n/a        n/a n/a 0.2399 n/a          n/a n/a 

Simulidae 1.4008  n/a n/a n/a n/a   0.6475                

Perlidae 0.2764  0.3733 0.6320             n/a          

Ephemerellidae      0.4325   n/a n/a n/a                

Chloroperlidae 0.2508  0.3866 0.3045 n/a n/a 0.3234     n/a            

Philopotamidae      n/a               n/a        

Athericidae        0.2991                      

Glossomatidae      0.3221                        

Leutricidae                      n/a        

Nemouridae                        n/a      

Polycentropodiae 0.2991                             

 N 9  5 8 5 3 5 7 3 4 2 2 3  3 0 

 pro. community biomass 0.80  0.92 0.85 0.88 0.66 0.79 0.98 0.83 0.94 0.77 0.82 1.00  0.88 0 

 (Biomass wted) mean 0.3937  0.4125 0.3576 0.4786 0.1928 0.3701 0.3375 0.5336 0.4354 0.3498 0.5563 0.3878  0.5442  

9
7
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Table 3.3: Correlation coefficients (spearman rank) between common taxa (Baetidae, 

Chironomidae, Elmidae adults and larvae) elemental content (%P and % N) and 

catchment and local scale variables representing the two environmental gradients in 

agricultural land use and catchment area. Correlations with p ≤ 0.05 are bolded.  

  
  Baetidae Chironomidae Elmidae 

Adults 

Elmidae Larva 

% Nitrogen n = 23 n = 26 n = 12 n = 20 
% Agriculture -0.50 -0.31 -0.30 -0.21 

Catchment area 0.091 -0.34 -0.10 -0.051 
TN -0.25 -0.24 -0.041 -0.23 

logTP  -0.56 -0.19 -0.23 0.11 
% Canopy cover 0.084 0.13 0.21 0.0013 

% Phosphorus n = 16 n = 22 n = 10 n = 16 
% Agriculture 0.021 0.22 -0.15 0.13 

Catchment area 0.003 -0.67 0.17 -0.44 
TN 0.041 0.25 -0.29 0.007 

logTP  0.17 0.35 -0.13 0.56 
% Canopy cover 0.041 0.49 -0.04 0.34 
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Table 3.4: Correlation (Pearson r) strengths and probabilities [(p)] between community 

nutrient content and community composition responses (PC-1 of diversity, sensitivity, 

and habit metrics). Significant correlations are bolded.  

 Community composition metrics 

 Diversity PC-1 Sensitivity PC-1 Habit PC-1 

% N-2010 0.116 (0.69) 0.158 (0.591) -0.429 (0.126) 

% N-2011 0.365 (0.22) 0.268 (0.377) 0.501 (0.08) 

% P-2010 -0.662 (0.05) -0.894 (0.001) 0.712 (0.031) 

% P-2011 -0.382 (0.19) -0.490 (0.08) -0.571 (0.0417) 
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Table 3.5: Correlation coefficients of the study’s conceptual model of community 

nitrogen content or community phosphorus content responses to agricultural land use 

using fisher’s combined p-value of all relationships between community nutrient content 

and % Agricultural land use in stream catchments, stream TN and TP concentrations 

(mg/L), and community diversity and sensitivity effects in 2010 and 2011.  

 Predicted 

r 

Community nitrogen 

content 

Community phosphorus 

content 

2010 2011 2010 2011 

r p  R p  r p  r p  

% 

Agriculture 

+1 -

0.420 
0.135 -

0.426 
0.146 0.433 0.244 0.392 0.185 

TN +1 -

0.153 
0.601 -

0.476 
0.100 0.550 0.125 0.425 0.147 

TP +1 -

0.348 
0.223 -

0.205 
0.501 0.269 0.484 0.407 0.168 

PC1-

Diversity 

-1 0.116 0.692 0.365 0.221 -

0.662 
0.0519 -

0.382 
0.197 

PC1-

Sensitivity 

-1 0.158 0.591 0.268 0.377 -

0.894 
0.00116 -

0.490 
0.0889 
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Figure 3.1: Conceptual model for how nutrient content of invertebrate communities in 

New Brunswick streams will respond to agricultural land use, aqueous nutrient 

concentrations, and losses in community diversity and sensitivity.  
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Figure 3.2: Percent N and P (top and bottom, respectively) of invertebrate families that 

commonly occurred in streams in New Brunswick’s potato growing region in 2010 and 

2011.  
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Figure 3.3: Community % P of aquatic invertebrates collected from streams near Grand 

Falls, NB, in 2010 (closed) and 2011 (open) versus % agriculture and stream catchment 

area (km2). 
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Figure 3.4: Community % P in aquatic invertebrates collected in 2010 (closed) and 2011 

(open) from streams near Grand Falls versus community composition as represented by 

PC1-sensitivity (top) and PC1-habit (middle). Community % N in 2010 (closed) and 

2011 (open) versus community composition as represented by PC1-habit (bottom). 
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Chapter 4: Effects of agriculture on nutrient storage in aquatic invertebrate 

communities from New Brunswick agricultural streams 

 

Authorship Statement 

This chapter is written as a journal article, intended for publication in a scientific 

journal. I will be the principal author, and my supervisory committee will be coauthors. I 

worked with my supervisory committee to design the study. I conducted the field work, 

collecting and processing water and invertebrate samples, as well as taking site 

measurements. I conducted (%P) or coordinated with the SIN lab (%N) the chemical 

analysis of invertebrate samples that were collected and processed in Chapter 2 for 

nutrient content. I analyzed the data and prepared the manuscript, with input from my 

supervisory committee.  
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Abstract 

 

Stream invertebrates play a key ecological role in riverine biogeochemical 

cycles, transferring nutrients incorporated from diverse food sources (e.g. algae or 

terrestrial detritus) to resident and migratory predators within aquatic and riparian 

ecosystems. In New Brunswick, Canada, commercial potato production introduces 

inorganic fertilizers, as well as other environmental stressors such as pesticides and 

eroded sediments, to local waterways, reducing the diversity and sensitivity of 

invertebrate communities. Building on established relationships between increasing 

agricultural land use, elevated stream water nutrient concentrations, and impaired 

invertebrate communities (Chapter 2), I compared community biomass, nutrient content, 

and nutrient storage from 8 streams in Grand Falls (2010 -2011) with similar data 

collected from 5 streams near Hartland (2012) in New Brunswick’s upper St. John River 

valley. All streams had small catchments (< 15 km2). Despite different taxonomic 

composition between regions, increased agricultural land use was associated with 

impairment of the invertebrate communities (as indicated by increased modified Family 

Biotic Index scores (mFBI) and reduced family richness). The biomass of the aquatic 

invertebrate community tended to decrease, although not significantly, with increasing 

agricultural land use. Community nitrogen content (average nitrogen content for all 

families within the community, weighted by relative biomass) and community nitrogen 

storage (overall quantity in the community, expressed as mass per unit area) were 

negatively related to agricultural land use.  In contrast, community phosphorus content, 

but not storage, was positively related to % agricultural land use.  These results support 

the hypothesis that community trait responses to agricultural stressors affect biomass 
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accumulation, the concentration of nitrogen and phosphorus within the community, and 

subsequently, the amount of nitrogen stored within the invertebrate communities of 

these streams.  

Introduction 

Industrialization and growing human populations in the last century have 

changed the distribution of inorganic nitrogen and phosphorus in the biosphere and 

increased the availability of these nutrients in aquatic ecosystems (Carpenter et al 1998; 

Bennet et al 2001; Galloway et al 2004). Once in aquatic systems, inorganic nutrients 

are incorporated into organic material by primary producers, often in quantities that 

generate eutrophic conditions (anoxic waters, algal blooms, changes in habitat), 

stimulate secondary productivity, and change species distributions (Vitousek et al 1997; 

Carpenter et al 1998; Smith et al 1999; Bennet et al 2001; Galloway et al 2004).  

