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Summary

The aim of this study was to investigate the response of littoral macroinvertebrates to 

nutrient enrichment across 66 Irish lakes representing a broad nutrient gradient. It 

was hypothesised that an increase in lake trophic state would effect a change in 

macroinvertebrates, at both species and community level. A further, more detailed, 

study of 9 lakes, examined the importance of changing food resources on generalist 

macroinvertebrates, hypothesising that littoral zone seston would have higher rates of 

gross primary production in nutrient enriched lakes, and would be of greater 

importance to generalist macroinvertebrate diets.

For the initial, wider study, 45 lakes representing low, moderate and high alkalinity 

ranges each spanning a gradient of nutrient concentrations were sampled in two 

seasons. Water chemistry was measured and macroinvertebrates sampled from two 

habitats, hard and soft, when present. Twenty-one additional lakes were sampled for 

water chemistry and macroinvertebrates from two habitats, when present. Taxonomic 

and functional changes in macroinvertebrate community structure with increasing 

lake trophic state were examined. Responses to increased trophic state were 

examined at the level of individual taxa. Optima indicated widely varying and 

species-specific tolerances to TP, and were used to develop a lake enrichment score 

that was validated with an independent set o f lakes. TP optima were species-specific, 

and varied among taxa within the same family or genus, highlighting the importance 

of taxonomic differentiation when classifying taxa tolerances. Taxonomic and 

functional responses of macroinvertebrate communities to nutrient enrichment were 

examined for the 66 lakes. Macroinvertebrate community taxonomic structure 

responded to increased nutrient concentrations. A change in abundance of taxonomic 

groups was evident and nutrient concentrations explained a significant amount of 

variance in the taxonomic composition o f macroinvertebrate communities. Although 

proportional abundance of certain macroinvertebrate functional feeding groups 

responded significantly to increased nutrient concentrations, pH, season and habitat 

had a much stronger ability to explain variance in the overall FFG composition of 

communities than nutrients. Generalist feeding strategies appear to prevail among 

lentic primary consumers and results of this work suggest that the importance of



generalist feeding increases with nutrient enrichment, particularly in stony habitats. 

The generalist taxa Gammarus duebeni and Asellus aquaticus, demonstrated an 

ability to use different types of algae in their diets, and had relatively homogeneous 

elemental compositions in comparison to both epilithic algae and seston whose 

elemental ratios ranged widely.

Biomass, area-specific NPP an area-specific GPP of both epilithic algae and seston 

increased with increasing nutrient concentrations. Production efficiency o f both 

epilithic algae and seston (biomass-specific GPP rates) decreased with increased 

nutrient concentrations. Although phosphorus is generally considered the primary 

nutrient limiting algal growth in lakes, for lakes in this study, stronger relationships 

were found for many attributes with total nitrogen. Total nitrogen explained a higher 

amount o f variation in both the taxonomic and FFG structure of macroinvertebrate 

communifies, and appeared to be limiting benthic and planktonic algal growth in all 

but two of the lakes studied.

Habitat (hard or soft) and season explained a significant amount o f variance in both 

community taxonomic structure and FFG structure and this has implications for the 

efficacy of sampling or monitoring programmes. Whether more than one habitat is 

sampled should depend on the objectives of the sampling.
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1. Introduction

1.1 General research aims
The aim of this study was to investigate the response of littoral macroinvertebrates to 

nutrient enrichment, across sixty six Irish lakes representing a broad nutrient gradient. 

It was hypothesised that an increase in lake trophic state would effect a change in 

macroinvertebrates, at both species and community level. A further, more detailed, 

study of nine moderate alkalinity lakes, examined the importance o f changing food 

resources on generalist macroinvertebrates, hypothesising that littoral zone seston 

would have higher rates of gross primary production in nutrient enriched lakes, and 

would be o f greater importance to generalist macroinvertebrate diets.

1.2 Thesis structure
• Chapter I introduces background information on macroinvertebrates and lake 

littoral zones as well as the issue of nutrient enrichment and its consequences on 

macroinvertebrate communities.

• Chapter 2 describes the lakes sampled in this study and outlines general field and

laboratory methods used in subsequent chapters.

• Chapter J investigates whether the composition and structure of littoral 

communities, in terms of both species complement and functional feeding 

attributes, alters with increasing nutrient concentrations.

• Chapter 4 explores the feasibility of developing taxon-specific tolerance scores to

eutrophication for lake littoral macroinvertebrates that can be validated using an

independent set of lakes.

• Chapter 5 assesses changes in the biomass, production and production efficiency 

of littoral zone periphytic and planktonic algae across a broad nutrient gradient.

• Chapter 6 determines the consequences o f any changes in periphytic and 

planktonic algal availability to littoral macroinvertebrate consumers, in terms of 

resource use and food elemental quality.

• Chapter 7 discusses the overall findings and highlights the main conclusions of 

the research.

1.3 Anthropogenic pressures on Irish lakes
According to recent national water quality reports, the major anthropogenic pressures 

affecting Irish lakes are eutrophication (enrichment by excess nutrients), acidification
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and hydromoqDhological alterations; eutrophication is consistently put forward as the 

principal pressure affecting water quality (Bowman et ai, 1996, Lucey et ai, 1999, 

McGarrigle et al., 2002, Toner et ai,  2005). Rapid declines in species diversity are 

occurring globally owing to human activities (Vitousek et ai, 1997, Rosenzweig, 

1999) and have been estimated to be as much as five times greater in freshwater than 

either marine or terrestrial systems over the past 30 years (Ricciardi and Rasmussen, 

1999, Loh et ai, 2005) owing to causes such as pollution, siltation, canalisation, 

water abstraction, dam construction, overfishing and introduced species (Jenkins, 

2003). Impacts from these various causes will vary regionally, with pressure from 

agriculture likely to contribute largely to biodiversity loss in Irish freshwater systems.

Eutrophication or nutrient enrichment of lakes and other waterbodies occurs when 

concentrations entering the system are greater than would naturally occur. This can 

result in a range of impacts, from excessive localised plant growth to lake-wide 

degradation of habitats, excessive phytoplankton growth, loss of submerged plants 

owing to reduced light penetration, and large changes in the structure and stability of 

communities including invertebrates and fish. The key nutrients responsible for 

eutrophication are nitrogen and phosphorus. Some authors (Ilellawell, 1986) suggest 

that in freshwater lakes algal growth is most frequently limited by phosphorus 

availability. Intensity of land use is a major driver of nutrient enrichment (Allott et 

ai, 1998, Johnes et al, 1996), with recent estimates, using export coefficients, 

indicating that agriculture contributes the majority (59%) of phosphorus entering 

inland waters in Northern Ireland (Smith et ai, 2004, EPA, 2004). It is expected that, 

globally, eutrophication will increase significantly in the near future, as fertilization 

rates of agricultural land are predicted to increase 3-fold by 2050 (Tilman, 1999).

1.4 The EU Water Framework Directive
The European Directive 2000/60/EC (CEC, 2000), commonly known as the Water 

Framework Directive (WFD), was introduced in response to increasing anthropogenic 

pressures on aquatic environments and was transposed into Irish law by the European 

Community (Water Policy) Regulations, 2003 (Anonymous, 2003). It requires 

assessment of ecological quality of all standing waters within the EU and, as such, 

has initiated changes in water quality concepts, assessments and increased research 

across Europe (Solimini et al, 2006). The WFD effectively replaces several pre-
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existing water policy Directives, and provides a framework under which all inland 

surface waters, transitional waters, coastal waters and groundwaters can be assessed. 

Its primary objectives are twofold: to ensure that no further deterioration in water 

quality occurs, and to bring all European water bodies to at least “good ecological 

status” (i.e. the biota is the same as or only slightly different from that expected in the 

absence of human activity) by 2015. The WFD obliges member states to monitor the 

ecological status o f their water bodies to this end.

Annex five o f the Directive stipulates the need to include four biological elements - 

‘phytoplankton’, ‘macrophytes and phytobenthos’, ‘benthic invertebrate fauna’ and 

‘fish fauna’ - in the assessment and future monitoring of lake ecological status, thus 

emphasizing for the first time the importance of biological criteria in water quality 

assessment; for surface waters the “composition and abundance of benthic 

invertebrate fauna” must be taken into account. Although the term ‘phytobenthos’ is 

not defined in the WFD, the proposed definition given by CEN is “All phototrophic 

algae and cyanobacteria that live on or attached to substrata or other organisms, rather 

than suspended in the water column (CEN, In prep.). The WFD also requires that 

lakes and other water bodies are characterised by type, which can be based on 

physical attributes such as altitude, size, geographic location and geology, so that 

determination of a lake’s ecological status relies on comparison with type-specific 

reference conditions i.e. conditions considered “totally or nearly totally undisturbed”.

1.5 Lake littoral zones
The littoral zone, or shoreline of a lake, represents the boundary between the open 

water and the surrounding riparian land (Wetzel, 2001), and encompasses both the 

benthos and the overlying water (Moss, 1988). The littoral zone of a lake extends 

from the shoreline o f a lake and continues to a depth where sufficient light for plant 

photosynthesis reaches the sediments and, thus, represents the extent of the euphotic 

zone (Moss 1988). Studies o f benthic (living on or associated with the lake bottom) 

invertebrates in lakes are traditionally restricted to depth zones: littoral, sub-littoral 

and profundal, as each of these zones can support distinct communities and respond 

differently to anthropogenic pressures (Solimini et al., 2006). The littoral zone 

typically supports the largest and most diverse populations of invertebrates in a lake 

owing to the diverse habitats present. This zone mediates the input o f nutrients (and

3



thus energy flow) from the catchment to the lake and benthic invertebrates in this 

zone occupy an important intermediary position between primary producers and 

vertebrate predators (mainly fish). In general, the greater the percentage of lake area 

represented by the littoral zone, the greater is its influence to the lake. Shallow lakes 

are likely to have extensive littoral zones and, as such, in those lakes littoral 

communities may be particularly important for overall ecosystem structure and 

function.

1.6 Benthic macroinvertebrates
Benthic macroinvertebrates are those that inhabit the bottom substrates o f freshwater 

habitats for at least part of their lifecycles (Rosenberg and Resh, 1993). Benthic 

substrates utilized by invertebrates in the littoral zone can include sediment, 

submerged logs, debris, vascular aquatic plants, filamentous algae, and numerous 

other natural and man-made substrates (Barbour et al., 1999). Benthic invertebrates 

comprise a variety of taxa, including insects, annelids, molluscs, flatworms, and 

crustaceans. They range in size from those that are difficult to see without 

magnification to others that are easily to observe with the unaided eye -  typically 

wacroinvertbrates are those that are observed with the naked eye, being 

approximately 0.5 mm or more in size (Barbour et. a l ,  1999). There is a long history 

o f the use of benthic macroinvertebrates in the assessment of running waters owing to 

attributes such as their ubiquitous occurrence, long life cycles, sedentary nature, 

diversity, sensitive to changes in their environment, and their importance as a food 

source for many fish (Rosenberg and Resh, 1993, Hellawell, 1986). However, 

investigations into the response of littoral macroinvertebrate communities of lakes to 

nutrient pressures are much more recent and have thus been relatively limited to date 

(Brauns et a l ,  2007a, Tolonen et a l ,  2001, Tolonen, 2004, White, 2001, Brodersen et 

al., 1998, Pinel-Alloul et al., 1996, Vemeaux et a l ,  2004), with attention focused on 

the profundal communities in the deeper sediments, where the habitat is less complex 

and the communities less diverse (Milbrink et al., 2002; Sarkka and Aho, 1980; 

Saether, 1979; Lang, 1984).

Nutrient addition can cause dominance by a few plant or animal species (Tilman, 

1999), and this may affect ecosystem processes. Benthic macroinvertebrates play a 

key role in transferring energy originating in the littoral to higher trophic levels, as
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they convert primary production into animal biomass (Stoffels et a l ,  2005). While 

certain taxonomic groups are tolerant and are found in polluted environments, others 

are intolerant and respond to a single or multiple stressors or anthropogenic 

disturbances (Rosenberg and Resh, 1993; Klemm et al., 1990; Davis and Simon, 

1995; Meyer, 1997; Karr and Chu, 1999). Another means of examining how 

changing community structure with impact can affect ecosystem functioning is 

through use of trophic groupings that are based on resource use. Trophic groupings 

are an important means of investigating carbon and energy fluxes, as well as nutrient 

cycles, through an ecosystem (Naeem, in press). If taxa within a trophic group have 

complementary niches, greater species diversity should lead to greater utilisation of 

resources and a corresponding increase in productivity or efficiency (Hooper et al. 

2002). The European Water Framework Directive (WFD) requires assessment of 

ecological quality of all standing waters within the EU and stipulates the need to 

include biotic elements, including macroinvertebrates, in the assessment and future 

monitoring of lake ecological status. It is important that the mechanisms by which 

macroinvertebrate communities respond to eutrophication are better understood as 

well as the consequences of these changes to functioning of the ecosystems.

1.7 Individual- and community-level responses of 
macroinvertebrates to nutrient enrichment

Certain species may have particular requirements with regard to ecosystem response

to pressures such as nutrients. Changes in the quality of their environment may 

surpass the tolerances of these taxa in the community, resulting in their loss and 

replacement by other taxa more tolerant of the prevailing conditions (Hellawell, 

1986). O ’Toole et al. (2008) collated data from 1,077 lakes in Finland, Ireland, 

Sweden and the United Kingdom in order to analyse the relationship between nutrient 

status and occurrence o f different benthic invertebrate taxa. They found a variable 

response o f littoral macroinvertebrates to eutrophication pressure when examining 

commonly used river metrics, while many taxa were associated with mesotrophic 

conditions. The degree of macroinvertebrate tolerance to lake nutrient enrichment 

appears to show large interspecific variation (White, 2001, Savage, 1982, Edsall et 

a i ,  2004), which suggests the possibility to establish biotic indices based upon 

nutrient tolerances. Taxonomic or functional changes in macroinvertebrate 

communities with nutrient enrichment can also occur. Trophic structure of
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freshwater benthic macroinvertebrates comprises groups reflecting dependence on 

particular food resources. Functional feeding groups (FFGs) were described by 

Merritt and Cummins (1996) as a means of classifying macroinvertebrate types on the 

basis o f morpho-behavioural mechanisms of food acquisition. The categorization of 

macroinvertebrate taxa into FFGs was further developed by Moog (2001) with the 

AQEM database o f species’ autoecological traits (Asterics® Version 3.01 software 01 

(http://www.aqem.de). This system classifies macroinvertebrates into the FFGs of 

grazers, miners, xylophagous feeders, shredders, gathering collectors, active filter 

feeders, passive filter feeders, predators, parasites and others, on the basis of feeding 

behaviour and food types consumed (Moog 2001). The use of FFGs can provide a 

useful insight into the degree to which the invertebrate fauna are dependent upon a 

particular food type, as the ratios o f the different functional feeding groups often alter 

in conjunction with a change in the relative dominance of food types that are present 

(Merritt and Cummins, 1996). Thus, species belonging to each of these groups may 

respond differently to nutrient enrichment, depending upon the manner in which this 

affects their primary food resource.