Once incorporated into organic material (e.g. algae), nutrients enter the food 

web, being consumed by animals and then either recycled back to the ecosystem in 

waste products or incorporated into tissues based on the physiological requirements of 

the animal (Sterner and Elser 2002; Vanni and Headworth 2004; Vanni et al 2002). The 

fate of the nutrients that have been incorporated into aquatic animals (e.g. fish or aquatic 

invertebrates) is in turn linked to the mobility of the species throughout its lifecycle, as 

this can have a significant effect on the movement of nutrients within and between 

ecosystems (Vanni et al 2002; Moore and Schindler 2004; Hecky et al 2004; Vanni and 

Headworth 2004; Schmitz et al 2014).  



108 
 

In freshwaters, aquatic invertebrates and larval insects, by virtue of their feeding 

strategies and life cycle traits, influence which nutrient pools from the aquatic ecosystem 

(e.g. algae, detritus, suspended particulate material, terrestrial leaves) are incorporated 

into the food web and transferred to higher trophic levels (e.g. predatory aquatic 

invertebrates, fish, amphibians, riparian spiders, and insectivorous birds; Wallace and 

Webster 1996; Meyer et al 2007). Emergent insects from freshwater ecosystems are 

known to produce a subsidy to riparian food webs or upper-trophic-level consumers, the 

qualities of which (e.g. the size and number of emergent insects) have been linked to the 

environmental conditions of the aquatic ecosystem from which they emerge (Davis et al 

2011; Bartrons et al 2013; Muehlbauer et al 2014; Stenroth et al 2015).   

Agricultural land use is associated with both the delivery of excess inorganic 

nutrients to stream waters and changes in invertebrate species composition due to the 

interaction of these nutrients with other agricultural stressors, such as fine sediments and 

pesticides, and temperature changes (Piggot et al 2012; Wagenhoff et al 2012; 

Alexander et al 2013). The composition of invertebrate communities in agricultural 

streams appears to be determined by life history traits and the variety of reproductive 

strategies found in the community (Doledec et al 2011).  These changes in life history 

traits are likely to affect how biomass (Huryn and Wallace 2000), and incorporated 

nutrients (Chapter 3), accumulate within the community. In New Brunswick's 

agricultural streams, losses in invertebrate diversity and sensitivity and reduced 

community biomass (Chapter 2, 2011) lead to the prediction that nutrients stored within 

the aquatic invertebrate community would also decrease.  
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In New Brunswick, commercial potato production introduces inorganic 

fertilizers, pesticides and eroded sediments to local waterways (Chambers et al 2012; 

Sutherland et al 2012; Xing et al 2012). In watersheds dominated by potato production, 

streams tend to be characterized by high concentrations of inorganic nutrients, reduced 

invertebrate biomass, loss of invertebrate diversity and sensitive species, and changes in 

habits (e.g. from clingers to burrowers; Chambers et al 2012; Sutherland et al 2012; 

Chapter 2 and 3). The phosphorus content of the invertebrate community (calculated as 

the mean of the family phosphorus content weighted by its relative biomass in the 

community) increased with agricultural land use and stream water phosphorus 

concentrations. However, community phosphorus content increased more strongly with 

community effects (e.g. loses of sensitive taxa from the community; Chapter 3). In 

contrast, community nitrogen content was negatively associated with agricultural land 

use and stream water nitrogen concentrations, and decreased in response to a shift in 

community habit from clingers to burrowers. These results support the hypothesis that 

agricultural effects on invertebrate community composition result in changes to 

community nutrient content, by decreasing community biomass (Chapter 2), decreasing 

community nitrogen content, and increasing community phosphorus content (Chapter 3). 

 In this study, I test the conceptual model that agricultural impacts to invertebrate 

communities (e.g. losses in sensitive taxa and overall diversity) alter the ability of the 

community to store nutrients. Specifically, that changes in species life history, body 

form, and reproductive traits in insect communities from streams affected by agricultural 

stressors affect how biomass accumulates within the community as well as the 

concentration of nutrients within animal tissues.  Using a subset of sites near Grand Falls 

and additional sites near Hartland, a second region where potatoes are produced in New 
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Brunswick’s St. John River valley, this study builds on the work from Chapters 2 and 3 

by 1) re-assessing the relationships defined in Chapters 2 and 3 between agricultural 

land use, stream nutrient concentrations, invertebrate community composition, 

community biomass, and community nutrient content using data from another area AND 

2) defining the relationships between community nutrient storage (amount of nitrogen or 

phosphorus; mass per unit area) and these previously studied endpoints. Based on 

previous work it is predicted that increasing agricultural land use will correspond with 

increasing stream water nutrient concentrations and decreasing diversity and sensitivity 

in the invertebrate community. Further, these gradients in land use, water quality, and 

invertebrate communities will correspond with decreasing community biomass (shown 

in Chapter 2), increasing and decreasing community phosphorus and nitrogen content 

(respectively, shown in Chapter 3), and decreasing nutrient (phosphorus and nitrogen) 

storage in the community (see predicted relationships-Figure 4.1). 

Previous studies (Chapters 2 - 3) were conducted on streams distributed along an 

agricultural gradient from the more northern part of New Brunswick’s potato growing 

region. In these studies, there was a confounding and positive influence of catchment 

area on the composition, biomass, and elemental concentrations in the aquatic 

invertebrate communities. This current study attemps to control for the effects of 

catchment area by using a subset of eight previously sampled streams (2010 and 2011 

near Grand Falls), as well as five additional streams (2012 near Hartland), all of a 

similar catchment size (catchment area < 15 km2; Figure 4.2), to test the effects of 

agriculture on the nutrient storage in invertebrate communities.  
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Methods 

Study area and design 

The upper St. John River valley runs along western New Brunswick, Canada 

where the province borders the state of Maine, U.S.A. The landscape was shaped by 

glaciation, with deposited tills producing well drained soils that support the intensive 

potato production in the region (Zelazny 2007).  

Over these three summers, mean July temperatures were similar (18.1 to 19.7) 

while precipitation varied (total summer rainfall June – August was 344 mm, 531 mm, 

and 266 mm in 2010, 2011, and 2012, respectively) making 2011 the wettest year and 

2012 a slightly drier year than 2010 (Environment Canada Climate Normals and 

Averages- St. Lenard A; http://climate.weather.gc.ca accessed July 2011, September 

2012, May 2014). 

Landscape, site conditions, and nutrient concentrations 

Methods used for the assessment of landscape and site characteristics for streams 

are found in Chapter 2. In brief, GIS analysis quantified land use activities and 

topographical information (ArcGIS). Stream temperature was measured with an onset 

Hobo deployed at each site between May and November and mean July temperatures 

were used to represent spatial trends across streams. Wetted stream width, depth, extent 

of large woody debris (e.g. % of channel), and % canopy cover were measured 20-30 

times at 3 m intervals and averaged. Grab samples of stream water were collected on 5-6 

occasions between May and September during periods of relatively stable flow, and sent 

for analysis at the National Laboratory for Environmental Testing at the Canadian 

Centre for Inland Waters in Burlington, ON. Nutrient data are reported as total nitrogen 

http://climate.weather.gc.ca/
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(TN; nitrate+ nitrite + unfiltered TKN), nitrate+nitrite-N, organic nitrogen (org-N; 

unfiltered TKN – total ammonia), total ammonia, total phosphorus (TP; unfiltered total 

phosphorus), total particulate phosphorus (TPP; total unfiltered phosphorus – total 

filtered phosphorus), and total dissolved phosphorus (TDP; filtered total phosphorus). 

The proportion of forms making up the total nitrogen and total phosphorus 

concentrations (expressed as %) were also reported.   

Composition, standing biomass, and elemental content in benthic communities 

Invertebrate communities were collected from stream riffles in late August. A 

detailed description of invertebrate sample collection, processing, and analysis can be 

found in Chapter 2; all 2012 samples were sub-sampled following the approach used in 

2011. In brief, benthic communities (1 community sample processed per stream in 2010, 

2011, and 2012, with samples processed in duplicated from 20% of the sites per year) 

were described by identifying individuals to family level (dissecting scope; Merrit and 

Cummins 1996), recording the number of individuals per family (abundance), freeze 

drying all individuals from the same family in a microcentrifuge tube, and measuring 

dry mass for each family (± 0.01 mg).  Families were excluded from community 

analysis if they represented < 1% of the total abundance and then < 1% of total biomass. 

Family richness, pollution tolerance (modified Family Biotic Index, mFBI), and the 

proportion of clinger habits were determined using biomass data as these metrics were 

previously shown to respond to agricultural stressors (Chapters 2-3) and are 

representative of effects on community diversity, sensitivity, and habit. 

  Individuals from all families included in the community analysis were pooled, 

homogenized and analyzed for carbon, nitrogen, and phosphorus content (expressed as 
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%N, %C, and %P) with an elemental analyzer (%C and %N; Carlo Erba, Milan, Italy, 

Stable Isotopes in Nature Laboratory, Fredericton, New Brunswick) or an ICP-OES 

(%P; Saint John, New Brunswick; see Chapter 3 for details). 

The community nutrient content was calculated as the sum of the nutrient content 

(%) for each family multiplied by its biomass, divided by the total biomass analysed for 

the community (Equation 4.1):  

Equation 4.1 

 

Community nutrient storage was calculated from the community nutrient content 

(Equation 4.2 which has been divided by 100 so it is no longer expressed as %) 

multiplied by the sum of the family’s biomass (g/m2) used to calculate community 

nutrient content.   

Equation 4.2 

 

 

Statistics 

Multivariate techniques were initially used to explore patterns in the landscape/ 

site characteristics and in the invertebrate communities. A principal component analysis 

(PCA) was run on both the environmental variables as well as on the community 

taxonomic data from all years and regions to detect the dominant environmental 

gradients as well as gross trends in invertebrate families. Following this, a redundancy 
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analysis (RDA; see below) was run to determine how gradients in climate, region, site 

characteristics, or agricultural stressors affected the distribution of invertebrate families 

across sites. Informed by the PCA of environmental data, the following six variables 

were selected for the RDA: mean July stream water temperatures, total summer 

precipitation, site latitude, mean % canopy cover through the study reach, and mean 

aqueous total nitrogen concentrations. The rationale for choosing these variables was as 

follows. The total summer precipitation differentiated years based on their climate 

conditions in the study while latitude differentiated sites spatially, incorporating regional 

differences. Stream water temperatures and % canopy cover differentiated site 

conditions. In this dataset, streamwater TP and TN concentrations (log transformed) 

increased with agricultural land use (r = 0.64, p = 0.001; r = 0.90, p < 0.0001 for TP and 

TN, respectively) and TN was selected as the representative variable for agricultural 

land use.  

All multivariate analyses (PCA and RDA) were performed in R. Invertebrate 

community data were first run through a detrended correspondence analysis (DCA) to 

determine the gradient length and select the appropriate response model.  Gradient 

lengths greater than 3.5 suggest species distributions are nonlinear and require a 

nonlinear model (e.g. CCA) while those less than 3.5 indicate that the data fits best with 

a linear response model (PCA and RDA) (Legendre and Legendre 2012). Gradient 

lengths for the DCA averaged 2.78 (2.14 - 3.66) and linear response models were 

selected.  Similarly, all environmental data were run through a DCA to determine that 

PCA was the appropriate model based on gradient lengths averaging 0.58 (0.37 – 1.07). 

PCA was performed with the prcomp command with the data centred by columns 
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(species; centre = TRUE) and species values standardized to standard deviations (scale 

=TRUE). Redundancy analyses (RDA) were performed with the rda command in the 

vegan package with the data centred by columns (species) and with columns 

standardized to standard deviations (centre=TRUE, scale=TRUE). Figures were 

generated with unscaled metrics scores and site scores scaled to their euclidean distances 

(scaling=1). 

Predicted effects on community biomass, nutrient content, and nutrient storage  

 

The expected increase in stream water nutrient concentrations and decrease in 

invertebrate community diversity and sensitivity with increasing agricultural land use, 

independent of regional, climatic, and site effects, was tested with Pearson correlation 

coefficients. Following this, the predicted changes (Figure 4.1) in community biomass, 

community nutrient content, and community nutrient storage with increasing agricultural 

land use, nutrient concentrations in stream water, and invertebrate community metrics 

(family richness; mFBI; % clingers) were assessed with correlation coefficients.  

Normality testing and correlations were performed in Sigmaplot 11.0 with an 

alpha of 0.05.  Non-normally distributed data were log transformed.  

Results 

Environmental data 

The agricultural disturbance gradient was the dominant environmental gradient 

across sites (Table 4.1). Principal component analysis revealed that the concentrations 

and proportions (as expressed by %) of nutrients (total and dissolved) related strongly 

with the agricultural disturbance gradient (Figure 4.3). The first two PCs cumulatively 
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explain 56% of the variation in the data (PC 1 = 36% and PC 2 = 20%) and are both 

strongly influenced by the proportion of nitrogen forms (e.g. % nitrate, % ammonia, % 

organic nitrogen), absolute nutrient concentrations (TN and TP, molar TN: TP ratios), 

and land use characteristics (% agriculture and % forest; Figure 4.3). Similar responses 

between % nitrate, nitrate concentrations, and total nitrogen indicates that nitrate 

concentrations explain the range in TN across sites (mg/L; Error! Reference source 

not found.; Figure 4.3). In contrast the two fractions (expressed as % dissolved and % 

particulate) of TP did not co-vary with TP concentrations (mg/L), indicating that 

increasing TP concentrations across sites were not linked one form of phosphorous over 

another (Table 4.2; Figure 4.3).    

Stream water concentrations of TN were positively related to agricultural land 

use (r = 0.90, p < 0.001) and ranged from 0.2 mg/L where there was low crop 

production (< 5% in the stream catchment) to 5.0 mg/L in streams where agricultural 

land use was high (> 80%; Table 4.2; Figure 4.4). Total nitrogen concentrations tended 

to exceed recommended water quality guideline values for the region (0.87 mg/L; 

Chambers et al 2012) when agricultural land use reached 20 to 40% of the catchment 

(Figure 4.4). Total phosphorus concentrations ranged from 0.010 to 0.093 mg/L, with 

streams having 20% or greater agricultural land use exceeding the recommended water 

quality guideline of 0.013 mg/L for the region (Chambers et al 2012). In addition, the 

relationship between log total phosphorus concentrations and increasing agricultural 

land use was positive (r =0.64, p=0.001; Table 4.5; Figure 4.4).  



117 
 

Influence of agricultural land use on aquatic invertebrate metrics 

PCA and RDA revealed gradients in invertebrate community composition as 

well as regional (as indicted by latitude) and climatic (as indicated by summer 

precipitation) influences on community composition (Figure 4.3; Figure 4.5). For the 

PCA, PC1 explained 18% of the total variation and Chironomidae and Baetidae were the 

two families with the strongest influence on this component (Figure 4.3). PC2 explained 

13% of the total variation in the communities and was most strongly influenced by the 

families Leptophlebidae and Psephenidae (Figure 4.3). The RDA explained a significant 

portion of the total variation (38% constrained variation; p= 0.005) and identified 

latitude and summer precipitation as having strong, similar influences, opposite to that 

of stream water temperatures, in the first 2 RDA axis (RDA 1 and 2 explained 15.8% 

and 7.8 % of the total variation, respectively; Figure 4.5). Total nitrogen had a strong 

influence in the third RDA axis, which explained 5.5% of the variation in the dataset.  

Agricultural land use influenced aquatic invertebrate communities when 

summarized using community metrics (Figure 4.6). Across all streams, family richness 

(2 -10) of the invertebrate community decreased with increasing agricultural activity (r = 

-0.54, p = 0.01) as well as with increasing stream water TN concentrations (r = -0.62, p 

< 0.01; Figure 4.6; Table 4.8). Pollution tolerance scores, based on the mFBI (1.9 to 

5.5), increased with both increasing agricultural activity (r = 0.51, p = 0.01) and stream 

water TN concentrations (r = 0.57, p = 0.006; Figure 4.4; Table 4.8). The relative 

biomass (expressed as 0 -1) of clinger-habits (0 to 0.93) was not affected by % 

agriculture (r = -0.23, p = 0.31) but decreased significantly with stream water TN 

concentrations (r = -0.49, p = 0.02; Figure 4.4; Table 4.8).  Interestingly, these metrics 
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did not correlate significantly with the remaining climate, site, and regional 

environmental variables (Table 4.8).  Family richness was significantly correlated with 

the mFBI score and the proportion of clingers (r = -0.64 and 0.51 and p = 0.001 and 

0.01, respectively). Scores for mFBI and the proportion of clingers were also correlated 

(r = -0.4 and p = 0.04).  