1.8 Benthic and pelagic algal production with nutrient enrichment 
and their role as a food source for macroinvertebrate taxa

It is often assumed that primary production in lakes is predominantly pelagic, with

the contribution o f benthic algae overlooked in most lake monitoring programmes. 

Research has demonstrated, however, that in shallow lakes littoral primary production 

can substantially contribute to whole lake primary production (Hakanson and 

Boulion, 2004, DeNicola et a l,  2003). In oligotrophic lakes, periphyton production 

should be limited mainly by available nutrients. With increasingly eutrophic 

conditions, reductions in light reaching the benthos can cause a shift in 

photosynthetic productivity from periphytic to phytoplanktonic dominance 

(Vadeboncoeur et al., 2003, Liboriussen and Jeppesen, 2006). The competitive 

interactions and production efficiency between pelagic and benthic primary producers 

across a nutrient gradient has been little investigated (Hansson, 1988). Periphyton 

may be an essential or an infrequent component of the diet of many littoral 

macroinvertebrate taxa (Lamberti and Feminella, 1996), while phytoplankton that 

settles to the benthos in lake littoral zones can also be an important food source 

(Vadeboncoeur et al. 2003). Many macroinvertebrate taxa appear to be generalists.
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and this may enable them to take advantage of alternative food resources that are 

available with eutrophication (Mihuc, 1997, Mihuc and Minshall, 1995). Stable 

isotope analysis (SIA) provides a useful means of establishing the origin of a species’ 

diet (James et a i ,  2000), and should allow differentiation between different algal 

food sources in macroinvertebrate diets. Alternative food resources with

eutrophication may affect macroinvertebrate consumers owing to their elemental 

quality. Ecological stoichiometry, which examines elemental composition, can 

provide insight into differences between elemental ratios o f food and requirements of 

consumers.
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2. Study area and methodology

2.1 Lake selection and descriptions
Field sampling o f lakes in this study occurred in three stages. The first stage involved 

seasonal sampling (spring and summer) of macroinvertebrates and water chemistry of 

45 lakes in 2005, the second involved sampling of macroinvertebrates and water 

chemistry o f another 21 lakes in summer 2006, and the third involved sampling 9 

lakes for additional components in summer 2006. These lakes were selected as part 

o f the North-South Shared Aquatic Resources project (NS SHARE, 

http://www.nsshare.com); thus for contractual reasons lakes were located primarily in 

Northern Ireland and border counties of the Republic of Ireland. Baseline 

information for a number of physico-chemical and biotic variables as well as 

catchment and land-use data were compiled in the initial stages of NS-SHARE and 

were used to establish suitable sites for the study. Pilot field visits were carried out 

prior to the first sampling event in order to verify total phosphorus concentration and 

alkalinity of lakes and to select appropriate sampling sites.

2.1.1 Lakes sampled in spring and summer 2005
Forty-five lakes were initially selected to represent a gradient o f total phosphorus 

(TP) concentration (1- >180 |^g TP f ‘) across three alkalinity ranges. Alkalinity 

ranges were categorised as low (<20 mg CaCOs f ’) moderate (20-100 mg CaC03 l ') 

and high (>100 mg CaCOi l ’) according to calcium carbonate concentrations (Figure 

2.1). Lakes selected for each alkalinity category and their approximate TP 

concentrations (from the scoping study) are shown in Table 2.1. These alkalinity 

categories were defined on the basis of recent work by Irvine et al. (2002) that 

explored the setting o f meaningful typologies for Irish lakes. They suggested the 

occurrence o f at least two (High and Low), and probably three (Moderate), lake types 

in Ireland based on an alkalinity gradient. High alkalinity lakes were easily identified 

on the basis of distinctive, charophyte domination of their macrophyte communities, 

while the inflection o f the alkalinity-pH relationship also indicated a group of acidic 

lakes. This has been supported by more recent work by Free et al. (2006) indicating 

distinct communities o f both macrophytes and profundal invertebrates in low and 

high alkalinity lakes. Each of the forty-five lakes were sampled for 

macroinvertebrates and water chemistry in spring (April/May) and summer (August) 

2005. Hard habitats (pebbles, gravel or bedrock) were sampled in all lakes, while



soft habitats (fine or organic sediments or macrophytes) were sampled in thirty-seven 

of the lakes.
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Figure 2.1 Location of lakes sampled in spring (April/May) and summer (August) 

2005. Lakes are colour coded according to alkalinity category: Low 

alkalinity O; Moderate alkalinity O; High alkalinity *.
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Table 2.1 Alkalinity category and approximate TP concentration from which lakes were selected for sampling in spring (April/May) and 

summer (August) 2005.

Low Alkalinity
(<20 mg CaCOa L ’)

TP concentration 
Lake name (/ig L '‘)

Moderate Alkalinity 
(20-100 mg CaCOi L *)

TP concentration 
Lake name (fig L'^)

High Alkalinity 
(>100 mg CaCOj L ')

TP concentration 
Lake name (ug L'^)

Beagh 1 Salt 4 Bane 3
Gartan 2 Carrigeencor 8 Bunny 4
Golagh 5 Cashel Upper 9 Nalughaghe 14
Vearty 5 Skale 22 Derrybrick 16
Achully 9 Castlewellan 27 Corglass 17
Avehy 9 Fern 30 Brantry 21
Lee 9 Narye 31 Creeve 25
Auva 10 Emy 41 Carrick 34
Madral 12 B allydoo l^ 53 Drumacrittin 36
Doo 17 Town 61 Deraith 38
Aillbrack 24 Muckno 65 Roughan 43
Killtyfanad 25 Tullynawood 68 Legane 47
Keagh 35 Altnadua 71 Bawn 58
Shivnagh 42 Lisleitrim 84 Gortnawinny 91
Natroory 182 White 104 Sand 184
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2.1.2 Lakes sampled in summer 2006
Twenty-one additional lakes were selected for sampling in summer 2006 (Figure 2.2). 

These were selected to represent a relatively even spread o f lakes across the three 

alkalinity categories, and a range o f TP concentration (7- >300 |ag TP l ’) (Table 2.2). 

Lakes were sampled for macroinvertebrates and water chemistry in summer (August) 

2006. Soft habitats were sampled in all twenty-one lakes, while hard habitats were 

sampled in thirteen o f the lakes.

Figure 2.2 Location o f lakes sampled in summer (August) 2006. Lakes are colour

coded according to alkalinity category. Low alkalinity O; Moderate 

alkalinity O; high alkalinity • .

0 50 100 150 200 km
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Table 2.2 Alkalinity category and approximate TP concentration from which lakes were selected for sampling in summer 2006.

Low Alkalinity
(<20 mg CaCOj L *)

TP concentration 
Lake name (ug L'')

Moderate Alkalinity 
(20-100 mg CaCOi L ’)

TP concentration 
Lake name (ug L'')

High Alkalinity 
(>100 mg CaCOj L ’)

TP concentration 
Lake name (fig L'O

Derg 9 Kiltooris 7 Kilroosky 22
Formal 13 Melvin 10 Castlehume 22
Nadarra 24 Akibbon 11 Summerhill 23
Lea 33 Lattone 17 Rossole 32
Corry 52 Bunerky 35 Laragh 49
Meenameen 67 Big Dogs 61 Acrussel 309
Glencreawan 142 Coranny 73

Ross 107
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2.1.3 Experimental lakes
Nine moderate alkalinity lakes (33-97 mg CaCOs L '), representing a gradient of TP 

concentration, were selected for sampling of additional components in summer 2006. 

Lakes were located in Counties Leitrim, Longford, Fermanagh, Donegal and Cavan 

and were sampled between 13 June and 15 July 2006 (Figure 2.3). Epilithon, seston 

and macroinvertebrate samples were collected for both stable isotope and phosphorus 

analyses at three sites in each lake (Chapter 6: Feeding Response of Selected 

Macroinvertebrates to Nutrient Enrichment). Productivity rates of planktonic and 

epilithic algal were also measured at these three sites (Chapter 5: Algal Productivity).

Figure 2.3 Location of the 9 experimental lakes sampled in summer (August)

N
t

2006.
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2.2 Field methods

2.2.1 Water chemistry
Water was sampled using a weighted 5 litre plastic bottle with attached rope, thrown 

at least 15 m from the shore. Three replicate 0.5 litre samples were filtered through 

Whatman® GF/C filter papers immediately after collection in the field using a 

vacuum filtration system and stored in polypropylene centrifuge tubes containing 10 

ml methanol in the dark at 4°C until returned to the laboratory for chlorophyll a 

analysis.

2.2.2 Macroinvertebrates
Macroinvertebrates (those invertebrates visible to the naked eye and typically trapped 

in a standard pond net) were sampled from the littoral zone of each lake. This is the 

euphotic area of the lake shore up to the depth at which macrophyte growth is no 

longer supported. At the first visit to each lake, the littoral zone was examined on 

foot, ensuring that available habitats were seen. Three representative sites each of 

hard (pebbles, gravel or bedrock) and soft (fine or organic sediments or macrophytes) 

littoral substrates were selected, where present. Care was taken to avoid sampling in 

large reed beds and to ensure that these sites were away from inflows and any 

obvious discharges.

Macroinvertebrates were sampled at each lake by kick sampling with a standard 

Freshwater Biological Association (FBA) pond net of 1 mm mesh size. One-minute 

samples were collected for each of the three representative sites for the two habitat 

types. In hard habitats this involved shuffling backwards, using each foot in turn to 

thoroughly disturb the substrate while the handnet was held in front and passed from 

side to side, ensuring that the disturbed substrate and its associated 

macroinvertebrates passed into the net. In soft habitats, the substrate was disturbed 

using the handnet, by knocking it gently against the substrate.

After a sample was collected, a white sorting tray was half-filled with lake water. 

The handnet was turned inside out and thoroughly rinsed into the tray. Any 

macrophytes or large cobbles included in the sample were carefully inspected and any 

attached macroinvertebrates included in the sample before the macrophytes or large 

cobbles were discarded. Excess water was removed from the sample by pouring the
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contents o f  the white tray though a sieve o f  mesh size 500-|xm. The sample was 

transferred to a plastic sample bottle, adding 90% industrial methylated spirits (IMS) 

so that the sample was well covered. Each bottle was carefully labelled with the 

following details; lake name, date, habitat type, sample number and length o f  sample 

(in minutes). At each lake a field sheet was completed, recording details o f  each 

sample site. A sketch map was made o f  the location showing sampling sites and 

recording any further information o f  note. A photograph o f  each site was taken and 

GPS position recorded.

2.3 Laboratory methods 

2.3.1 Water ch emistry
In the laboratory, pH, alkalinity, conductivity, colour, dissolved total organic carbon, 

chlorophyll a, total phosphorus and total nitrogen were quantified following standard 

methods. The pH o f  lake water samples was measured in the laboratory shortly after 

collection on a Jenway 3030 pH meter. pH was measured on 50 ml o f  unfiltered 

sample by inserting the pH electrode and recording the value once it stabilised. 

Alkalinity concentrations in low alkalinity lakes were measured on 100 ml samples 

following Mackereth el al. (1989), and were measured on 50 ml samples for high 

alkalinity lakes following Clesceri et al. (1989). A Metrohm 715 Dosimat automatic 

dispenser was used to titrate the sample with 0.01 M H2 SO4  to one pH endpoint for 

high alkalinity samples and to three pH endpoints for low  alkalinity lakes. The 

titration was completed within two minutes and a magnetic stirrer was used 

throughout to ensure that mixing occurred. Conductivity o f  lake water was measured 

on approximately 100 ml o f  sample in a glass beaker using a WTW Microprocessor 

Conductivity Meter LF196 and reported as )asiemens cm’’ at 25°C. Turbidity and true 

colour (after filtration through Whatman® GF/C filter paper) were measured with a 

Hach® DR2000 spectrophotometer. Chlorophyll a analysis was carried out 

according to the Standing Committee o f  Analysts (1983). In the laboratory, samples 

were heated in a water bath at 65°C to further extract pigment from filters, 

centrifuged, and analysed for chlorophyll a  content on a Shimadzu® UV-1601 UV- 

Visible spectrophotometer by measuring absorbance against a methanol blank at both 

665 nm (the chlorophyll peak) and 750 nm (turbidity correction). Total organic 

carbon (TOC) in samples was measured following the thermocatalytic NDIR method 

(combustion/non-dispersive infrared gas analysis). The sample was acidified with a
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few  drops o f  2M HCl and purged with high purity air to eliminate the inorganic 

carbon component prior to measuring the total carbon. TOC concentration was 

measured using a Shimadzu® TOC-5000A.

Total phosphorus was determined in triplicate according to the method o f  Eisenreich 

et al. (1975). This method is based on potassium peroxide sulphate (K2 S2O 8 ) 

digestion o f  the sample, resulting in the conversion o f  phosphorus that is organically 

bound to phosphate. Unfiltered water samples and PO4-P standards were analysed in 

triplicate. A volume o f  25 ml o f  each sample was pipetted into an autoclaveable glass 

bottle and 5 ml digestion reagent added. Caps were loosely replaced and samples 

were autoclaved at 15 psi for 30 minutes, after which they were allowed to cool to 

room temperature and mixed with 5 ml mixed reagent (containing H2SO4, antimony 

stock, molybdate stock and ascorbic acid). Sample absorbance was measured after 

colour development on a Shimadzu® UV-1601 UV -Visible spectrophotometer at 882 

nm. Total nitrogen present in the samples was determined in triplicate according to 

Grasshoff et al. (1999). This method is based on alkaline persulphate digestion 

converting organically bound nitrogen and ammonia to nitrate. Triplicate 50 ml 

samples and nitrate standards were dispensed into polypropylene bottles and 5 ml o f  

oxidising reagent added. Samples were autoclaved at 15 psi for 30 minutes and were 

then measured for nitrate content using a continuous flow  auto-analyser 

(AutoAnalyzer 3, Bran and Luebbe® AACE 5.40)

2.3.2 Quality control
As a means o f  quality control, samples o f  known concentration (QCs) were run along 

with lake water samples for each analysis o f  total phosphorus and total nitrogen. QC 

solutions were prepared from different stock reagents to those used for preparing 

concentration standards. For phosphorus analysis, the QC concentration used was 25 

|xg r ' TP, while for nitrogen analysis the QC concentration was 1 mg l ' NO 3-N.

2.3.3 Macroinvertebrates 
2.3.3.1 Splitting procedure

The three one-minute samples from each habitat were combined prior to sorting and 

taxonomic identification. Where samples had a very high abundance o f  

macroinvertebrates they were split, repeatedly where required, after combination o f  

replicate samples. This was carried out using a specially constructed splitting device
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(Figure 2.4), consisting of a funnel that enters a short section of plastic tubing and 

then divides into two tubes, directing the sample to split into two approximately equal 

parts. The sample was first mixed with water in a large plastic beaker. This was 

poured into the funnel of the sample splitter and collected in two large plastic beakers 

after splitting. The proportions by weight, of each subsample were calculated. This 

process was continued until more manageable numbers were present, to a minimum 

of 500 individuals.

.sample to bp spht

Fmuiel

   --------  Sample .^pht uito two equal
'  halves

Figure 2.4 Apparatus for splitting macroinvertebrate samples

The method used for sample splitting was assessed with a Chi Squared test. Eight 

samples were split, and both sample weight and number of animals in each half was 

recorded. The number o f animals expected in each half of the sample was calculated 

using the weight of that half o f the sample, and compared to the number of animals 

actually observed. For seven of the eight samples tested, the observed number of 

animals was not significantly different than that expected (Table 2.3). Only the 

sample from Cashel Upper had a significantly different number of animals than was 

expected. Across all lakes, however, the number o f animals observed for each half of 

a split were not significantly different than those expected, thus this appears to be a 

reliable method of sample splitting.
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Table 2.3 Chi Squared Test comparing observed (number of animals found) 

versus expected (proportions o f weight in each half of a split) for 8 

lakes (for individual lakes, p<0.05 when <3.84 (df=l) and for all 

lakes combined, p<0.05 when X^<25.00 (df=15).

Lake Df
Castlewellan 1 1.27
Muckno 1 2.69
Tullynawood 1 2.85
Roughan 1 3.72
Deraik 1 0.01
Cashel Upper 1 11.98
Bawn 1 0.05
Derrybrick 1 0.55
All Lakes 15 23.12

2.3.3.2 Sorting and identification

Preserved samples were sieved to remove IMS and transferred into a white sorting 

tray half filled with water. Macroinvertebrates present were removed from the 

sample and sorted into broad types, generally to order or family level. These were 

then placed in small, labelled glass bottles containing 90% IMS for subsequent 

identification. Macro-invertebrates were identified using an Olympus® SZ2-1LST 

dissecting stereomicroscope x40 magnification and an Olympus® KL1500 LCD 

fibre-optic light source; in most cases identifications were made to species level using 

the keys of Ashe et al. (1998), Edington and Hildrew (1995), Elliott and Mann 

(1979), Elliot et al. (1988), Fitter and Manuel (1986), Friday (1988), Gledhill et al. 

(1993), Holland (1972), Hynes (1977), Macan (1977), Miller (1996), Reynoldson and 

Young (2000), Richoux (1982), Savage (1989), Savage (1999), and Wallace et al. 

(2003). Macroinvertebrates were identified to family level for dipteran larvae, 

odonatan larvae and Collembola, while nematodes, oligochaetes and Hydrachnidia 

were not identified further. Random samples were identified by an independent 

individual to ensure quality assurance of identification. Where samples had been 

split, identified species proportions were multiplied by the total proportion of sample 

used (based on weight), to give an estimated abundance of each species in the pooled 

samples.
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3. Response of maeroinvertebrate communities to
nutrient enrichment

3.1 Introduction

3.1.1 Maeroinvertebrate Communities
Although there is a long history and widespread use of littoral maeroinvertebrate 

communities as bioindicators in rivers (Hellawell, 1986, Rosenberg and Resh, 

1993), investigations into community responses to nutrient pressures in lakes have 

been much more limited (Brodersen et ai, 1998, White, 2001, Tolonen et al, 

2001). Following early work of Thienemann (1918, Thienemann, 1921), several 

studies have examined the usefulness of profundal communities in monitoring the 

effects of eutrophication in lakes, with changes in the species composition of 

communities along the productivity gradient (Saether, 1979, Brodersen and 

Lindegaard, 1999, Langdon et ai, 2006). In contrast, investigations into littoral 

maeroinvertebrate community responses to nutrient enrichment are much more 

recent (Brauns et al, 2007a, Tolonen et al., 2001, Tolonen, 2004, White, 2001, 

Brodersen et al., 1998, Pinel-Alloul et ai, 1996, Vemeaux et ai, 2004). Lake 

littoral zones typically comprise a mosaic of habitat patches or mesohabitats (Raven 

et ai, 1997, White and Irvine, 2003), providing a very heterogeneous substratum. 

Several recent studies have taken a multihabitat approach when investigating 

responses of littoral maeroinvertebrate communities to nutrient enrichment (Brauns 

et ai, 2007a, Heino, 2000), in an attempt to account for the heterogeneity of the 

littoral environment.

3.1.2 Functional Feeding groups
Trophic structure of freshwater benthic macro-invertebrates comprises groups with 

dependence on particular food resources. On the basis of the actual food that is 

ingested, most aquatic insects are omnivorous. This can make simple trophic 

classification unclear, while functional feeding groups (FFGs) have been identified 

to classify macro-invertebrate types on the basis of morpho-behavioural 

mechanisms of acquiring food (Merritt and Cummins, 1996). These are categorised 

by the identification of analogous feeding structures in different invertebrates 

(Merritt and Cummins, 1996). For example, very similar mandibles are present in 

several taxa (e.g. some Trichoptera and Coleoptera) to enable periphyton to be
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scraped from submerged surfaces. In the classification scheme devised by Merritt 

and Cummins (1996), the group of macro-invertebrates feeding on coarse 

particulate organic matter (CPOM) are known as shredders, those feeding on fine 

particulate organic matter (FPOM) are known as collectors, periphyton feeders are 

known as scrapers (or grazers) and those feeding on invertebrate prey are termed 

predators. This classification of macro-invertebrates using functional feeding 

groups may provide a useful insight into the degree to which the invertebrate fauna 

o f a system are dependent upon a particular food type, as the ratios of the different 

functional feeding groups often alter in conjunction with a change in the relative 

dominance o f food types (Merritt and Cummins, 1996). Thus, species belonging to 

each of these groups may respond differently to nutrient enrichment, depending 

upon the manner in which this affects their primary food resource. Those 

depending upon plant material (scrapers of periphyton and shredders of dead plant 

material) or fractions (collectors of particles) are likely to exhibit the strongest 

response to increased nutrient supply. ‘Sensitive’ feeders such as shredders and 

scrapers are assumed to be more sensitive, while ‘generalists’, such as gatherers and 

filterers, are assumed to be more tolerant of pollution that might alter the 

availability o f certain food types (Barbour et al., 1996). Many benthic 

macroinvertebrate taxa may have mouthparts specialized for ingesting a particular 

food type, for instance food that is attached to surfaces (grazers) or loose food 

particles that are fine (gatherers) or coarse (shredders) in size (Cummins, 1973). 

However, the presence of specialized mouthparts does not indicate obligate 

resource utilization (Minshall, 1988, Palmer et al., 1993, Mihuc and Minshall, 

1995), and generalist resource niches may predominate among benthic 

macroinvertebrates. The categorization of macroinvertebrate taxa into FFGs was 

further developed by Moog (2001) with the AQEM database o f species 

autoecological traits (Asterics® Version 3.01 software 01 (http://www.aqem.de). 

This system classifies macroinvertebrates into FFGs of grazers, miners, 

xylophagous feeders, shredders, gathering collectors, active filter feeders, passive 

filter feeders, predators, parasites and others, on the basis of feeding behaviour and 

food types consumed (Moog 2001); each species is given a score o f 10, divided 

among the FFGs.
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Any potential effects o f nutrient enrichment on the FFG structure of 

macroinvertebrate communities in the littoral may be modified by fish predation, as 

biotic interactions with both primary producers and predators can affect the species 

composition (Tolonen et a l ,  2001). Effects o f fish predation have been 

demonstrated much more frequently for large and mobile benthic 

macroinvertebrates than for small or cryptic taxa (Diehl, 1992). Predatory 

macroinvertebrates may be particularly susceptible to fish predation, owing to their 

larger mean size, as well as to other factors such as higher activity (McPeek, 1990). 

Increased fish predation on predatory invertebrates has the potential to affect the 

entire feeding structure o f the macroinvertebrate community if  smaller, non- 

predatory invertebrates are released from invertebrate predation pressure.

The main objective o f this chapter was to examine the influence o f  eutrophication 

on the composition and structure o f littoral macroinvertebrate communities leading 

to two main hypotheses. The first hypothesis is that littoral macroinvertebrate 

community structure (in terms o f species complement and FFGs) will alter with 

increasing nutrient concentrations. The second hypothesis is increasing nutrient 

concentrations lead to increased feeding generalism o f the community. 

Incorporated in the analyses was the effect o f habitat structure (hard and soft 

substrates) and o f fish predation (based on data supplied by the Central Fisheries 

Board).
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3.2 Methods

3.2.1 Study sites
Forty-five lakes, representing a gradient o f total phosphorus (TP) concentration (1- 

>180 ng r') across three alkalinity categories containing 15 lakes each, were 

sampled seasonally (April/May and August) in 2005. These correspond to ‘2005 

lakes’ as described in Chapter 2. Categories were designated as ‘low’ (<20 mg 

CaCOs r') ‘moderate’ (20-100 mg CaC03  l ') and ‘high’ (>100 mg CaCOs l ’) 

alkalinity. The final data set comprised 164 samples. More information on the 

typology of these lakes is given in Chapter 2, Section 2.1.1 ‘Lakes sampled in 

spring and summer 2005’.

Twenty-one additional lakes, representing a gradient of total phosphorus (TP) 

concentration (7- >300 |jg l ’) across three alkalinity categories (as above) were 

sampled in summer 2006. Soft habitats were sampled in all twenty-one lakes, while 

hard habitats were sampled in thirteen of the lakes, giving a total of 34 samples. 

More information on the typology of these lakes is given in Chapter 2, Section 2.1.2 

‘Lakes sampled in summer 2006’.

Forty of the sixty-six lakes from 2005 and 2006 combined were sampled by the 

central Fisheries board (CFB) during 2005 and 2006 as part o f the NS-SHARE 

project. The CFB estimated several metrics of fish composition and abundance and 

these were available for analysis for forty lakes.

3.2.2 Chemical sampling
Water was sampled using a weighted 5 1 plastic bottle. Water samples were 

analysed for pH, alkalinity, conductivity, colour, dissolved total organic carbon 

(DTOC), chlorophyll a (Analysts, 1983), total nitrogen (TN) (Grasshoff et ai ,  

1999) and total phosphorus (TP) (Eisenreich et a i ,  1975). Details of each of these 

methods are given in Chapter 2, Section 2.3.1 ‘Water Chemistry’.

3.2.3 Biological sampling
At each lake, three distinct sampling sites were selected for ‘hard’ (gravels, pebbles 

or cobbles) and ‘soft’ (silt, sand, mud or marl, with or without small submerged 

macrophytes but excluding sites that had large and obvious reed beds) littoral
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substrates. Macroinvertebrate samples were collected by kick sampling for 1 

minute with a standard Freshwater Biological Association (FBA) net (mesh size 

1mm), sieved to remove excess water and preserved in 90% industrial methylated 

spirits. Replicate 1 minute samples from each substrate type were combined and, 

where required, samples were split to give a minimum of 500 animals to identify. 

All individuals were identified to the lowest practicable level, generally species. 

Further detail on biological sample collection and processing is provided in Chapter 

2, Section 2.2.2 ‘Macroinvertebrates’ and Section 2.3.3 ‘Macroinvertebrates’, 

respectively.

5.2.4 Effect of nutrient enrichment on macroinvertebrate community 
structure

3.2.4.1 Relating macroinvertebrate taxa richness and diversity metrics to nutrient 
enrichment

Metrics with potential for describing community responses to eutrophication -  Taxa 

richness (number of taxa). Biological Monitoring Working Party (BMWP) score. 

Average Score Per Taxon (ASPT), Simpson’s, Shannon-Wiener and Margalef 

diversity indices and Evenness - were calculated by the Asterics® Version 3.01 

software (see http://www.aqem.de for more information). Mean values for samples 

from 66 lakes (45 sampled in spring and summer 2005 and 21 sampled in summer 

2006) were included in the analysis. Pairwise relationships were examined between 

each of these metrics and water chemical measures using Spearman’s rank 

correlation.

3.3.4.2 Relating macroinvertebrate taxonomic structure to nutrient enrichment
Relationships between indicators of nutrient enrichment (TP, TN, chlorophyll a)

and the proportional abundance of Platyhelminthes, Gastropoda, Bivalvia, 

Oligochaeta, Hirudinea, Crustacea, Araneae, Ephemeroptera, Odonata, Plecoptera, 

Heteroptera, Megaloptera, Trichoptera, Lepidoptera, Coleoptera, Diptera and 

Hydrachnidia were examined using Spearman’s rank correlation. Mean values for 

samples from 66 lakes (45 sampled in spring and summer 2005 and 21 sampled in 

summer 2006) were included in the analysis.

Canonical Correspondence Analysis (CCA) was used to examine the ability of 

measured environmental variables to explain the variability present in the
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macroinvertebrate community. The ten environmental variables included in the 

analysis were season, habitat, pH, alkalinity, conductivity, chlorophyll a, TN, TP, 

DTOC and colour. The ordination was performed on log-transformed (x+1) 

proportional abundance data and presence absence data (164 samples in each case) 

using automatic forward selection of the environmental variables and down- 

weighting of rare species in the proportional abundance data set.

3.2.5 Macroinvertebrate Functional Feeding Group Changes

3.2.5.1 Relating FFG proportions to nutrient enrichment
Proportions of FFGs in all samples were calculated using the Asterics® Version

3.01 software. Taxa were categorized into the following FFGs: grazers, miners, 

xylophagous feeders, shredders, gathering collectors, active filter feeders, passive 

filter feeders, predators and parasites. In this system, taxa are given a score out of 

10 for each FFG (based on literature relating to their feeding habits), and weighted 

so as to provide a total score o f 10 across all FFGs. Relationships were looked for 

between proportions of each FFG in a sample and indicators of nutrient enrichment, 

across all lakes as well as within habitat types (i.e. hard and soft) using Pearson’s 

correlation.

CCA analysis was used to examine the ability of environmental variables to explain 

the variation present in the FFG structure of the macroinvertebrate community. The 

nine environmental variables included in the analysis were alkalinity group, habitat, 

season, conductivity, DTOC, colour, TP, TN and chlorophyll a. The ordination was 

performed on FFG proportional abundance data using automatic forward selection 

of the environmental variables.

Fish data were provided by the CFB for forty of the sixty-six lakes sampled in 2005 

and 2006. Four fish metrics, namely total catch per unit effort (CPUE), total 

biomass per unit effort (BPUE), % cyprinid o f total individuals and % cyprinid of 

total biomass, were examined to see if they had any significant top-dowTi effects on 

the FFG structure o f macroinvertebrate communities. CCA analysis was performed 

with each of the four fish metrics included in turn over all samples. Analysis was 

also carried out for hard and soft habitats separately.

24



3.2.5.2 Multiple Analysis o f Covariance (MANCOVA)
Multiple Analysis of Covariance (MANCOVA) was carried out, with alkalinity 

group, habitat, season, total phosphorus, total nitrogen, chlorophyll a, conductivity, 

colour and DTOC concentrations as independent variables and percentage of all 

littoral macro invertebrate FFGs as dependent variables. Variables were log 

transformed, where necessary, to achieve nomiality. MANCOVA tests the main 

and interaction effects of categorical (alkalinity group, habitat) variables on a 

continuous dependent variable, controlling for effects of other continuous variables, 

which covary with the dependent variable.