Predicted effects on community biomass, nutrient content, and nutrient storage  

 Total biomass of the aquatic invertebrate community, across streams and years 

(0.03 g∕m2 to 1.5 g∕m2), decreased with increasing agricultural land use (%), increasing 

TN and TP mg/L in stream water, and losses in community diversity and ecological 

sensitivity, as predicted by the conceptual model (Table 4.8). The correlation 

coefficients between log total biomass and agricultural land use, log total phosphorus or 

total nitrogen concentrations in stream water were consistently negative (r = -0.013 to -

0.35; Table 4.8), though not significant.  The relationship between log total biomass and 

family richness was positive (r = 0.19; Table 4.8), though not significant.  However, 

community biomass was significantly related to both mFBI (negative association) and 

the portion of clinging habits (positive association) (r = -0.54 and 0.46; Table 4.8).  

   Community nitrogen content (% N) behaved as expected (Table 4.8).  

Community % N decreased significantly with increasing agricultural land use and 

stream water TN concentrations (r =- 0.49 and -0.47). Community % N increased with 

family richness (0.20), decreased with mFBI (r = -0.65), and increased with the 

proportion of clinger habits (r = 0.37).  
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Community phosphorus content (% P) varied as predicted by the conceptual 

model (Table 4.8). Community % P increased with increasing agricultural land use (r = 

0.21) and aqueous nutrient concentrations (TN and TP mg/L; r= 0.23–0.30).  

Community % P increased with decreasing family richness (r = -0.45), increasing mFBI 

(r = 0.40), and decreasing proportion of clingers (r = -0.73), though only the 

relationship with clinger habitat was significant.  

Log community nitrogen storage (log N g/m2) varied as predicted by the 

conceptual model (Table 4.8). Community nitrogen storage decreased weakly (but not 

significantly) with increasing % agriculture and stream water nutrient concentrations 

(TN and TP mg/L; r = -0.061 to -0.35). Community nitrogen storage increased 

significantly with the proportion of clingers in the community (r = 0.48), and decreased 

significantly with increasing mFBI (r = -0.58).  

Log community phosphorus storage (log P g/m2) did not behave as predicted by 

the conceptual model (Table 4.8). The directions of the correlations between community 

P (g/m2) coefficients were as predicted; however, they were collectively weak and 

insignificant. More specifically, the correlation coefficients between community 

phosphorus storage and agricultural land use, TN (mg/L), and TP (mg/L) were all 

negative but insignificant (r = -0.04 to -0.29). The correlation coefficients between 

community phosphorus storage and family richness or the proportion of clingers was 

weak but positive (r = 0.067 to 0.20) while the correlation coefficient for mFBI was 

negative (r = -0.38). 
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Discussion 

Analysis of the biomass, taxonomic composition, nutrient content (%) and 

nutrient storage (g/m2) of aquatic invertebrate communities from streams in two potato-

growing regions in New Brunswick showed that impacts to invertebrate community 

structure and biomass from agricultural land use was correlated with their ability to store 

nitrogen. Both nitrogen content (community % N) and community nitrogen storage 

decreased in response to increasing agricultural land use, increasing stream nutrient 

concentrations, and losses in community diversity, ecological sensitivity, and clinger 

habits. Across invertebrate taxa, body form co-varies with other ecological traits such as 

growth rate, reproductive strategies, and feeding habit (Poff et al 2006), making it 

difficult to resolve which traits are driving the community response to a suite of 

environmental stressors.  Nonetheless, the decreasing nitrogen content (community % 

N) in the community appears to be due to a shift in the dominant body forms within the 

community. Nitrogen storage decreases as a result of nutrient content as well as the 

decrease in community biomass, likely reflecting the shift of the community to faster 

growing, small bodied taxa, with multiple life cycles per year (Chapter 2).  

In contrast, only community P content (community % P), but not community P 

storage, increased with greater agricultural land use, stream nutrient content, and 

community composition effects (discussed above).  Phosphorous concentration in 

aquatic invertebrates is hypothesized to be related to RNA concentrations needed to 

support rapid growth rates (Chapter 3; Sterner and Elser 2002). As such, invertebrate 

communities composed of rapidly growing taxa would be expected to have both higher 

community phosphorus content and lower community biomass (e.g. multiple life cycles 

per season, Chapter 3; Sterner and Elser 2002; Poff et al 2006; Doledec et al 2011). 
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Given that community biomass and community nutrient content are used to calculate 

phosphorus storage, the opposite directions of these relationships with agricultural land 

use explain why community phosphorus storage was not significantly affected.  

This study was conducted in two potato-growing regions of New Brunswick over 

three years with different summer precipitation patterns: 2011 was a very wet year 

compared to 2010 and 2012 (precipitation data retrieved from Environmental Canada 

weather stations but not shown). For the region sampled in both 2010 and 2011, the 

impact of agricultural land use on invertebrate community diversity and sensitivity was 

more severe in 2011 (Chapter 2) likely due to elevated summer rainfall in that year, 

suggesting that climate has a modifying effect on the severity of agricultural impacts to 

stream ecosystems. The observation that elevated summer rainfall enhances the severity 

of agricultural impacts is consistent with the finding from the combined 2010-2012 data 

set  (Chapter 4) which showed that summer precipitation had the strongest effect on 

overall community composition and was positively associated with increased prevalence 

of pollution tolerant taxa (aquatic mites, Baetidae, and Chironomidae) in the RDA. 

These results correspond with effects on resident fish populations, which also showed 

that elevated summer precipitation negatively impacts the abundance of young-of-the-

year slimy sculpin in agricultural streams (Brasfield et al 2015). Similar to the climatic 

effects, region also appears to influence taxonomic composition (Figure 4.5) but did not 

have a detectable effect on community diversity and ecological sensitivity metrics in 

Hartland (sampled in 2012), which decreased with increasing agricultural land use and 

stream TN and TP (mg/L).     
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Conclusions 

This study shows that nutrient storage in aquatic invertebrate communities was 

reduced by agricultural land use, despite the increasing presence of nutrients in stream 

waters. Taxonomic composition was influenced by regional (indicated by latitude) and 

climatic factors (indicated by summer precipitation); however, community diversity and 

sensitivity metrics appeared responsive to agricultural stressors but not site and climatic 

factors, suggesting a similar type of impact between the two regions. Community 

biomass, community nutrient content, and community nutrient storage responded (both 

positively and negatively; Table 4.8) to losses in community sensitivity and shifts in 

community habit traits, supporting the hypothesis that community responses to 

agricultural stressors alter how aquatic invertebrate communities retain nutrients. These 

results have implications for the ecological function in riverine food webs (e.g. the flow 

of nutrients through stream and riparian zone food webs) across agricultural regions. 

It has long been known that invertebrate species play an important role in the 

flow of elements through a watershed (Wallace and Webster 1996; Meyer et al 2007) 

and it has recently been shown that aquatic invertebrates are critical for the movement of 

energy and nutrients into riparian food webs (Bartrons et al 2013; Muehlbauer et al 

2014).  The changes to benthic invertebrate communities due to agricultural land use in 

New Brunswick (Chapter 2; Sutherland et al 2012), as observed in other systems (Allan 

2004; Waite 2013), are likely to correspond with changes in the size of emergent insects 

and the seasonal patterns of emergence. The current study showed that changes in the 

invertebrate community characteristics of agricultural streams (loss of diversity and 

sensitivity) influence how nutrients are stored within the community and potentially how 

they are transferred to higher, aquatic and terrestrial, trophic levels. Future studies 
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should explore changes in seasonal patterns, species traits (e.g. body size), and the 

amount of nutrients exported by emergent communities along a gradient of decreasing 

diversity and sensitivity in stream invertebrate communities to determine if established 

changes in aquatic insect communities affect the transfer of aquatic nutrients into 

riparian food webs.  
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Table 4.1: Landscape and site measurements for streams in New Brunswick that were sampled in 2010, 2011, and 2012 (sites 

ordered by increasing agricultural land use within regions). 