3.2.5.3 Relating macroinvertebrate feeding generalism to nutrient enrichment
Donohue et al. (2008) derived two metrics of the extent o f feeding generalism. The

first of these (gi) was calculated for each sample as:

- £ f f g ,
g, = -J-------

n

where FFG, is the number of functional feeding groups, as defined in the 

autoecological traits database contained in the Asterics® Version 3.01 software (see 

http://www.aqem.de for more information), occupied by the rth taxon and n is the 

number of taxa found in the sample. This metric weights each taxon equally, 

irrespective of their relative abundance in a sample. A second metric incorporates 

the relative abundance of each taxon found in a sample, as follows:

g2 = '^{FFGi){pai)
1

where pa, is the proportional abundance of the ith taxon in the sample.

These two scores of macroinvertebrate feeding generalism were calculated for each 

sample, and relationships were examined between these measures and water 

chemical indicators of nutrient enrichment across all lakes as well as within habitat 

types using Pearson’s correlation.
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3.3 Results

3.3.1 Effect of nutrient enrichment on macroinvertebrate community 
structure

3.3.1.1 Relating macroinvertebrate taxa richness and diversity metrics to nutrient 
enrichment

Spearman rank correlations were used to examine relationships between indicators 

of nutrient enrichment (TP, TN, chlorophyll a) and taxa richness, abundance, 

evenness, and BMW?, ASPT, Simpson’s, Shannon-Wiener and Margalef diversity 

indices across the 66 lakes. Mean taxa richness was not significantly related to 

nutrient enrichment indicators, while mean taxa abundance was significantly related 

to log TP (r=0.24, n=66) and log TN (r=0.23, n=66) at just over the p<0.06 level of 

significance. Significant correlations were found between mean Margalef Index 

score and mean log TP (r=0.26, p<0.05, n=66) and between mean ASPT score and 

mean log chlorophyll a (r=-0.30, p<0.05, n=66).

3.3.1.2 Relating macroinvertebrate taxonomic structure to nutrient enrichment
Spearman rank correlation was used to examine relationships between indicators of

nutrient enrichment (TP, TN, chlorophyll a) and the proportional abundance of 

Platyhelminthes, Nematoda, Gastropoda, Bivalvia, Oligochaeta, Hirudinea, 

Crustacea, Araneae, Ephemeroptera, Odonata, Plecoptera, Heteroptera, 

Megaloptera, Trichoptera, Lepidoptera, Coleoptera, Diptera and Hydrachnidia in 

samples (Table 3.1 gives all significant relationships). Eutrophication was 

associated with a higher mean proportion of Turbellaria, Hirudinea and Crustacea, 

but a lower mean proportion of Bivalvia, Ephemeroptera, Plecoptera, Coleoptera and 

Ephemeroptera/Plecoptera/Trichoptera (EPT) taxa.

26



Table 3.1 Spearman rank correlation matrix o f taxa groups significantly 
correlated with indicators of nutrient enrichment (mean of samples 
from two seasons and two habitats for the 45 ‘2005 lakes’ and mean 
of samples from two habitats for the 21 ‘2006 lakes’. Significant 
relationships between variables are highlighted and level of 
significance given (*p<0.05, **p<0.01, n=66 in all cases).

TP TN Chlorophyll a

Turbellaria 0.26* 0.16 0.21

Bivalvia -0.09 -0.13 -0.23*

Hirudinea 0.28* 0.24* 0.25*

Crustacea 0.21 0.33** 0.29*

Ephemeroptera -0.40** -0.54** -0.52**

Plecoptera -0.31* -0.37** -0.41**

Coleoptera -0.37** -0.35** -0.33**

EPTTaxa -0.41** -0.54** -0.52**

CCA analysis was used to examine the ability of environmental variables to explain 

the variation present in the macroinvertebrate community composition. The 

ordination was performed on log (x+1) transformed proportional abundance data 

using automatic forward selection of the environmental variables and down- 

weighting of rare species in the proportional abundance data set (Figure 3.1 a and b, 

respectively), wherein in CANOCO species with a total frequency less than one 

fifth of the maximum recorded total frequency are weighted in proportion to their 

frequency divided by one fifth of the maximum recorded total frequency (Ter Braak 

and Smilauer, 2002). The length and direction of the arrows on the CCA 

ordinations indicate the gradients and the relative importance of the environmental 

factors in explaining the variation in the biological community.

The ten measured environmental variables could explain 50% and 97% of the 

variability (total inertia) in the transformed abundance and presence absence 

biological data, respectively. The results indicated that axesl and 2 of the 

ordination explained 55% and 41% of the biological data in the transformed 

abundance and presence absence data, respectively (Tables 3.2 and 3.3). Monte 

Carlo permutation tests indicated that all ten variables were significant in 

explaining some of the variation seen in the transformed abundance data, nine at 

p<0.01 and one (colour) at p<0.05. Six of the ten variables were significant in
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explaining some of the variation seen in the presence absence data, namely season, 

pH, habitat, TN, DTOC (all at p<0.01) and chlorophyll a (at p<0.05).

Table 3.2 Summary statistics of CCA ordination on log (x+1) transformed 
proportional abundance data, using automatic forward selection of 
10 environmental variables. n= 198.

Axis 1 Axis 2 Axis 3 Axis 4 Total
inertia

Eigenvalues 0.178 0.100 0.063 0.038
Species-enviroiunent correlations 
Cumulative percentage variance

0.875 0.882 0.707 0.730

of species data 5.9 9.2 11.3 12.5
of species environment relation 

Total inertia
35.5 55.4 67.9 75.5

0.501

T able 3.3 Summary statistics o f  CCA ordination on presence absence data, 
using automatic forward selection o f 10 environmental variables. n= 
198.

Axis 1 Axis 2 Axis 3 Axis 4 Total
inertia

Eigenvalues 0.233 0.159 0.120 0.101
Species-environment correlations 
Cumulative percentage variance

0.852 0.882 0.811 0.806

of species data 2.1 3.6 4.6 5.6
of species environment relation 

Total inertia
24.1 40.5 52.9 63.3

0.968
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proportional abundance data and b) presence/absence data. Low alkalinity 
lakes are represented by red circles, moderate alkalinity lakes by green 
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Forward selection results are given for the transformed abundance data and 

presence absence data in Tables 3.4 and 3.5, respectively. The marginal effects (the 

percentage variance explained by each environmental variable individually) 

indicated that for the proportional abundance data, pH and alkalinity explained the 

most variation, while for the presence absence data season and pH explained the 

most variation. The conditional effects give the relative importance of variables in 

terms of their contribution to explaining additional variation in biological data, 

along with their significance. For proportional abundance and presence absence 

data, pH, season and habitat explained the most variation in taxonomic 

composition, followed by indicators o f trophic enrichment.

Table 3.4 Summary of automatic forward selection in CCA ordination using 
log (x+1) transformed proportional abundance data and 10 
environmental variables. n=198.

Marginal Effects Conditional Effects
Variable Lambda-1 Variable Lambda A P F
pH 0.13 pH 0.13 0.002 8.84
Alkalinity 0.12 Season 0.11 0.002 7.32
Season 0.11 Habitat 0.06 0.002 4.31
Conductivity 0.11 TN 0.05 0.002 4.12
TN 0.09 Conductivity 0.04 0.002 2.43
Chlorophyll a 0.07 TP 0.03 0.002 2.19
Habitat 0.06 Alkalinity 0.02 0.006 1.66
TP 0.06 Chlorophyll a 0.02 0.006 1.6
Colour 0.06 DTOC 0.02 0.004 1.65
DTOC 0.03 Colour 0.02 0.040 1.38

Table 3.5 Summary of automatic forward selection in CCA ordination 
presence absence data and 10 environmental variables. n=198.

using

Marginal Effects 
Variable Lambda-1 Variable

Conditional Effects 
Lambda A p F

Season 0.17 Season 0.17 0.002 8.84
pH 0.17 pH 0.17 0.002 7.32
Alkalinity 0.16 Habitat 0.12 0.002 4.31
Conductivity 0.15 TN 0.11 0.002 4.12
TN 0.14 Chlorophyll a 0.08 0.012 2.43
Habitat 0.13 DTOC 0.08 0.004 2.19
Chlorophyll a 0.11 Colour 0.06 0.11 1.66
TP 0.10 TP 0.07 0.194 1.6
DTOC 0.09 Alkalinity 0.05 0.326 1.65
Colour 0.08 Conductivity 0.06 0.51 1.38
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The importance of both pH and season can be seen in Figure 3.1. In both cases, 

TN explained a greater amount of variance in taxonomic composition than TP.

3.3.2 Macroinvertebrate Functional Feeding Group Changes 

3.3.2.1 Relating FFG proportions to nutrient enrichment
Relationships were looked for between proportions o f each FFG in a sample and 

indicators of nutrient enrichment, across all samples as well as within habitat types 

(hard and soft). Across all samples, shredders were positively correlated with TP, 

gathering collectors were negatively correlated with TP and chlorophyll a, and 

predators were positively correlated with chlorophyll a (Table 3.6). In hard 

habitats, grazers were significantly negatively correlated with TP, TN, and 

chlorophyll a. In soft habitats, shredders were significantly positively correlated 

with TP, TN and chlorophyll a, while active filter feeders were significantly 

negatively correlated with TP, TN and chlorophyll a. Although not all relationships 

were significant, individual FFGs in Table 3.6 follow the same trends i.e. positive 

or negative relationships with TP, TN and chlorophyll a.
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Table 3.6 Spearman rank correlation matrix of functional feeding groups 
significantly correlated with indicators o f nutrient enrichment for all 
lakes and for hard and soft habitats of 66 lakes. Significant 
relationships between variables are highlighted and level of 
significance given (*p<0.05, **p<0.01; n=66 for all samples, 58 for 
hard habitats and 56 for soft habitats).

TP TN Chlorophyll a

All Lakes:

Shredders 0.24* 0.2 0.09

Gathering Collectors -0.33** -0.12 -0.24*

Predators 0.14 0.04 0.26*

Hard Habitats:

Grazers -0.37** -0.32* -0.38**

Soft Habitats:

Shredders 0.35** 0.37** 0.38**

Active Filter Feeders -0.28* -0.30* -0.42**

The ability of ten environmental variables to explain the variability present in the 

FFG structure of the macroinvertebrate community was assessed using CCA. The 

ten environmental variables were habitat, season, alkalinity, conductivity, TN, TP, 

chlorophyll a, DTOC, pH and colour. The ordination was performed on FFG 

proportional abundance data using automatic forward selection of the 

environmental variables (Figure 3.2). The length and direction of the arrows on the 

CCA ordination indicate the gradients and the relative importance o f the 

environmental factors in explaining the variation in the FFG of the communities. 

The measured environmental variables could explain 53% of the variability (total 

inertia) in the FFG proportional abundance data. The results indicated that axes 1 

and 2 of the ordination explained 82% of that variance (Table 3.7).
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Table 3.7 Summary statistics o f CCA ordination on functional feeding group 
proportional abundance data, using automatic forward selection of 9 
environmental variables. n"= 198.

Axis 1 Axis 2 Axis 3 Axis 4 Total
inertia

Eigenvalues 0.044 0.022 0.008 0.004

Species-environment correlations 0.518 0.467 0.309 0.297
Cumulative percentage variance 

of species data
of species environment relation

8.3
55.3

12.4
82.2

14
92.5

14.6
97

Total inertia 0.532

Table 3.8 Summary o f automatic forward selection in CCA ordination using 
functional feeding group proportional abundance data and 9 
environmental variables. n=198.

Marginal Effects Conditional Effects
Variable Lambda-1 Variable Lambda A P F
Colour 0.02 Colour 0.02 0.002 9.04
Alkalinity 0.02 Season 0.02 0.002 6.01
Season 0.02 pH 0.01 0.002 4.65
pH 0.02 Habitat 0.01 0.004 3.65
Conductivity 0.01 DTOC 0.00 0.158 1.63
Habitat 0.01 Alkalinity 0.01 0.334 1.12
TN 0.01 Conductivity 0.00 0.016 3.18
DTOC 0.01 TN 0.01 0.092 1.96
Chlorophyll a 0.00 TP 0.00 0.798 0.48
TP 0.00 Chlorophyll a 0.00 0.894 0.36

Forward selection results are given in Table 3.8. The marginal effects indicated 

that colour, alkalinity, season and pH explained the most individual variation. The 

conditional effects indicate that colour, season, pH and habitat explain the most 

variation in FFG community composition, followed by conductivity and TN. Thus, 

any influence of nutrient enrichment on FFG structure appears to be secondary to 

influences o f season, pH and habitat, and TN is more important than TP in 

explaining variation in FFG structure of the macroinvertebrate communities. 

Individual FFGs do not demonstrate strong relationships with multivariate nutrient 

axes, although grazers, shredders and predators do follow the positive axes of 

chlorophyll a, TN and TP.

Forty of the sixty-six lakes sampled in 2005 and 2006 were further examined to test 

whether the fish metrics total CPUE, total BPUE, % cyprinid individuals and % 

cyprinids biomass had any significant top-down effects on the FFG structure of
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macroinvertebrate communities. CCA analysis was performed with each of the 

four fish metrics included in turn over all samples. Analysis was also carried out 

for hard and soft habitats separately. In no case did inclusion of any of the four fish 

metrics explain any additional variance in the proportional abundance data of FFGs.

3.S.2.2 Multiple Analysis o f  Covariance (MANCOVA)
Results from MANCOVA analysis (Table 3.9) show significant effects of alkalinity 

group, season, habitat and (log) conductivity on overall FFG composition. As in 

CCA analysis of FFG community structure, season and alkalinity have a strong 

influence on FFG structure of macroinvertebrate communities.

Table 3.9 Results of MANCOVA analysis with alkalinity group, habitat,
season and water chemical variables as independent variables and 
percentage of all macroinvertebrate FFGs as dependent variables. 
n=198.

Effect Value F Significance
Intercept .682 8.9 .000
TP (log) .977 .458 .901
TN (log) .959 .827 .592
Chlorophyll a (log) .960 .786 .630
Conductivity (log) .917 1.726 .086
Colour (log) .953 .943 .489
DTOC .955 .904 .523
Alkalinity Group .826 1.914 .014
Season .748 6.45 .000
Habitat .83 3.91 .000

The influence of season and habitat on proportional abundance of individual FFGs 

was visually examined (Figure 3.3). Gathering collectors were the dominant FFG 

across all seasons and habitats, followed by shredders and grazers and predators and 

active filter feeders. Parasites, passive filter feeders and miners comprised only a 

small component of the community in all seasons and habitats. Gathering 

collectors and shredders comprised a higher proportion o f the community in spring 

than in summer, while the proportion of active filter feeders was higher in the 

summer. Gathering collectors comprised a higher proportion of the community in 

hard than in soft habitats, while proportions o f active filter feeders and predators 

were higher in soft habitats.
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Figure 3.3 Bar chart showing a) seasonal differences and b) habitat differences 
in individual functional feeding groups for 45 lakes sampled in 
spring and summer 2005 and 21 lakes sampled in summer 2006 
(n=58 for soft habitats and 56 for hard habitats; n=45 for spring and 
66 for summer. Error bars are standard errors).
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3.3.2.3 Macroinvertebrate feeding generalism and nutrient enrichment
Two scores of macroinvertebrate feeding generalism were calculated for each

sample and relationships w'ere looked for between these and indicators of nutrient 

enrichment across all samples as well as within habitat types using Pearson’s 

correlation. The first lake Generalism score 1 (gl) was not significantly correlated 

with any indicator of nutrient enrichment across all lakes. Across all samples, the 

second lake generalism score, g2, was significantly correlated with log chlorophyll 

a (r=0.35, p<0.01, n=66), log TP (r=0.28, p<0.05, n=66), and log TN (r=0.38, 

p<0.01, n=66), shown in Figure 3.4.