 

Cat. 

Descriptor 2010 and 2011 2012 

NB09 NB12 NB03 NB08 NB12a NB14 NB01 NB05 NB16 NB17 NB24 NB23 NB20 

Latitude 47. 

0556 

47. 

01528 

47. 

16778 

 

47. 

05812 

47. 

01952 

47. 

08919 

47. 

09152 

46 

.99356 

46. 

19222 

 

46. 

19488 

 

46. 

38466 

 

46. 

39011 

 

46. 

22924 

 Longitude -67. 

56382 

-67. 

76197 

-67. 

67158 

-67. 

57002 

-67. 

76273 

-67. 

80227 

-67. 

73084 

-67. 

63171 

-67. 

3938 

-67. 

5220 

-67. 

7012 

-67. 

7093 

-67. 

5892 

GIS % Forest 

cover  

92.5 57.0 52.4 47.4 35.0 19.9 12.8 2.99 88.44 64.52 29.83 25.80 16.23 

% 

Agricultural 

cover 

1.64 28.5 32.8 34.0 40.1 74.6 80.2 92.4 0.17 27.87 49.04 52.51 78.38 

 % 

Developed  

0.00 1.35 0.00 0.11 8.69 0.42 1.02 0.53 0.00 0.451 0.126 0.152 0.514 

Catchment 

area (km2) 

13.5 7.45 10.3 7.86 11.4 9.05 14.3 13.6 9.44 12.63 5.41 10.75 5.84 

Mean slope 

(degree) 

3.69 0.88 1.93 2.31 0.90 2.03 1.71 2.83 2.81 3.14 2.21 1.60 2.75 

Site  Mean % 

cover 

86.1 84.7 73.1 78.6 86.1 80.0 61.3 44.1 74.12 73.90 16.78 39.00 5.98 

Mean % lg. 

woody 

debris  

7.5 36.5 31.6 43.8 44.0 13.7 7.03 8.55 7.368 0.7894 16.94 32.77 5.217 

Mean width 

(m) 

4.23 3.44 3.73 4.36 4.06 4.82 5.10 4.14 2.989 3.231 4.55 5.322 3.793 

Mean depth 

(m) 

0.34 0.36 0.34 0.34 0.30 0.47 0.28 0.24 0.1357 0.2326 0.895 1.923 0.3027 

 

  

1
2

8
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Table 4.2: Water quality measurements for streams in New Brunswick that were sampled in 2010, 2011, & 2012 (sites 

ordered by increasing agricultural land use within regions). 

Cat. Descriptor NB09 NB12 NB03 NB08  NB12a NB14 NB01 NB05  NB16 NB17 NB24 NB23 NB20 

2010 

 

Mean July H2O temp (oC) 19.8 15.7 15.1 15.3 15.2 21.9 13.9 16.6       
TN (mg/L) 0.781 2.05 1.63 1.37 3.65 0.679 4.49 3.25       

% Nitrate  46.5 85.3 74.9 75.0 87.0 5.72 88.0 87.2       

% Organic N 50.3 14.3 22.2 24.5 12.5 87.65 11.4 12.3       
% Ammonia 3.10 0.304 2.82 0.41 0.376 6.62 0.506 0.411       

Nitrate (mg/L) 0.382 1.76 1.179 1.046 3.217 0.044 3.975 2.84       

Total Ammonia (mg/L) 0.023 0.006 0.037 0.005 0.012 0.0414 0.022 0.012       
Organic N (mg/L) 0.352 0.280 0.303 0.315 0.416 0.5932 0.484 0.390       

TP (mg/L) 0.0318 0.0223 0.0243 0.0278 0.0418 0.0434 0.0938 0.0370       

% Dissolved P 42.3 49.8 47.7 51.5 66.3 18.69 65.9 50.8       
% Particulate P 57.6 50.1 52.2 48.4 33.6 81.30 34.0 49.1       

Dissolved P (mg/L) 0.0122 0.0112 0.0107 0.0096 0.0306 0.03324 0.0559 0.0139       

Particulate P (mg/L) 0.0195 0.0111 0.0136 0.0182 0.0177 0.01016 0.0379 0.0231       

2011 

 

Mean July H2O temp (oC) 14.2 17.0 12.3 12.6 12.8 17.3 n/a 18.7       

TN (mg/L) 0.235 1.25 2.05 1.68 2.40 4.47 4.79 5.05       

% Nitrate  16.8 71.5 87.3 84.6 89.9 92.2 92.4 94.2       
% Organic N 82.4 27.4 12.3 15.0 9.66 7.54 7.07 5.54       

% Ammonia 0.671 1.04 0.220 0.289 0.381 0.240 0.464 0.243       

Nitrate (mg/L) 0.0356 0.917 1.818 1.445 2.170 4.136 4.436 4.766       
Total Ammonia (mg/L) 0.0018 0.0116 0.0034 0.0044 0.0084 0.0098 0.0206 0.0114       

Organic N (mg/L) 0.1982 0.3226 0.235 0.237 0.226 0.327 0.3346 0.2746       

TP (mg/L) 0.0097 0.0231 0.0241 0.0182 0.0210 0.0405 0.0475 0.0369       

% Dissolved P 73.9 47.2 40.5 56.3 66.0 65.7 56.2 49.4       

% Particulate P 26.0 52.7 59.4 43.6 33.9 34.2 43.7 50.5       

Dissolved P (mg/L) 0.0072 0.0108 0.0085 0.0091 0.0182 0.0286 0.0270 0.0153       
Particulate P (mg/L) 0.0025 0.0123 0.0156 0.0091 0.0078 0.0160 0.0205 0.0216       

2012 Mean July H2O temp (oC)          21.9 16.8 18.9 19.1 15.4 

TN (mg/L)          0.679 0.720 1.285 1.396 2.675 

% Nitrate           5.72 58.3 74.2 78.0 84.3 
% Organic N          87.7 39.3 22.7 21.1 14.9 

% Ammonia          6.63 2.31 3.090 0.919 0.772 

Nitrate (mg/L)          0.0444 0.442 0.979 1.097 2.310 
Total Ammonia (mg/L)          0.0414 0.0148 0.0400 0.0120 0.0180 

Organic N (mg/L)          0.5932 0.2630 0.2658 0.2874 0.3472 

TP (mg/L)          0.0434 0.0338 0.02366 0.0308 0.03076 
% Dissolved P          20.34058 22.889 28.62 18.51 32.84 

% Particulate P          79.65942 77.11 71.37 81.48 67.15 

Dissolved P (mg/L)          0.679 0.01538 0.01532 0.02506 0.01880 
Particulate P (mg/L)          5.720 0.01842 0.00834 0.00574 0.01196 
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Table 4.3: The proportions of taxa (by biomass) in benthic communities of streams sampled in 2010, 2011, & 2012 (sites 

ordered by increasing agricultural land use within regions). 

Cat. Descriptor NB09  NB12 NB03 NB08  NB12a NB14 NB01 NB05 NB16 NB17 NB24 NB23 NB20 

2010 

 

Chironomidae 0.023 0.018 0.692 0.581 0.183 0.062 0.131 0.580      

Baetidae   0.189 0.134 0.054 0.160 0.060 0.223      
Elmidae  0.318 0.028 0.126 0.473 0.417        

Hydropsychidae 0.029   0.036 0.052  0.171       

Tipulidae 0.386 0.254 0.013 0.103 0.049 0.341 0.592       
Hydrachnidia   0.036 0.017 0.045  0.043 0.024      

Perlidae 0.541 0.317            

Philopotamidae  0.090   0.094         

Capnidae 0.018             

Simulidae   0.038   0.017  0.171      

Leuctridae     0.045         
Polycentopodidae   0.692     0.580      

Psephenidae-larve   0.189     0.223      

2011 

 

 

 

 

Chironomidae 0.192 0.170 0.097 0.183 0.8 0.520 0.756 0.7      
Baetidae 0.329 0.047 0.163 0.110  0.301 0.108       

Elmidae 0.068 0.669 0.560 0.432 0.029 0.087        

Tipulidae 0.012 0.023 0.010 0.028  0.033 0.014       
Chloroperlidae 0.245 0.018 0.029 0.069          