In hard habitats, g2 was significantly positively correlated with log chlorophyll a 

(r=0.34, p<0.01, n=58), log TP (r=0.31, p<0.05, n=58) and log TN (r=0.37, p<0.01, 

n=58), while in soft habitats g2 was significantly correlated with chlorophyll a 

(r=0.26, p<0.05, n=58) and TN (r=0.25, p<0.05, n=58). This suggests that feeding 

generalism increases in importance with nutrient enrichment.
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3.4 Discussion

3.4.1 Macroinvertebrate community composition in relation to nutrient 
enrichment

Several authors have found that taxon richness and diversity metrics decrease with 

increasing disturbance owing to disappearance of sensitive species, and have stronger 

ability at detecting change than density measures (Resh and McElravy, 1993). No 

significant relationship was found between taxa richness and indicators o f nutrient 

enrichment (TP, TN and chlorophyll a) in this study, while taxa abundance was 

significantly positively correlated with TP, and TN. Guo and Berry (1998) proposed 

a hump-shaped relationship between species richness and productivity in aquatic 

systems, and Tolonen et al. (2005) found a unimodal relationship of taxa richness 

across a trophic gradient (both across a large trophic range). Therefore, increased 

production may have both positive and negative effects on species richness in 

individual studies depending on the range of trophic conditions examined. All 

diversity metrics had non-significant relationships with nutrient indicators apart from 

ASPT, which was negatively correlated with chlorophyll a, and M argalef s index, 

which was positively correlated with TP, indicating reduction of the more sensitive 

macroinvertebrate families with enrichment. Brodersen et al. (1998) also found 

univariate community and diversity metrics to be uncorrelated, or weakly correlated 

with trophic parameters, while White (2001) and O’Toole et al. (2008) found that 

community metrics commonly used to assess water quality in rivers had limited use 

m lakes.

Nutrient enrichment was associated with higher proportions of Turbellaria, 

Hirudinea, and Crustacea. Proportions of Ephemeroptera, Plecoptera, Coleoptera, 

and Bivalvia decreased with nutrient enrichment. Ephemeroptera, Plecoptera and 

Trichoptera are widely credited with strong ability at reflecting environmental 

conditions in rivers, including acidification, loss of riparian structures and 

sedimentation and nutrient enrichment arising from agricultural intensification 

through reductions in diversity (Bauemfeind and Moog, 2000, Resh and Jackson, 

1993, Quinn and Hickey, 1990, Lenat, 1988).
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The overall response of macroinvertebrate communities to nutrient enrichment, in 

terms of taxonomic structure, was examined with Canonical Correspondence 

Analysis. For proportional abundance data, all ten environmental variables (season, 

habitat, pH, alkalinity, conductivity, chlorophyll a, TN, TP, DTOC and colour) were 

significant in explaining variation in the macroinvertebrate community, while for 

presence/absence data six environmental variables were significant, namely season, 

pH, habitat, TN, DTOC and chlorophyll a. pH explained the highest amount of 

observed variation in the proportional abundance dataset and the second highest 

amount in the presence/absence dataset. This is also evident from the distinct 

separation of low alkalinity lakes on the CCA biplots using both datasets. Season had 

a strong relationship with community structure, explaining the highest amount of 

variance in the presence/absence dataset and the second highest amount o f variance in 

the proportional abundance dataset. Effects of season on community structure are 

likely to be owing, for the most part, to life cycle stages of macroinvertebrates, with 

emergence of most univoltine insects in the summer (Solimini et al ,  2006). This 

should ideally be taken into account in sampling or monitoring programmes and, if 

sampling can only be carried out in one season, it would be better to avoid sampling 

in the summer, as several insect taxa may be missed that emerge during the summer. 

This could influence quality scores, as insect taxa such as mayflies, caddisflies and 

stoneflies are generally considered to be sensitive to anthropogenic disturbance.

Habitat had a strong relationship with community structure, explaining the third 

highest amount o f variance in the macroinvertebrate community structure in both the 

proportional abundance and presence/absence datasets. Habitats sampled in this 

study were of two types -  ‘hard’, comprising cobble, pebble or gravel substrate and 

‘soft’, comprising sediment substrates with or without submerged macrophytes. 

Various macrophyte communities or sediment types have been associated with 

distinct macroinvertebrate communities (Pieczynska et a l ,  1999, Cheruvelil et al.,

2000, Van den Berg et al., 1997, Hinden et a l ,  2005, Heino, 2000, Tolonen et a l ,

2001, White and Irvine, 2003, Brauns et al., 2007a). Macrophyte biomass and 

vegetation type were major determinants of macroinvertebrate community 

composition in two eutrophic lakes in the Netherlands (Van den Berg et a l ,  1997). 

Plant architecture can influence macroinvertebrate abundance, with dissected-leaf 

plants harboring higher abundances o f macroinvertebrates than broad-leaf plants
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(Cheruvelil et ai, 2000). Although few invertebrates feed directly on live 

macrophytes (Newman, 1991), food sources associated with macrophyte habitats, 

such as epiphytic algae, bacteria and decayed macrophyte material are important in 

the diets of many macroinvertebrates (Jones et ai, 1998). Groups comprising 

molluscs and larger swimmers and crawlers, e.g. Coroxidae, Dytiscidae, Odonata, 

Ephemeroptera and Sialidae, may be particularly affected by loss or lack of 

submerged vegetation (Tolonen et ai, 2003). Macrophytes may also act as a refuge 

against fish predation, particularly for larger, more mobile taxa (Tolonen et ai, 

2003). Brodersen et al. (1998) postulate that the heterogeneous substratum of the 

upper littoral zone, with the associated range of microhabitats, is one of the reasons 

for the high invertebrate diversity present. Seasonal differences in communities may 

also be influenced by seasonal changes occurring in habitats (Solimini et ai, 2006). 

Littoral macroinvertebrate communities are likely to be influenced strongly by 

seasonal changes in species composition and abundance of macrophytes (Pieczyhska 

et ai, 1999), while seasonal changes in habitat preference may also affect community 

composition.

Nutrient concentrations explained a significant amount of variance in both the 

proportional abundance dataset and the presence absence dataset. In both

proportional abundance and presence absence datasets, TN and chlorophyll a were 

significant in explaining some variation in the data. TP was significant for 

proportional abundance data but did not explain additional variance for presence 

absence data. Other studies investigating responses of littoral macroinvertebrate 

communities to lake nutrient enrichment have been very limited (Tolonen et ai, 

2001, Brauns et al, 2007b, Brodersen et ai, 1998, White, 2001, White and Irvine, 

2003, Heino, 2000, Tolonen et al, 2005). Heino (2000) found that lake size, moss 

cover and total nitrogen seemed to account for much of the variation in 

macroinvertebrate communities demonstrated with CCA analysis, while depth, 

macrophyte cover and total phosphorus also explained community variation among 

water bodies. Distinct macroinvertebrate community compositions have been 

demonstrated in oligotrophic and hypereutrophic lakes; while communities in 

mesotrophic conditions appear less distinct (Brauns et al, 2007a). Brodersen et al. 

(1998) used multivariate methods to search for patterns in the distribution of the 

invertebrate fauna living on stones in 39 Danish lakes of different trophic status.
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CCA analysis highlighted mean lake depth as the strongest variable in explaining the 

species data, while chlorophyll a and Secchi depth also explained significant 

variation. Brauns et al. (2007a) found effects o f trophic state on macroinvertebrate 

communities to be nested within habitat type, and were influenced by both biotic 

interactions and small-scale habitat complexity. Habitat structure was found by 

Tolonen et al. (2001) to have a stronger effect on the distribution of 

macroinvertebrate communities than trophic status, although this work was carried 

out in systems with a limited range in nutrient conditions (TP among all studied 

habitats ranged from 3-26 (ig l ‘). Across a wider range o f trophic conditions. White 

and Irvine (2003) found that although habitat heterogeneity within the littoral zone 

was important in structuring macroinvertebrate communities, physical, chemical and 

other environmental variables had a greater effect on communities than substrata, 

with overall community variation greater among, than within, lakes. In this study, 

although nutrients were significant at explaining variation in macroinvertebrate 

communities, a higher amount o f the variance was explained by pH, season and 

habitat. It is clear that separating effects of habitat structure, including depth, from 

nutrients can be difficult as these are often interrelated (Solimini et al., 2006). 

Changes in habitat structure may be brought about by nutrient enrichment; for 

instance the unimodal response of macrophytes to phosphorus (Jeppesen et at., 2000) 

or a decrease in surfaces available for periphyton growth owing to sedimentation.

3.4.2 Macroinvertebrate functional composition in relation to nutrient 
enrichment

3.4.2.1 Response o f individual functional feeding groups
In this study, the proportion of shredders and predators in all lakes (i.e. all habitats 

and seasons) increased with nutrient enrichment (Spearman’s Rank correlation 

analysis), while the proportion of gathering collectors decreased. When habitats were 

examined independently, the proportion of grazers decreased in hard habitats, while 

the proportion of active filter feeders decreased and the proportion o f shredders 

increased in soft habitats. Many of these relationships are in direct contrast to those 

found in previous studies. Heino (2000) found a negative relationship between total 

nitrogen and the number o f shredder species in lakes and suggests that allochthonous 

production is more important to shredders than autocthonous production. In this 

study, it is possible that the positive response of shredders to increased nutrient

42



concentrations is owing to the opportunistic nature of many shredder species, with 

species changing food sources to feed on the optimal (the most energy- and nutrient- 

rich) resource present (Bohman, 2005, Mihuc and Mihuc, 1995). Although the 

Amphipod Asellus aquaticus is often classified as a shredder, Bohman (2005) found 

this species to use a broad range of food sources, with the shredder function less 

important than they expected.

The proportion of predatory macroinvertebrates increased with nutrient enrichment 

across all samples. Previous studies have suggested contrasting responses of 

predators to nutrient enrichment or other cases of disturbance. Rawer-Jost et al. 

(2000) tested the performance of six FFG metrics on 12 cases of disturbance 

(increased nutrients, changes in channel morphology, increased cadmium, increased 

chloride, wastewater containing compounds of cellulose and synthetic resins and 

acidification) in 11 streams, each compared to an undisturbed reference site. In all 

cases but one (where Chironomus thummi was virtually the only species remaining), 

the measure ‘% predators’ increased in the disturbed sites and was thus the most 

successful and reliable FFG metric they tested, indicating change in all categories of 

impairment. Quinn & Hickey (1990), however, found significant negative 

correlations between percentage predator biomass and several indicators of 

enrichment (total nitrogen and chlorophyll a) across a gradient of nutrient enrichment 

at 88 sites in New Zealand rivers, suggesting that enrichment related factors brought 

about values that were lower than expected. Lakes of high status could harbour a 

greater proportion of invertebrate predators, owing to the presence of macrophytes 

and their protection against fish predation (Diehl, 1992). However, Blocksom et al. 

(2002) found % predator taxa to have low discriminatory power in distinguishing 

between reference and impaired lakes.

In stony habitats, the proportion of grazing macroinvertebrates decreased with 

nutrient enrichment in this study. Experimental nutrient enrichment of water bodies 

has led to increases in the abundance, and often individual growth rates and biomass, 

o f dominant grazing invertebrates such as Trichoptera larvae (Hart and Robinson, 

1990), gastropod snails (Lamberti et al., 1989, Hann et al., 2001) and Ephemeroptera 

nymphs (Rosemond et al., 1993). This suggests that a bottom-up response to 

increased food availability can be used to indicate ecosystem change. However,
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Rawer-Jost et al. (2000) found the proportion of scrapers (impacted sites versus 

reference sites) decreased in four cases, among them the two acidic streams. The 

scraper community may be more sensitive to changes in acidity than nutrient 

enrichment (Resh and Jackson, 1993). The prevalence of periphyton, a major food 

source of grazers, may increase with nutrient enrichment or decrease with 

sedimentation (Kerans & Karr), followed by changes in abundance of grazers.

The proportion of active filter feeders decreased across a trophic gradient in this 

study. Filter feeders would be expected to thrive in nutrient enriched conditions 

owing to the abundance of suspended organic particulates (Wallace and Webster, 

1996), This may be owing to a reduction in quality of the organic matter in enriched 

conditions, which may be more important than the amount of organic matter present 

(Wallace & Webster, 1996), or clogging of filtering appendages at high sedimentary 

loads of ambient food (phytoplankton) concentrations.

3.4.2.2 Whole-community functional feeding group response
The response of all macroinvertebrate functional feeding groups to explanatory

environmental variables was examined with CCA and MANCOVA analysis. Results 

of the CCA demonstrated that pH, colour, season and habitat had a much stronger 

ability to explain variance in the FFG communities than nutrients. Nitrogen was 

more important than phosphorus (which did not explain any significant additional 

variance) at explaining variation in macroinvertebrate FFGs. MANCOVA analysis 

agreed with these findings, also demonstrating significant effects of alkalinity group, 

season and habitat on FFG structure of the macroinvertebrate communities. There is 

a paucity of studies in the literature regarding community FFG responses to nutrient 

enrichment, particularly in lakes. Burton et al. (2002), in a study into the effects of 

plant composition and exposure to wave action on invertebrate-community 

composition in Lake Huron wetlands, found that functional feeding groups varied 

with degree of organic matter, wave exposure and hydrological regime. In a study of 

the response of FFG communities of 21 Finnish lakes to environmental factors, the 

variables lake area, lake size and habitat structure, moss cover, total hardness and TN 

explained most variation in the FFG structure (Heino, 2000). Although the Heino 

(2000) study was done over a narrow trophic (TP 3-11 ng 1'̂ ) and pH (6.9-8) 

gradient, the importance of habitat structure, as well as the importance of TN over
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TP, corresponds to findings of this study. Johnson et al. (2004) also found that 

habitat structure (% cobble and % vegetation cover), as well as colour, lake area and 

geographic position (latitude) explained most variation in FFG composition for 364 

Swedish lakes from two seasons.

3.4.2.3 Importance o f season and habitat to functional feeding group composition 
Both season (spring or summer) and habitat structure (hard or soft) explained a large

component of the variation in macroinvertebrate FFG composition in this study.