Hydrachnidia   0.087 0.089 0.170  0.120 0.3      

Simulidae 0.052 0.025 0.036           
Ephemerellidae   0.014 0.085          

Hydropsychidae 0.015 0.031            
Perlidae 0.083             

Philopotamidae      0.015        

Athericidae  0.012            
Leutricidae      0.039        

2012 Baetidae          0.038   0.024 

Calopterygiidae         0.038     

Caperniidae           0.020  0.014 

Chironomidae         0.028 0.035 0.092 0.017 0.023 

Chloroperlidae          0.081    

Elmidae –adults         0.011 0.058 0.471 0.138 0.092 

Elmidae –larvae            0.435 0.326 

Ephemerellidae           0.023   

Heptageniidae         0.017 0.092    

Hydropsychidae         0.845 0.180 0.349  0.500 

Leptophlebidae         0.027   0.020  

Leutricidae           0.026 0.012  

Mites          0.013 0.016   

Perlidae          0.051  0.075  

Philopotamidae         0.030 0.448   0.0185 

Psephnidae larvae            0.276  

Sericostomatidae            0.023  
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Table 4.4: Community total biomass and metrics (family richness, tolerance score metrics, and proportion of clingers) for 

sites near Grand Falls and Hartland sampled between 2010 and 2011 (sites ordered by increasing agricultural land use within 

regions). 

2010  

 NB09 NB12 NB03 NB08 NB12a NB14 NB01 NB05 NB16 NB17 NB24 NB23 NB20 

Biomass (g/m2) 1.521 0.4453 0.1010 0.3467 0.3705 0.5144 0.1217 0.1875 0.2139 0.1532 0.1711 0.1543 0.5494 

Family richness 5.5 5 6 8.5 9 6 5 4 8 10 7 8 7 

Tolerance scores (mFBI) 1.98 2.74 5.45 5.06 4.04 3.82 3.67 5.50 4.01 2.75 3.95 3.70 3.98 

Proportion clinger -habit 0.57 0.73 0.07 0.16 0.62 0.44 0.17 0.17 0.93 0.57 0.84 0.59 0.94 

2011      

Biomass (g/m2) 0.1059 0.1004 0.0364 0.0390 0.0661 0.0762 0.0466 0.0016      

Family richness 8 8 8 7 3 6 4 2      

Tolerance scores (mFBI) 3.49 4.29 4.12 3.87 5.60 4.83 5.50 5.40      

Proportion clinger -habit 0.47 0.74 0.64 0.59 0.03 0.10 0.00 0.00      
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Table 4.5: Pearson and spearman rank (*) correlation coefficients for relationships between environmental variables and 

invertebrate community metrics. All significant correlations are bolded and P values are reported in (). 

  Environmental variables Aqueous nutrient 

concentrations 

Community effects 

Total Nitrogen 

(mg/L) 

Log Total 

Phosphorus 

(mg/L) 

Family richness mFBI Prop. 

 clinger  

habits 

% Agriculture 0.896 (<0.001) 0.644 

(0.001) 

-0.541 (0.01) 0.510 (0.01) -0.195 

 

      

% Canopy Cover* -0.390 -0.474 0.133 -0.175 -0.035 

Depth (m)* -0.182 -0.300 0.142 -0.261 0.499 

Latitude* 0.356 < -0.001 -0.214 0.193 -0.317 

Summer Precipitation 

(mm)* 
0.325 -0.227 -0.340 0.399 -0.280 

Mean July Temp (oC)* -0.225 0.268 0.0571 -0.270 0.0111 
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Table 4.6: Percent N of invertebrate taxa across study sites in 2010, 2011 & 2012 (n=1/site). Note: the proportion of total biomass that 

was analysed for nutrient content is summarized at the bottom of each stream sample and those with an insufficient proportion analysed are identified in red. 

Cat. Descriptor NB09  NB12 NB03 NB08  NB12a NB14 NB01 NB05 NB16 NB17 NB24 NB23 NB20 

2010 

 

Chironimidae 9.53 8.9 9.38 10.12 8.47 8.81 8.09 9.49      

Baetidae     3.76 7.2 8.4 8.4 7.44 5.66      

Elmidae larve   9.94 n/a 9.5 9.25 9.45          

Elmidae adult   10.62     10.4 8.4          

Hydropsychidae 8.26     9.52 8.75   11.72        

Tipulidae 10.97   n/a 9.1 10.86 9.89 9.89        

Hydrachnidia     13.09 12.33 10.86   11.92 12.16      

Simulidae     9.15     n/a  10.56      

Perlidae 11.91 9.63                 

Philopotamidae   10.86     10.86           

Capnidae                  

Chironomidae-pu    n/a  10.86          

Leuctridae       10.86           

Prop. community biomass analyzed 1 1 0.74 0.93 1 1 0.98 1      

2011 

 

 

 

 

Chironomidae 8.66 10.25 8.73 10.04 7.713 9.065 8.39 n/a      

Baetidae 9.71 9.66 11.66 9.2   8.75 7.2        

Elmidae larve 9.044 10.11 8.852 9.407 9.187 n/a           

Elmidae adult   11.63 9.591 9.297 11.13            

Hydropsychidae n/a 8.34                  

Tipulidae 11.26 11.53 n/a n/a   n/a  9.22        

Hydrachnidia     12.72 12.85 11.71    n/a      

Simulidae n/a 6.78 n/a               

Perlidae 10.71                   

Ephemerellidae      8.49            

Chloroperlidae 9.58 9.88  10.28            

Philopotamidae        n/a        

Athericidae  10.09              

Leutricidae        8.86        

Prop. community biomass  1 0.93 1 0.95 0.97 1 0.86 0      

2012 Baetidae          10.50   9.11 

Calopterygiidae         11.53     

Caperniidae           n/a  n/a 

Chironomidae         11.11 n/a 10.41 n/a 9.21 

Chloroperlidae          9.74    

Elmidae –a         n/a 9.50 9.55 10.84 8.59 

Elmidae –l             10.25 9.88 

Ephemerellidae           n/a   

Heptageniidae         10.73 10.43    

Hydropsychidae         n/a 10.00 10.15  7.71 

Leptophlebidae         10.19   n/a  

Leutricidae           n/a n/a  

Hydrocarina          n/a n/a   

Perlidae          11.05  12.16  

Philopotamidae         11.63 9.63   n/a 

Psephnidae larvae            9.65  

 Sericostomatidae            n/a  

Prop. community biomass          0.14 0.97 0.70 0.91 0.92 
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Table 4.7: Percent P of community taxa across study sites in 2010, 2011 & 2012 (n=1/site). Note: the proportion of total biomass that was 

analysed for nutrient content is summarized at the bottom of each stream sample and those with an insufficient proportion analysed are identified in red. 

 Cat. Descriptor NB09  NB12 NB03 NB08 NB12a NB14 NB01 NB05 NB16 NB17 NB24 NB23 NB20 

2010 

 

Chironimidae 0.5864  n/a 0.7385 0.5806 0.6704 0.9732 0.5487 0.8908      

Baetidae      n/a 0.7705 n/a n/a 0.6635 0.4207      

Elmidae larve    0.6554 n/a 0.5436  n/a 0.9039          

Elmidae adult    0.2754     0.3235 n/a          

Hydropsychidae 0.4473      0.4304 n/a   n/a        

Tipulidae 0.6833  n/a n/a n/a n/a n/a 0.5996        

Hydrachnidia      n/a n/a n/a   0.6525 n/a      

Simulidae      n/a     n/a  n/a      

Perlidae 0.4293  n/a                 

Philopotamidae    0.6051     n/a           

Capnidae 0.4039                    

Chironomidae-pu      n/a   n/a           

Leuctridae        n/a           

Prop. community biomass  0.82  1 0.40 0.66 0.87 0.44 0.40 0.80      

2011 

 

 

 

 