Different trophic resources will be available for benthic invertebrates in different

habitats (Callisto et al, 2001), thus diversity of FFGs can be influenced by

characteristics of the available habitats (Hawkins and MacMahon, 1989). For

instance, Komijow and Scibior (1999) found highest algal-detritivore abundance in

spring and autumn, and highest vascular feeder abundance in spring. At the

catchment scale, significant differences between urban and agricultural sites in terms

of FFG composition were found by Compin and Cereghino (2007) for 165 stream

sites. In natural riverine landscapes, FFG patterns responded to the upstream-

downstream gradient in physical variables predicted by the River Continuum

Concept, however when the landscape was altered by agriculture or urbanization,

effects of land-cover (e.g. forested area, agricultural area, urban area) on FFGs

overcame the influence of physical variables. In a more extreme situation, stream

regulation can alter FFG composition (Fleituch, 2003, Englund and Malmqvist,

1996). Fleituch (2003) found a reduction in predator and shredder abundance in

regulated sites when compared with reference site, while Englund and Malmqvist

(1996) found negative effects of increased flow on collector, grazer and predator

abundance. Strongly regulated or canalized systems such as these are likely to be

characterized by a lack of natural substrates, and these findings emphasize the

importance of habitat diversity to FFG structure and diversity. Seasonal changes in

relative abundances of FFGs have been found in several studies (Canton and

Chadwick, 1983, Callisto et a l, 2001, Hawkins and Sedell, 1981). Canton and

Chadwick (1983) suggested that trends in relative abundance of FFGs along stream

gradients in their study were not related to significant differences in food resources

and were not consistent over seasons, but were artifacts of seasonal variations in

species composition. A lower number of functional groups, as well as an absence of

herbivores and collector-detritivores was found in the rainy season in rivers of Serra
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do Cipo, Brazil (Callisto et a i, 2001). Season was found to have only minor 

importance on community changes in FFGs in a tropical stream (Motta and Uieda, 

2004), a perennial inland stream of Southeastern Australia (Lake, 1995) and a creek 

in Papua New Guinea (Yule, 1996), suggesting relatively constant food resource 

availability across seasons in these systems. However, these are very different 

climatic situations. The importance of season to patterns in FFG composition are 

likely to be primarily owing to life history patterns of prevalent species, as well as to 

seasonal effects on available habitats in these systems.

3.4.2.4 Effect offish on functional feeding group composition
Inclusion of fish metrics (catch per unit effort, biomass per unit effort, percentage of

cyprinids as individuals and percentage of cyprinids as biomass) did not account for 

any additional variance in the FFG composition of samples, analysed using CCA 

analysis. However, top-down effects of fish predation may be harder to demonstrate 

than bottom up effects on benthic communities owing to their wide variation in 

behaviour, chemical defences, and morphology (Strayer, 1991). Predation by 

benthivorous fish and invertebrates can be an important top-down interaction shaping 

littoral macroinvertebrate communities (Tolonen et a i, 2000). For instance, Diehl 

(1992) found that fish preferentially preyed on larger predatory invertebrates than 

smaller non-predatory invertebrates and suggest that factors such as activity and 

behaviour, in addition to size, may make them more susceptible. Diehl (1992) 

suggests that the maximum size of predatory invertebrates that can coexist with fish 

is much larger in benthic than in pelagic habitats, and that behaviour of benthic 

predatory invertebrates may influence this pattern.

3.4.2.5 Concerns with the use offunctional feeding groups
The original concept of FFGs involved classification of macroinvertebrate taxa into 

types on the basis of morpho-behavioural mechanisms of acquiring food, identified 

by the presence of analogous feeding structures in different invertebrates (Merritt and 

Cummins, 1996). Many authors have argued, however, that confining taxa into a 

single trophic category in FFG assignment is not appropriate (Mihuc, 1997, Minshall, 

1988, Palmer et a i, 1993). Mihuc (1997) reviewed the trophic role and currently 

used FFG assignment of 56 taxa in the literature. He found that individual species 

within several macroinvertebrate genera (Ameletus, Baetis, Ephemerella, Epeorus, 

Lepidostoma, Paraleptophlebia) differed in trophic role, so that species-level
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functional feeding classification is important. Individual macroinvertebrate species 

have been documented as using different feeding strategies, both spatially and 

ontogenetically. The mayfly Ephemerella infrequens, for example, was found by 

Mihuc and Minshall (1995) to be a detritivore and by Hawkins (1986) to be a 

generalist herbivore. For many benthic macroinvertebrates, ontogenetic shifts in 

resource use have been recorded (Short, 1983, Cereghino, 2006), thus trophic 

relationships and FFG assignment for all taxa reviewed apply only to the life stage 

tested, and published functional feeding group classifications do not always indicate 

obligate resource utilization (Mihuc and Minshall, 1995). The AQEM database 

developed by Moog (2001) provides detailed species-specific autoecological 

information and crucially takes into account the variability that may be inherent in the 

feeding habitats of particular taxa, by distributing ten points for each species rather 

than assigning it to a single feeding type. However, this dietary flexibility of many 

taxa may mask responses of functional feeding groups to changes in trophic 

conditions. Mihuc (1997) found that, although there is an assumption that scrapers 

and shredders comprise specialized feeders, the scraper group is actually composed of 

herbivorous, detritivorous and generalist taxa, while shredders contain both 

generalists and detritivores. The lack of a strong and repeatable response o f FFG 

composition to nutrient enrichment in lakes suggests that they may not be as useful in 

bioassessment of ecological quality as expected. This opinion has also been put 

forward by Rawer-Jost et al. (2000). The concept o f using FFGs to examine the 

functional response of communities stems from work in rivers and the ‘river 

continuum concept’ o f (Vannote et al., 1980), and perhaps the natural variation 

between rivers and lakes negates applying the same concepts or expecting the same 

outcomes in both systems. Johnson et al. (2004) found greater prevalence o f grazers, 

shredders and passive filter feeding collectors in river communities, and a greater 

prevalence of predators and collector-gatherers in lakes.

3.4.3 Macroinvertebrate Feeding Generalism
Mihuc (1997) reviewed the trophic role and currently used FFG assignment o f 56 

taxa in the literature and found that 33 of these taxa were generalist herbivore- 

detritivores with the remaining taxa split almost evenly between specialist herbivores 

and detritivores. Among the growth studies that he examined, 70% of taxa were 

generalists, while among the stable isotope studies the proportion of generalists was
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48%, leading him to propose that, at least for early and middle development stages, 

generalist resource assimilation strategies prevail among lotic primary consumers. 

Tomanova et al. (2006) examined gut contents of 49 taxa from four streams and also 

found that omnivory, feeding on more than one trophic level was a common feature, 

with most taxa assigned to more than one FFG. The most frequent groups were the 

collector-gatherers and scrapers, while one quarter of taxa were predators and 

occasionally collector-gatherers. A review of the literature by Covich (1988) also 

indicates that generalist consumers, occupying at least two trophic levels, are 

prevalent in the food webs o f small neotropical streams. In this study, the number of 

FFGs each taxa was classified as belonging in according to species-specific 

autoecological information from the AQEM database was examined - of the 324 taxa 

included in the FFG analysis, 149 taxa (46%) were classified as belonging in only 

one FFG, the majority of these being predators (Hirudinea, Coleoptera and Odonata). 

This suggests that generalist feeding strategies also prevail among lentic primary 

consumers. Taxa that are obligatory specialists may be restricted by their 

morphology or behaviour, but may have higher efficiency in the conversion of food 

to body growth (Cummins and Klug, 1979). Generalist taxa may thus sacrifice 

efficiency of food conversion for the advantage gained by ability to use a larger 

variety of resources (Cummins and Klug, 1979). Results o f this work suggest that the 

importance o f generalist feeding habits increases in importance with nutrient 

enrichment, particularly in stony habitats. Increased dietary flexibility may increase 

survival ability, reduce niche overlap among and within species thus decreasing inter- 

and intra-specific competition (Woodward and Hildrew, 2002), and potentially 

maintain population stability with unpredictable supply and persistence of food 

sources in disturbed environments (Hart and Robinson, 1990).

3.5 Chapter conclusions
The results o f this chapter suggest that:

• Traditional diversity metrics were not strongly related to nutrient enrichment in 

lakes;

•  Communities responded differently depending on taxa types at class level (e.g. 

higher proportions of Turbellaria, Hirudinea and Crustacea and lower proportions 

of Ephemeroptera, Plecoptera, Coleoptera and Bivalvia);
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• pH, season and habitat explained more variation in the macroinvertebrate 

community structure than nutrients, in terms of both proportional abundance and 

presence absence data using CCA analysis;

• Total nitrogen and chlorophyll a explained significant variation (p<0,05) in both 

proportional abundance and presence absence datasets, while total phosphorus 

explained significant variation in proportional abundance data, providing 

evidence for N, as well as P, limitation;

• No relationship between FFG composition and fish abundance or biomass was 

found.
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4. Response of individual macroinvertebrate taxa to 
nutrient enrichment

4.1. Introduction

Many metrics or biotic indices have been developed for monitoring of river water 

quality. Tolerance values of macroinvertebrate families form the basis of biotic scores 

such as the Biological Monitoring Working Party (BMWP) Index used in the United 

Kingdom and the Quality value system (Q-value) system used by the Irish 

Environmental Protection Agency since 1971 (Flanagan and Toner, 1972). Recent 

investigations suggest, however, that these indices may have limited value in lake 

water quality monitoring (O'Toole et a l, 2008, Resh and Jackson, 1993, White, 

2001). For instance, Resh and Jackson (1993) examined 27 biotic monitoring metrics 

used for rivers and found that only two of these could be applied to monitoring of 

lake littoral zones. Although it is a commonly held view that lake littoral zones are 

very heterogeneous and that this will result in highly variable macroinvertebrate 

distribution (Downes et al., 1993), communities of lake littoral zones do appear to 

respond to anthropogenic pressure (Tolonen et al., 2001, Brodersen et al., 1998). If 

suitable metrics or indices can be developed, lake littoral macroinvertebrates have 

potential to be effective indicators of biotic integrity owing to their ubiquitous 

occurrence, relatively long life cycles, sedentary nature, diversity, and sensitivity to 

changes in their environment (Rosenberg and Resh, 1993). Their sedentary nature 

allows them to represent local conditions (Metcalfe, 1989), while relatively long life 

spans means they present a record of the prevailing quality of the environment.

Certain species may have particular requirements with regard to ecosystem response 

to pressures such as nutrients. Changes in the quality of their environment may 

surpass the tolerances of these taxa in the community, resulting in their loss and 

replacement by other taxa more tolerant of the prevailing conditions (Hellawell, 

1986). There does appear to be large interspecific variation in level of 

macroinvertebrate tolerance to lake nutrient enrichment (White, 2001, Savage, 1982, 

Edsall et a l, 2004), which suggests the possibility to establish biotic indices based 

upon nutrient tolerances. Although many taxa may decrease in abundance with 

increasing pressure, their relative sensitivities usually differ (Lenat, 1993). White 

(2001), for example, found that the corixid Sigara falleni was associated with very
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eutrophic conditions, while distribution o f the stonefly Siphonoperla torrentium 

showed a strong, negative correlation with nutrient status. Burrowing mayflies 

(Hexagenia) were absent from preferred substrate in regions of the Great Lakes that 

had been contaminated with substances such as coal waste, paint and oil resulting 

from human activity (Edsall et a i,  2004). Within the hemipteran Family Corixidae, 

Savage (1982) found individual species representative of certain conditions such as 

Sigara concinna, which was indicative of highly eutrophic conditions. Large among- 

species variation in nutrient tolerance has also been found among the Ephemeroptera 

(Beketov, 2004).

Taxa generally occur in a restricted and characteristic range of habitats within their 

geographic range (Johnson, 2003). Many demonstrate a unimodal curve against a 

particular environmental variable, tending to be most abundant around their particular 

environmental optimum (Terbraak, 1996). A reasonable estimate o f a taxon’s 

optimum for a particular environmental variable can be obtained by weighting the 

mean value for that variable by the abundance of that taxon at all sites (ter Braak & 

Loomann 1995). Often the focus of modeling techniques is on prediction of taxon 

occurrences along single environmental gradients; however species are generally 

influenced by a combination of many factors, so examining gradients simultaneously 

may be more robust (Johnson, 2003).

The objective of this study was to investigate and, if  feasible, develop taxon-specific 

tolerance scores to eutrophication for lake littoral macroinvertebrates and to validate 

these scores using an independent set of lakes.
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4.2 Methods

4.2.1 Study sites
Forty-five lakes, representing a gradient of total phosphorus (TP) concentration (1- 

>180 |ig r*) across three alkalinity categories containing 15 lakes each, were sampled 

seasonally (April/May and August) in 2005 (These correspond to lakes described in 

Chapter 2, Section 2.2.1: Lakes sampled in spring and summer 2005). Twenty-one 

additional lakes were sampling in summer 2006. These were also selected to 

represent a relatively even spread of lakes across the three alkalinity categories, and a 

range of TP concentration (7- >300 |ag TP l ') (These correspond to lakes described in 

Chapter 2, Section 2.1.2: Lakes sampled in summer 2006). Alkalinity categories 

were designated as ‘low’ (<20 mg CaCOs 1"') ‘moderate’ (20-100 mg CaCOj 1"’) and 

‘high’ (>100 mg CaCOs 1'’) alkalinity.

4.2.2 Chemical sampling
Water was sampled using a weighted 5 1 plastic bottle. Water samples were analysed 

for pH, alkalinity, conductivity, colour, dissolved total organic carbon (DTOC), 

chlorophyll a (Analysts, 1983), total nitrogen (TN) (Grasshoff et a i,  1999) and total 

phosphorus (TP) (Eisenreich et ai, 1975). Details of each of these methods are given 

in Chapter 2.

4.2.3 Biological sampling
At each lake, three distinct sampling sites were selected for ‘hard’ (gravels, pebbles 

or cobbles) and ‘soft’ (silt, sand, mud or marl, with or without small submerged 

macrophytes but excluding sites that had large and obvious reed beds) littoral 

substrates. Macroinvertebrate samples were collected by kick sampling for one 

minute with a standard Freshwater Biological Association (FBA) net (mesh size 

1mm), sieved to remove excess water and preserved in 90% industrial methylated 

spirits. The three one-minute samples from each substrate type were composited and, 

where required, samples were split to give a minimum of 500 animals to identify. All 

individuals were identified to the lowest practicable level, generally species. Further 

detail on biological sample collection and processing is provided in Chapter 2.
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4.2.4 Tolerance of macroinvertebrate taxa to eutrophication

4.2.4.1 Estimation of taxa optima to an overall eutrophication gradient

4.2.4.1.1 Derivation o f  a eutrophication gradient across the lakes using PCA 

Many water chemical variables are likely to be correlated, exerting interrelated 

pressures on macroinvertebrate taxa. Principal components analysis (PCA) was done 

using Primer® Version 6 to determine the major gradients in water chemistry across 

lakes. PCA gives linear combinations of correlated water chemical variables that can 

then be used to generate overall pressure gradients. PCA describes the variation o f a 

set of correlated multivariate data in terms of a set of uncorrelated variables known as 

principle components. Available water chemistry data were examined to identify the 

major environmental gradients observed in the data set, independent of biological 

responses. Therefore, this initial analysis was conducted on environmental data only. 

pH, alkalinity, conductivity, and concentrations of TP, TN, chlorophyll a, and 

dissolved total organic carbon (DTOC) were included in the analysis. Alkalinity, 

conductivity, TP, TN, chlorophyll a, and DTOC were log transformed to meet 

requirements of normality. Analysis of water chemical variables by Principal 

Components Analysis revealed that many of the variables were correlated. The first 

(51.1%) and second (32.1%) PCA axes accounted for 83.2% of the total variability in 

the water chemistry variables (Table 4.1). The first was composed primarily o f pH, 

alkalinity and conductivity. The second could be interpreted as a nutrient enrichment 

axis with loadings dominated by total phosphorus, total nitrogen, and DTOC. The 

Eigenvectors, shown by the loadings in Table 1, give the linear combinations of 

variables that define the axes. Thus, for each sample, the nutrient pressure value, as 

defined by PCA axis 2, was calculated using the formula:

Nutrient Pressure Gradient, PCA2 = 0.257(pH) + 0.161(log alkalinity) + 0.123(log 

conductivity) + -0.413(log TP) + -0.277(log chla) + -0.542(log DTOC) + -0.326(log 

TN)
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Table 4.1 Results o f PCA o f water chemistry variables showing % variance 

explained by the first two principal component axes

PCA axis 1

(>. =  4 .08 )

PCA axis 2

(k  = 2.57)

% Variance explained 51.1 32.1

pH -0.425 0.257

Alkalinity -0.464 0.161

Conductivity -0.450 0.123

TP -0.297 -0.413

Chi a - 0.377 - 0.277

DTOC - 0.027 -0.542

TN - 0.342 -0.326

4.2.4.1.2 Estimation o f  tcixa optima to the PCA-derived eutrophication gradient 
Tolerance scores o f macroinvertebrates to this nutrient pressure gradient were defined

within each o f the three alkalinity categories {i.e. low, moderate and high) as defined

a priori. PCA scores were calculated for each sample using the formula provided by

the loadings o f each water chemistry variable on the second PCA axis. Tolerances to

this combined eutrophication gradient were calculated for all taxa present in >5% of

samples. Tolerances for rarer taxa (those present in <5% of samples) could not be

calculated with confidence therefore these were removed from the dataset (Gauch,

1982). Taxon-specific tolerances to this nutrient pressure gradient were initially

manually determined on proportional abundance data using abundance-weighted

averaging following Carlisle et al. (2005):

TVi = (aibi + a2b2 + + anbn) / (ai + a2 + + a„)

where TV; = tolerance value (TV) o f  taxon i, a = taxon abundance in samples 1 to n, 

b = value o f  the nutrient PCA pressure in samples 1 to n. Tolerance values were 

assigned to each taxon on the basis o f  PCA scores. Ranges o f taxa scores were sorted 

highest to lowest (on PCA axis the more negative the score the higher the nutrient 

pressure).
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Canonical correspondence analysis (CCA) was also used to estimate taxa optima and 

niche breadths independently for low, moderate and high alkalinity lakes and for hard 

and soft habitats both within each alkalinity group, and for all alkalinity groups 

combined following Dodkins et al. (2005). Macroinvertebrate data for the 45 lakes 

were included in the CCA analysis, and PCA scores were incorporated as the sole 

environmental variable in the model. CCA follows a similar method to weighted 

averaging but uses reciprocal averaging and also calculates niche breadths of taxa to 

this gradient based on the root mean squared deviation for taxa to that gradient. 

Macroinvertebrate data were analysed on the basis of relative abundance (0-100%). 

Taxa optima along this gradient were obtained from the CANOCO species- 

environment output file within the CCA model. Niche breadths were obtained from 

the first axis of the model (given as ‘tolerances’ in CANOCO).

4.2.4.1.3 Generation o f sample nutrient enrichment scores from taxa optima to
the PCA-derived eutrophication gradient

Tolerance scores were assigned to taxa following several methods. In the first, PCA 

scores were used directly as tolerance values. In the second, the range o f PCA 

species scores was split into ten equal ranges and taxa whose PCA scores fell in these 

various ranges were assigned different tolerance scores one through ten, with a score 

of one corresponding to the most intolerant taxa and a score of ten corresponding to 

the most tolerant taxa. Sample nutrient enrichment scores were then derived from 

taxa optima. These scores were then calculated for each original macroinvertebrate 

sample using all of the calculated tolerance scores described above on both 

proportional abundance and presence/absence data. For proportional abundance data, 

the following formula was used to calculate sample scores:

NES = E (x *TV)/z

where NES = Nutrient Enrichment Score, x = number of individuals of taxon x, TV = 

tolerance value of taxon x, z = total number o f individuals in sample for which 

tolerance values assigned.

For presence/absence data, the nutrient enrichment score was calculated as simply the 

mean tolerance of taxa in a sample:

NES = STV/z
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where NES = Nutrient Enrichment Score, TV = tolerance value of taxon x, z = total 

number of individuals in sample for which tolerance values assigned. Niche breadths 

of taxa were also incorporated into sample nutrient enrichment scores following 

Dodkins et al. (2005).

Pearson’s product-moment correlation was used to examine relationships between 

generated nutrient enrichment scores and PCA2 values, as well as with TP, TN, and 

DTOC, the water chemical variables that scored most highly along the nutrient 

pressure gradient (PCA 2). Nutrient enrichment scores were then calculated for the 

21 lakes sampled in 2006 and were used as a validation dataset; relationships were 

examined between these scores and the PCA eutrophication gradient, as well as other 

water chemical variables.

4.2.4.2 Estimation o f taxa optima to a total phosphorus gradient

4.2.4.2.1 Estimation o f  taxa optima lo a total phosphorus gradient using CCA
The PCA-based method described above looked at, in essence, ordination of

environmental variables and then secondarily related this to an ordination of

community structure. With CCA, however, community structure unrelated to the

environmental variables is ignored as the ordination axes are constrained by the

environmental variables. Macroinvertebrate data for the 45 lakes were included in

the CCA analysis, and season, pH, alkalinity, conductivity, TP, TN, chlorophyll a,

DTOC and colour were incorporated as environmental variables in the model. This

was done separately for hard and soft habitats. Macroinvertebrate data were analysed

on the basis of relative abundance (0-100%). CCA explains variance in the taxa data

by each variable individually (marginal effects) and by variables which explained

additional variance (conditional effect). Within the CCA, stepwise manual forward

selection was used to determine the variables which were significant within the

model. pH, season and TP (conditional effects) were significant at p<0.05. While

optima were only determined for TP, other variables were important in structuring the

ordination and were therefore retained in the CCA model when determining the

multivariate species optima. Multivariate taxa optima along the TP gradient were

obtained from the CANOCO species-environment output file within the CCA model.
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Niche breadths (tolerances in CANOCO) were obtained by repeating the CCA with 

TP as the sole environmental variable and using the niche breadth from the first axis.

4 . 2 . 4. 2.2  Generation o f  sample nutrient enrichment scores from  taxa optima to
a total phosphorus gradient

Tolerance scores were assigned to taxa following three methods. In the first, taxa TP 

optima were used directly as their tolerance scores. In the second, the range of taxa 

TP optima was split into ten equal ranges and taxa whose TP optima fell in these 

various ranges were assigned different tolerance scores one through ten, with a score 

of one corresponding to the most intolerant taxa and a score of ten corresponding to 

the most tolerant taxa. Thirdly, the range of taxa TP optima was split into five equal 

ranges and taxa whose TP optima fell in these various ranges were assigned different 

tolerance scores one through five from most intolerant to most tolerant. Sample TP 

Metric scores were then derived from taxa optima. These scores were then calculated 

for each original macroinvertebrate sample using each of the calculated tolerance 

scores described above on presence/absence data using the following formula:

TPMS = ETV/z

where TPMS = Total Phosphorus Metric Score, TV = tolerance value o f taxon x, z = 

total number of individuals in sample for which tolerance values assigned.

4,2.5 Taxa TP optima and generalism

Pearson’s product-moment correlation was used to examine relationships between 

taxa optima to TP and their niche breadth in hard and soft habitats. Niche breadths 

(tolerances in CANOCO) were obtained by running CCA with only TP as a variable 

and using the niche breadth from the first axis of the results. As CCA is based on a 

unimodal, rather than a linear, response model, the species tolerance relates to the 

width o f the bell-shaped curve. These values correspond to the square root o f the 

weighted mean of the squared differences between the species optimum and the 

actual values in a sample (Leps and Smilauer, 2003). Values are, therefore, analogous 

to standard deviation, indicating which taxa have a restricted distribution and which 

are widespread with regard to the TP concentration of their environment. 

Relationships were also examined between taxa TP optima and niche breadths and 

feeding generalism of taxa, FFGi, in hard and soft habitats. This was done to test if
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the breadth of nutrient (TP) conditions that taxa were likely to be found in was related 

to the breadth o f FFGs that those taxa were found in i.e. their level o f feeding 

generalism. FFG, is the number of functional feeding groups occupied by the rth 

taxon, as defined in the autoecological traits database of Asterics® Version 3.01 

(http://www.aqem.de).
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4.3 Results

4.3.1 Macroinvertebrate Tolerance Scores
4.3.LI Tolerance scores to an overall eutrophication gradient across the lakes

Each water chemistry variable demonstrated a wide range of concentration across the 

45 lakes (Table 4.2). Log TP and log TN concentrations were correlated strongly 

across the 45 lakes (r=0.76; p<0.001; n=45) and log chlorophyll a concentrations 

were correlated with those of both log TP (r=0.85; p<0.001; n=45) and log TN 

(r=0.85; p<0.001; n=45). Phytoplankton concentrations (as indicated by chlorophyll 

a measurement) in the lakes were, therefore, strongly correlated with both TP and 

TN, suggesting that available nutrients resulted in a strong potential for the growth of 

phytoplankton.

Table 4.2 Summary statistics of water chemistry variables from 45 lakes 

sampled in spring (April/May) and summer (July/August) 2005

Environmental variable Min-Max Mean

pH 6.06-8 .47 7.5

Alkalinity (mg CaC03 L ') 1.01 -264  40 69.21

Conductivity (jiS cm’') 59 - 589 211.45

TP (Mg L ') 0.77 -379.51 42.71

Chlorophyll a (mg U ') 0.56 - 150.16 17.76

DOC (mg L ') 2.61 - 16.46 8.86

Colour (PtCo) 0 -  178 49.82

TN (mg L-') 0.23 - 2.48 0.8

The combined eutrophication PCA gradient was strongly correlated with TP in the 

low (r = -0.71, n = 15, p<0.01), moderate (r = -0.63, n = 15, p<0.01) and high (r = - 

0.55, n = 15, p<0.05) alkalinity categories (Figure 1). It was also correlated with TN 

in the low (r = -0.69, n = 15, p<0.01), moderate (r = -0.66, n = 15, p<0.01) and high (r 

= -0.45, n = 15, p<0.05) alkalinity groups. The gradient was also strongly correlated 

with DTOC in each alkalinity category (low: r = -0.87, n = 15, p<0.001; moderate; r 

= -0.86, n = 15, p<0.001; high: r = -0.53, n = 15, p<0.05).
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Figure 4.1 Relationship between mean log TP and the mean eutrophication

gradient PCA axis 2 used to develop tolerance scores for lakes in low 

(i), moderate (ii) and high (iii) alkalinity groups.
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Taxa optima to the PCA eutrophication gradient followed the same pattern when 

CCA was used to generate the scores within each alkalinity group as when weighted 

averaging was used. Thus further scores were generated only through CCA analysis. 

To start with, taxa optima and niche breadths were generated independently for low, 

moderate and high alkalinity lakes. Sample Nutrient Enrichment Scores (NES) 

generated by applying macroinvertebrate tolerance values to original proportional 

abundance samples were significantly correlated in each alkalinity category with the 

three water chemical variables (TP, TN, and DTOC) that scored strongly on the 

nutrient pressure gradient (Table 4.3). Nutrient Enrichment Scores were then 

calculated for the 21 lakes sampled in 2006 to be used as a validation dataset; 

relationships were examined between these scores and the PCA eutrophication 

gradient, as well as other water chemical variables. Nutrient Enrichment Scores in 

low alkalinity lakes were significantly correlated with log DTOC (r=-0.73, p<0.05, 

n=7), but not with PCA scores, log TP, log TN, or log chlorophyll a. Lake scores 

showed no relationship with PCA scores, TP, TN, or DTOC in moderate or high 

alkalinity lakes.

Table 4.3 Pearson’s correlation of mean lake nutrient enrichment scores with

mean lake TP, TN, and DTOC (p<0.01, n=15 for all).

Low Alkalinity M oderate Alkalinity High Alkalinity

TP -0.66** -0.75** -0.87**

TN -0.66** -0.75** -0,80**

DTOC -0.73** -0.76** -0.93**

Taxa optima and niche breadths were also generated on presence/absence data 

independently for low, moderate and high alkalinity lakes. For the original dataset, 

low alkalinity lake Nutrient Enrichment Scores were significantly correlated with log 

conductivity (r=-0.66, p<0.01, n=15) but not with PCA2 scores, log TP, log TN, or 

log DTOC. When the validation dataset was examined lake Nutrient Enrichment 

Scores were not correlated with any of these variables. In moderate alkalinity lakes, 

lake Nutrient Enrichment Scores were significantly correlated with log TP (r=0.68, 

p<0.01, n=15) and log chlorophyll a (r=0.77, p<0.01, n=15), but not with PCA 

scores, log TN, or log DTOC and were not correlated with any of these variables in 

the validation dataset. In high alkalinity lakes, lake Nutrient Enrichment Scores were
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significantly correlated with log TP (r=0.53, p<0.05, n=15) but not with PCA scores, 

log TN, or log DTOC, and showed no correlation with any of these variables in the 

validation dataset.

Lake Nutrient Enrichment Scores were then generated for hard and soft habitats 

across all three alkalinity groups on presence/absence data. For hard habitats, lake 

Nutrient Enrichment Scores were significantly correlated with PCA scores (r=0.40, 

p<0.05, n=45), log TP (r=0.31, p<0.05, n=45), log TN (r=0.34, p<0.05, n=45), log 

alkalinity (r=0.55, p<0.01, n=45), pH (r=0.49, p<0.01, n=45) and log conductivity 

(r=0.43, p<0.01, n=45). Lake Nutrient Enrichment Scores for the validation dataset 

were not correlated with PCA scores, but were significantly correlated with TP 

(r=0.56, p<0.05, n=13) when taxa tolerances were scored 1-5. For soft habitats, lake 

Nutrient Enrichment Scores were not correlated with PCA scores, but were 

significantly correlated with log TP (r=0.49, p<0.01, n=37), log alkalinity (r=0.33, 

p<0.05, n=37), log TN (r=0.46, p<0.01, n=37) and log chlorophyll a (r=0.49, p<0.01, 

n=37) when taxa tolerances were scored 1-5. However, lake Nutrient Enrichment 

Scores for the validation dataset were not correlated with any of these variables.

In all of the methods for testing taxa tolerance scores described above, it was also 

tested whether scores would improve if TP niche breadths of taxa were incorporated. 