Chironomidae 0.5074  1.0815 0.4521 0.747 0.656 0.8139 0.6296 n/a      

Baetidae 0.4896  n/a n/a 0.5548   0.4422 0.5775        

Elmidae larve 0.4156  0.5214 0.3328 0.3835 0.406 n/a           

Elmidae adult    0.3192 0.1992 0.3113 0.2017            

Hydropsychidae n/a  0.3203                  

Tipulidae n/a  n/a n/a n/a   n/a 0.4188        

Hydrachnidia      n/a n/a n/a    n/a      

Simulidae n/a  n/a n/a               

Perlidae 0.3733                    

Ephemerellidae       n/a            

Chloroperlidae 0.3866  n/a  0.3234            

Philopotamidae         n/a        

Athericidae   0.2991              

Prop. community biomass  0.88  0.92 0.88 0.66 0.79 0.83 0.82 0      

2012 Baetidae           0.770   0.555 

Calopterygiidae          0.682     

Caperniidae            n/a  n/a 

Chironomidae          0.622 n/a 0.550 n/a 0.545 

Chloroperlidae           0.329    

Elmidae –a             0.281 0.182 

Elmidae –l           n/a 0.440 0.485 0.433 0.411 

Ephemerellidae            n/a   

Heptageniidae          0.546 0.592    

Hydropsychidae          n/a 0.781 0.447  0.155 

Leptophlebidae          0.672   n/a  

Leutricidae            n/a n/a  

Hydrocarina           n/a n/a   

Perlidae           0.296  0.313  

Philopotamidae          0.438 0.503   n/a 

Psephnidae larvae             0.545  

 Sericostomatidae             n/a  

Prop. community biomass           0.14 0.97 0.70 0.92 0.91 
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Table 4.8: Correlation coefficients for predicted relationships between nutrient storage related endpoints (community biomass, 

nutrient content, and nutrient storage) and % agriculture, aqueous nutrient concentrations (TN and TP mg/L), and community 

metrics (family richness, mFBI, and proportion of clingers).  H1 is the predicted correlation coefficient based on the 

conceptual model.  

  

 Biomass Nutrient content Nutrient storage 

Log community 

biomass 

Community % N Community % P log Community 

 N (g/m2) 

log Community 

 P (g/m2) 

H1 r p H1 r p H1 r p H1 r p H1 r p 

Agricultural  

land use 

% agriculture -1 -0.13 0.60 -1 -

0.49 

0.04 1 0.21 0.43 -1 -0.10 0.67 -1 -0.042 0.878 

Aqueous  

nutrient 

concentrations 

Total Nitrogen (mg/L) -1 -0.35 0.13 -1 -
0.47 

0.04 1 0.23 0.40 -1 -0.35 0.14 -1 -0.305 0.251 

Log Total Phosphorus 

(mg/L) 

-1 -0.013 0.96 -1 -

0.16 

0.51 1 0.30 0.26 -1 -

0.061 

0.80 -1 -

0.0207 

0.939 

Community effects Family richness 1 0.19 0.41 1 0.20 0.41 -1 -
0.45 

0.08 1 0.18 0.46 1 0.0673 0.804 

mFBI -1 -0.54 0.01 -1 -

0.65 

0.003 1 0.40 0.12 -1 -0.58 0.009 -1 -0.384 0.142 

Proportion 

 clinger habits 

1 0.46 0.05 1 0.37 0.12 -1 -

0.73 

0.001 1 0.48 0.04 1 0.196 0.466 
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Figure 4.1: The predicted relationships for how agricultural land use affects aqueous 

nutrient concentrations, community diversity and sensitivity, community biomass, 

nutrient concentrations, and nutrient storage in New Brunswick streams.    
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Figure 4.2: Locations of streams in New Brunswick, Canada sampled in 2010 and 2011 (solid triangles) and in 2012 (solid 

circles)
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Figure 4.3: The first and second principal components for environmental variables (left) and invertebrate families (right) collected 

from streams near Grand Falls and Hartland, New Brunswick, along a gradient of agricultural land use between 2010 and 2012.  
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Figure 4.4: Mean total nitrogen concentrations (mg/L; left), total phosphorus concentrations (mg/L; middle), and nutrient ratios (right) 

in stream water in potato growing regions of New Brunswick versus % agricultural land use in their catchments. Established water 

quality guidelines for the regions are identified in red. Samples from Grand Falls are shown as black (2010) or gray (2011) circles 

while samples from 2012 were inverted triangles.  
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Figure 4.5: Redundancy analysis of invertebrate communities collected from streams 

near Grand Falls and Hartland, New Brunswick, between 2010 and 2012 along a 

gradient of agricultural land use.  
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Figure 4.6: Family richness (left), mFBI scores - based on relative biomass (middle), and 

clingers - based on relative biomass (right) of invertebrate communities from streams in 

potato growing regions of New Brunswick versus % agricultural land use in the stream 

catchment. Circles represent values from streams near Grand Falls from 2010 (black) 

and 2011 (gray), and white triangles are samples from streams near Hartland from 2012. 
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Figure 4.7: Community nutrient content (%N and % P) within invertebrate communities 

plotted against % agriculture, aqueous nutrient concentrations (mean total phosphorus 

and total nitrogen), and community metrics (family richness, mFBI, and proportion 

clingers) from streams in potato growing regions of New Brunswick. Circles represent 

samples from streams near Grand Falls collected in 2010 (black) and 2011 (gray), and 

white triangles are samples from streams near Hartland collected in 2012. 
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Figure 4.8: Community nutrient storage (N g/m2 and P g/m2) within invertebrate 

communities plotted by % agriculture, aqueous nutrient concentrations (mean total 

phosphorus and total nitrogen), and community metrics (family richness, mFBI, and 

proportion clingers) from streams in potato growing regions of New Brunswick. Circles 

represent samples from streams near Grand Falls collected in 2010 (black) and 2011 

(gray), and white triangles are samples from streams near Hartland collected in 2012. 
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Chapter 5: Conclusions and future research 

Assessments of invertebrate communities are traditional in the suite of 

biomonitoring tools used to describe and diagnose the condition of aquatic ecosystems.  

These biomonitoring tools are used as ecological indicators and incorporated in 

predictive relationships with human activities in river catchments, such as agricultural 

land use. While advances in these invertebrate biomonitoring approaches promise 

improved diagnostic and predictive abilities, the consequences of changes in ecological 

indicators to the broader riverine food web are not clearly known. This thesis presents 

new knowledge on how changes in invertebrate communities, as a result of increasing 

agricultural land cover, affect ecological functions associated with the regulation of 

nutrients in stream ecosystems.  Aquatic invertebrates play a key role in the 

incorporation of nutrients from diverse food sources (e.g. algae, detritus, suspended 

particulate material, terrestrial leaves) and their transfer to aquatic and riparian predators 

within the riverine food web (Wallace and Webster 1996; Meyer et al. 2007). This thesis 

examined whether environmental gradients in New Brunswick’s agricultural areas 

affected invertebrate community composition and, in turn, whether these changes 

corresponded with shifts in community biomass, community nutrient content, and, 

finally, the quantity of nutrients stored within the community.  

Overall this research showed that agricultural impacts to aquatic invertebrate 

communities affected the quantity of nitrogen, but not phosphorus, stored within the 

community (Figure 5.1).  These results partially support the hypothesis that community 

responses to environmental stressors have an indirect effect on nutrient storage, and 

subsequently, the role the food web plays in the nutrient regulation of the ecosystem. 
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Because nutrient storage is a function of both community biomass and community 

nutrient content (see equation for calculating nutrient storage in Chapter 4), these two 

parameters were assessed separately; results showed that biomass was negatively 

affected by agriculture  in 2011 (Chapter 2) whereas community nitrogen content 

showed a negative (Chapter 4 only) relationship and community phosphorus content 

showed a positive (p = 0.001 in Chapter 3 and p = 0.003 in Chapter 4) association with 

agriculture. Over, nitrogen storage decreased with increasing agricultural land use and 

phosphorus storage remained unchanged.  

When relatively pristine streams are fertilized by nutrients, invertebrate biomass 

increases with increasing aqueous nutrient concentrations (Davis et al 2011; Deegan et 

al 1997; Minshall et al 2014; Johnston et al 1990) and suggests a positive response 

pattern where increased nutrient availability increases nutrient storage; however, actual 

nutrient storage was not measured in these studies (Figure 5.2). By undertaking an 

integrated assessment of several ecological indicators (e.g. community biomass, 

community nutrient content, and community nutrient storage), I produced a response 

pattern for the effects of agricultural land use on the regulation of nutrients in stream 

ecosystems. In response to increasing aqueous nutrient concentrations, nitrogen storage 

within the aquatic invertebrates was reduced, showing negative response pattern in 

nitrogen storage, while phosphorus storage remained unchanged, showing a saturated 

response pattern (Figure 5.2).  

Review of thesis findings 

In Chapter 2, the hypothesis that agricultural effects on aquatic invertebrate 

communities reduce community biomass, despite increasing nutrient pollution, was 
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supported. The landscape gradient in agricultural land use corresponded with increasing 

nitrogen and phosphorus concentrations in stream waters. As predicted, both catchment-

scale (% agriculture) and local-scale (aqueous nutrients) variables associated with 

agricultural land use correlated with invertebrate response metrics: aquatic invertebrate 

community biomass decreased with increasing agricultural land use, increasing aqueous 

nutrient pollution, and losses in community diversity and ecological sensitivity. 

Additional results from Chapter 2 focused on how biomass accumulates within the 

community and relied on community metrics calculated from distributions of abundance 

and biomass across families within the community. These two ways of describing the 

community produced similar orientations in multivariate plots (RDA and PCA, see 

Chapter 2). A second environmental gradient - catchment area - corresponded with 

increasing stream width, decreasing canopy shading, and decreasing accumulation of 

large woody debris in the streams. This gradient affected community feeding strategy 

and community biomass, and confounded the overall effects of agriculture on streams.  

In Chapter 3, the hypothesis that nutrient content in invertebrate communities 

would increase as the invertebrate community responded to increasing agricultural land 

use and aqueous nutrient concentrations in stream waters was partially supported. The 

community phosphorus content increased with increasing agricultural land use, aqueous 

nutrient pollution, and decreasing invertebrate community sensitivity and diversity, as 

predicted. Contrary to the prediction, community nitrogen content was negatively related 

to agricultural land use, and increasing nitrogen concentrations in stream waters.  

Chapter 4 tested the central hypothesis of this thesis that community composition 

responses associated with shifting life history, reproductive, and body form traits alters 
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nutrient storage within the invertebrate community (e.g. the quantity of stored nutrients, 

expressed as mass per unit area). To do this, streams with small catchment sizes from 

Grand Falls and Hartland were used to remove the confounding effect of watershed area. 

Results showed that nitrogen storage decreased with increasing agricultural land use and 

stream water nutrient concentrations. Phosphorus storage was not affected, likely 

reflecting the opposing effects of the two factors influencing phosphorus storage, the 

negative effect on community biomass and positive effect on community phosphorus 

content.  Results showed that agricultural land use reduced the capacity of the 

invertebrate communities to store nitrogen but had a limited effect on phosphorus 

storage.  

Considerations, future studies, and recommendations  

This is the first-time nutrient storage has been estimated in aquatic invertebrate 

communities of streams. This was a time-intensive study that required samples to be 

collected and processed (without decomposition) in the lab for community composition, 

biomass, and elemental analysis of tissues. Taxonomic identification to family level only 

(and the fact that some pooled family samples were used in chemical analysis) limited 

the understanding of the connections between body forms, attachment and mobility 

strategies, feeding habits, and life histories of aquatic insects and their elemental content. 

This also affected the assignment of trait categories to the families. Some families 

include more than one feeding trait state but, given the limited taxonomic resolution 

used herein, I had to apply the most common state to the family. Improved taxonomic 

resolution of invertebrates is recommended in the future. 
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Results in this study are from a single time point (late summer) and, as such, do 

not describe temporal variation in nutrient storage or provide annual productivity or 

nutrient storage estimates.  However, it is expected that the overall quantity of nutrients 

stored within the community throughout the season may have been increased in 

agricultural streams. Larval insects in the benthic community have different life cycles 

and will emerge from the aquatic ecosystem throughout the season (Huryn and Wallace 

2000). Increases in the prevalence of smaller species that have multiple life cycles and 

more frequent emergences per season (Doledec 2006; Poff et al 2006) would, logically, 

reduce the length of time over which biomass can accumulate and explain the reduced 

community biomass with increased agricultural land use in this study. However, the 

increased emergences are likely increasing the amount of energy and nutrients exported 

to the riparian zone in agricultural streams and changing how nutrients are stored within 

and exported from the stream. At present we can predict that the characteristics of the 

nutrient export (e.g. timing and body size) will be changed but this remains to be 

examined.  

Emergent insects represent an import pathway for the transfer of energy and 

nutrients between aquatic and terrestrial ecosystems (Bartrons et al 2013; Muehlbauer et 

al 2014) and the potential losses in insect emergence have implications for the subsidy 

that streams provide to riparian zones and terrestrial predators.  The losses in 

invertebrate diversity and sensitivity due to agricultural land use in New Brunswick 

(Chapter 2; Sutherland et al 2012), as well as in other systems (Quinn and Hickey 1990; 

Delong and Brunsvn 1998; Allan 2004; Bonada et al 2006; Weijters et al 2009; Waite 

2013), likely correspond with changes in the size of emergent insects and the seasonal 
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patterns of emergence (discussed above). If confirmed, this has implications for the 

transfer of nutrients from aquatic ecosystems to terrestrial food webs and the species 

supported by this subsidy (e.g. insectivorous birds and bats).  Further work on seasonal 

patterns and the life cycle traits (e.g. body size) of aquatic insect emergence, as well as 

the prevalence of riparian predators in streams with contrasting land use, would improve 

our understanding of the impacts of landscape disturbance on the role of invertebrates in 

nutrient flow through riverine food webs.  

Assessing landscape disturbance is difficult because of limited controls on study 

design. Specifically, lands are often developed because of the suitability of soils for 

specific crops or their proximity to other development. As a result, it is difficult to 

achieve a randomly distributed study design. In New Brunswick the predominance of 

potato agriculture limits the variation associated with different agricultural practices. 

However, a confounding effect of catchment area was present in the study. Further, 

finding sufficient reference sites was difficult in this area because of the intensity of 

potato agriculture. The use of a gradient design allowed for the impact of agricultural 

land use to be detected despite these confounding influences. Models built from two 

environmental variables in this thesis often explained more variation in the 

environmental data but not enough to outcompete models built from a single 

environmental variable. This is because there was not enough statistical power in this 

study to build more complex landscape models.  

To deal with the large number of environmental variables and indicators and 

associated uncertainty, I developed complex conceptual models with multiple 

predictions to assess the consistency of patterns of multiple parameter responses across 
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streams. I think this was an effective way to objectively determine if overall effects 

across multiple indicators were consistent and behaved as expected. A concern with the 

use of a gradient study design with multiple independent and dependent variables is that 

spurious correlations will generate type 1 and 2 errors in the decision making. In this 

research, as in many other ecological datasets, the ecological indicators were not 

independent and often co-varied.   

This study combined ecological indicators to describe how impacts to 

invertebrate communities affected the flow and retention of nutrients with the 

ecosystem, a key aspect of ecosystem functioning. It is clear that the streams changed 

along the agricultural gradient; however, variation associated with climate and stream 

size also introduced variation into the datasets (Chapter 2).   A broader understanding of 

how natural changes in stream size affect these response patterns is essential. 

Specifically, the apparent positive effect of stream size on community biomass and other 

community compositional endpoints observed in 2010 (Chapter 2) should be explored to 

understand how ecological responses to environmental stressors varies along the river 

continuum. Climatic differences in the intensity and amount of summer rainfall were 

apparent from year to year in this research, suggesting that not only does climate exert a 

general effect on streams, but more frequent and intense rain events may intensify the 

effects of agricultural land use. Future work examining how high intensity rain events 

modify response patterns in streams with both low and high agricultural activity would 

be valuable to understand how climate can exacerbate the impacts of environmental 

stressors to stream and river ecosystems. 
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Figure 5.1: Summary of the results from all thesis predictions
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Figure 5.2: A conceptual model explaining the possible relationships between measures 

of aqueous nutrient concentrations in stream waters and nutrient storage within the 

benthic invertebrate communities, and corresponding predicted relationships. 
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