Indicator values were derived from taxa niche breadths to the eutrophication gradient, 

following Dodkins et al. (2005), where a taxon’s indicator value equaled two minus 

their niche breadth (2 was chosen as an arbitrary value as niche breadths were all less 

than 2). Thus high indicator values correspond to small TP niche breadths, where 

taxa are only present at a restricted point along the gradient. Taxa tolerance scores 

were weighted by their indicator values for each calculated metric. Incorporation of 

indicator values did not improve lake score correlations with environmental variables 

in any case.

4.3.1.2 Estimation o f taxa optima to a total phosphorus gradient

CCA was used to generate multivariate taxa optima to TP in hard and soft habitats. 

For hard habitats, and using presence/absence data, lake TP Metric Scores were most
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strongly correlated with TP when taxa tolerances ranged from 1-10. Lake TP Metric 

Scores were highly correlated with log TP (r=0.82, p<0.001, n=45; Figure 4.2a), as 

well as with log TN (r=0.83, p<0.001, n=45), log chlorophyll a (r=0.86, p<0.001, 

n=45), DTOC (r=0.36, p<0.05, n=45), log alkalinity (r=0.65, p<0.001, n=45) and log 

conductivity (r=0.64, p<0.001, n=45). When TP Metric Scores were validated using 

a second set of lakes, generated lakes scores remained highly correlated with log TP 

(r=0.59, p<0.05, n=12; Figure 4.2b), and with log alkalinity (r=0.7, p<0.05, n=12) 

and log conductivity (r=0.74, p<0.01, n=12). A score of one corresponds to taxa 

most sensitive to TP and a score of 10 corresponds to those taxa most tolerant to TP 

(Table 4.4).

Taxa optima to TP in hard habitats were also generated separately for low, moderate 

and high alkalinity lakes. Lake TP Metric Scores were significantly correlated with 

log TP in low (r=0.92, p<0.001, n=15) and moderate (r=0.90, p<0.001, n=15) 

alkalinity lakes, but showed no significant correlation with log TP in high alkalinity 

(r=0.80, p<0.001, n=15) lakes. Lakes TP Metric Scores calculated for the validation 

dataset were not correlated with TP in hard habitats of low, moderate or high 

alkalinity lakes.

63



=  0.67979

8

7

6 ♦ ♦

5

4

3

2

1

0
0.40 060 0.80 1.00 1.20 1 40 1.60 1 80 2.00 2.20 2.40

Log TP

Figure 4.2 Relationship between mean lake log TP and the mean TP Metric 

Scores o f samples from hard habitats in a) the original 45 lakes 

sampled in spring and summer 2005 (n=45) and b) the 21 lakes 

samples in summer 2006 (n=12).

64



Table 4.4 Taxon-specific optima to TP in hard habitats, derived from CCA- 

based abundance-weighted (reciprocal) averaging.

Class/Order Family Taxon
TP Optimum 

Score
Ephemeroptera Heptageniidae Electrogena lateralis 1
Ephemeroptera Heptageniidae Heptagenia sidphurea 1
Plecoptera Chloroperlidae Siphonoperla torrentium 2
Coleoptera Elmidae Limnius volckmari 3
Coleoptera Haliplidae Haliplus fulvus 3
Ephemeroptera Ephemeridae Ephemera danica 3
Ephemeroptera Leptophlebiidae Leptophlebia vespertina 3
Trichoptera Lepidostomatidae Lepidostoma hirtum 3
Coleoptera Elmidae Oulimnius tuberculatus 4
Coleoptera Haliplidae Haliplus immaculatus 4
Diptera Tabanidae Tabanidae 4
Ephemeroptera Baetidae Centroptilum luteolum 4
Ephemeroptera Baetidae Cloeon simile 4
Ephemeroptera Baetidae Baetidae sp. 4
Ephemeroptera Leptophlebiidae Leptophlebia sp. 4
Odonata Coenagrionidae Enallagma cyathigerum 4
Amphipoda Gammaridae Gammarus duebeni 5
Coleoptera Dytiscidae Hygrotus quinquelineatus 5
Coleoptera Elmidae Esolus parallelepipedus 5
Diptera Ceratopogonidae Ceratopogonidae 5
Diptera Tipulidae Tipulidae 5
Ephemeroptera Caenidae Caenis luctuosa 5
Gastropoda Bithyniidae Bithynia leachi 5
Gastropoda Lymnaeidae Lymnaea palustris 5
Trichoptera Leptoceridae Athripsodes sp. (instar) 5
Trichoptera Polycentropodidae Plectrocnemia conspersa 5
Trichoptera Trichoptera sp. Pupa 5
Acari Hydrachnidia Hydrachnidia 6
Coleoptera Haliplidae Haliplus ,'sp. (larva) 6
Coleoptera Haliplidae Haliplus sp. ruficollis group 6
Collembola Isotomidae Isotomidae 6
Gastropoda Physidae Physa fontinalis 6
Heteroptera Corixidae Sigara dorsalis 6
Heteroptera Corixidae Sigara fossarum 6
Heteroptera Corixidae Sigara scotti 6
Hirudinea Glossiphoniidae Glossiphonia complanata 6
Odonata Coenagrionidae Coenagrionidae 6
Trichoptera Leptoceridae Athripsodes cine reus 6
Trichoptera Limnephilidae Limnephilus lunatus 6
Trichoptera Limnephilidae Limnephilus marmoratus 6
Trichoptera Limnephilidae Limnephilus sp. (instar) 6
Trichoptera Polycentropodidae Cyrnus flavidus 6
Trichoptera Polycentropodidae Cyrnus trimaculatus 6
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Table 4.4 (Contd.) Taxon-specific optima to TP in hard habitats, derived from

CCA-based abundance-weighted (reciprocal) averaging.

Class/Order Family Taxon
TP Optimum 

Score

Trichoptera Polycentropodidae
Polycentropus kingi 
flavomaculatus 6

Trichoptera Psychomyiidae Tinodes waeneri 6
Trichoptera Sericostomatidae Sericostoma personatum 6

Coleoptera Dytiscidae
Nebrioporus (Deronectes) 
depressus 7

Ephemeroptera Caenidae Caenis horaria 7
Gastropoda Lymnaeidae Lymnaea pereger 7
Gastropoda Planorbidae Planorbis carinatus 7
Gastropoda Planorbidae Planorbis contortus 7
Gastropoda Planorbidae Planorbis laevis 7
Trichoptera Leptoceridae Mystacides longicornis 7
Trichoptera Limnephilidae Anabolia nervosa 7
Trichoptera Polycentropodidae Holocentropus picicornis 7
Turbellaria Turbellaria Turbellaria 7
Amphipoda Gammaridae Gammarus pulex 8
Amphipoda Gammaridae Gammarus sp juveniles 8
Bivalvia Sphaeriidae Pisidium/Sphaerium spp. 8

Coleoptera Dytiscidae
Nebrioporus (Deronectes) 
assimilis 8

Coleoptera Gyrinidae Gyrinus sp. (larva) 8
Coleoptera Haliplidae Haliplus lineolatus 8
Diptera Chironomidae Chironomidae 8
Gastropoda Bithyniidae Bithynia tentaculata 8
Gastropoda Hydrobiidae Potamopyrgits jenkinsi 8
Gastropoda Valvatidae Valvata piscinalis 8
Isopoda Asellidae Asellus aquaticus 8
Oligochaeta Oligochaeta Oligochaeta 8
Trichoptera Limnephilidae Limnephilus vittatus 8
Amphipoda Gammaridae Gammarus lacustris 9
Araneae Argyronetidae Agyronata aquaticus 9
Gastropoda Planorbidae Planorbis albus 9
Heteroptera Corixidae Sigara distincta 9
Heteroptera Corixidae Sigara falleni 9
Heteroptera Corixidae Sigara sp. 9
Hirudinea Erpobdellidae Erpobdella octoculata 9
Hirudinea Glossiphoniidae Glossiphonia heteroclita 9
Hirudinea Glossiphoniidae Helobdella stagnalis 9
Megaloptera Sialidae Sialis lutaria 9
Coleoptera Dytiscidae Hyphydrus ovatus 10
Coleoptera Dytiscidae Hydroporinae sp. (larva) 10
Heteroptera Corixidae Callicorixa praeusta 10
Hirudinea Glossiphoniidae Hemiclepsis marginata 10
Hirudinea Glossiphoniidae Theromyzon tessulatum 10
Trichoptera Leptoceridae Athripsodes aterrimus 10
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For soft habitats, lake TP Metric Scores were most strongly correlated with TP when 

taxa tolerances ranged from 1-5. Lakes TP Metric Scores were highly correlated with 

log TP (r=0.85, p<0.001, n=37; Figure 4.3a), as well as with log TN (r=0.83, 

p<0.001, n=37), chlorophyll a (r=0.82, p<0.001, n=37), DTOC (r=0.31, p<0.05, 

n=37), log alkalinity (r=0.6, p<0.001, n=37) and log conductivity (r=0.67, p<0.001, 

n=37). When tolerance scores were validated using a second set of lakes, generated 

lakes scores remained highly correlated with log TP (r=0.6, p<0.01, n=19; Figure 

4,3b), and with log alkalinity (r=0.59, p<0.01, n=19), log chlorophyll a (r=0.5, 

p<0.05, n=19) and log conductivity (r=0,52, p<0.05, n=19). These taxa tolerance 

scores are given in Table 4.5, with a score of one corresponding to taxa most 

sensitive to TP and a score of 5 corresponding to those taxa most tolerant to TP.

Taxa optima to TP in soft habitats of low, moderate and high alkalinity lakes were 

also generated. Lake TP Metric Scores were significantly correlated with log TP in 

low (r=0.56, p<0,05, n=12) and moderate (r=0.94, p<0.001, n=12) alkalinity lakes, 

but showed no significant correlation with log TP in high (r=0.85, p<0.001, n=13) 

alkalinity lakes. Lakes TP Metric Scores calculated for the validation dataset were 

not correlated with TP in soft habitats of low, moderate or high alkalinity lakes. It is, 

therefore, best to pool alkalinity groups but keep substrata separate, as this gives the 

strongest relationships.
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Table 4.5 Taxon-specific optima to TP in soft habitats, derived from CCA-based 

abundance-weighted (reciprocal) averaging.

Class/Order Family Taxon
TP Optimum 

Score
Coleoptera Dytiscidae Hygrotus novemlineatus 

Nebrioporus (Deronectes)
1

Coleoptera Dytiscidae assimilis 1
Coleoptera Haliplidae Halipbis confmis 1
Coleoptera Haliplidae Haliplt4S limolatus 1
Diptera Ceratopogonidae Ceratopogonidae 1
Ephemeroptera Leptophlebiidae Leptophlebia vespertina 1
Odonata Corduliidae Somatochlora arctica 1
Plecoptera Nemouridae Nemoura cinerea 1
Trichoptera Leptoceridae Athripsodes sp. (instar) 1
Trichoptera Leptoceridae Athripsodes cine reus 1
Trichoptera Leptoceridae Mystacides azurea 1
Coleoptera Dytiscidae Hygrotus quinquelineatus 2
Coleoptera Dytiscidae Ilybius sp 2
Coleoptera Elmidae Limnius volckmari 2
Coleoptera Elmidae Oulimnius tuberculatus 2
Coleoptera Gyrinidae Gyrinus aeratus 2
Coleoptera Haliplidae Haliplus sp. (larva) 2
Diptera Tipulidae Tipulidae 2
Ephemeroptera Baetidae Centroptilum luteolum 2
Ephemeroptera Baetidae Cloeon simile 2
Ephemeroptera Baetidae Baetidae sp. 2
Ephemeroptera Caenidae Caenis horaria 2
Ephemeroptera Caenidae Caenis luctuosa 2
Ephemeroptera Leptophlebiidae Leptophlebia sp. 2
Gastropoda Lymnaeidae Lymnaea trunculata 2
Heteroptera Corixidae Glaenocorisa propinqua 2
Heteroptera Corixidae Sigara scotti 2
Trichoptera Leptoceridae Triaenodes bicolor 2
Trichoptera Limnephilidae Limnephilus fla\>icornis 2
Trichoptera Limnephilidae Limnephilus marmoratus 2
Trichoptera Limnephilidae Limnephilis nigriceps 2
Trichoptera Sericostomatidae Sericostoma personatum 2
Acari Hydrachnidia Hydrachnidia 3
Amphipoda Gammaridae Gammarus duebeni 3
Amphipoda Gammaridae Gammarus sp juveniles 3
Bivalvia Sphaeriidae Pisidium/Sphaerium spp. 3
Coleoptera Dytiscidae Hygrotus sp

Nebrioporus (Deronectes)
3

Coleoptera Dytiscidae depressus 3
Coleoptera Haliplidae Haliplus fidvus 3
Diptera Tabanidae Tabanidae 3
Gastropoda Bithyniidae Bithynia leachi 3
Gastropoda Hydrobiidae Potamopyrgus jenkinsi 3
Gastropoda Lymnaeidae Lymnaea palustris 3
Gastropoda Lymnaeidae Lymnaea pereger 3
Gastropoda Lymnaeidae Lymnaea stagnalis 3
Gastropoda Lymnaeidae Myxas glutinosa 3
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Table 4.5 (Contd.) Taxon-specific optima to TP in soft habitats, derived from

CCA-based abundance-weighted (reciprocal) averaging.

Class/Order Family Taxon
TP Optimum 

Score
Gastropoda Physidae Physa fontinalis 3
Gastropoda Planorbidae Planorbis carinatus 3
Gastropoda Valvatidae Valvata piscinalis 3
Heteroptera Corixidae Cymatia bomdorffi 3
Heteroptera Corixidae Sigara dorsalis 3
Hirudinea Glossiphoniidae Ghssiphonia complanata 3
Lepidoptera Pyralidae Nymphula stagnata 3
Megaloptera Sialidae Sialis lutaria 3
Odonata Coenagrionidae Coenagrion mercuriale 3
Odonata Coenagrionidae Enallagma cyathigerum 3
Odonata Coenagrionidae Coenagrionidae 3
Oligochaeta Oligochaeta Oligochaeta 3
Trichoptera Goeridae Goera pilosa 3
Trichoptera Hydroptilidae Hydroptila sp. 3
Trichoptera Hydroptilidae Oxyethira sp. 3
Trichoptera Leptoceridae A ihripsodes aterrimus 3
Trichoptera Limnephilidae Anabolia nervosa 3
Trichoptera Limnephilidae Halesus radiatus 3
Trichoptera Limnephilidae Limnephilus lunatus 

Polycentropus kingi '
3

Trichoptera Polycentropodidae flavomaculatus 3
Trichoptera Psychomyiidae Tinodes waeneri 3
Amphipoda Gammaridae Gammarus pulex 4
Araneae Argyronetidae Agyronata aquaticus 4
Coleoptera Dytiscidae Hydroporus palustris 4
Coleoptera Dytiscidae Colymhetinae sp. (larva) 4
Coleoptera Haliplidae Haliplus imntaculalus 4
Coleoptera Haliplidae Haliplus sp. ruficollis group 4
Coilembola Isotomidae Isotomidae 4
Diptera Chironomidae Chironomidae 4
Ephemeroptera Baetidae Cloeon dipterum 4
Ephemeroptera Leptophlebiidae Leptophlebia marginata 4
Gastropoda Bithyniidae Bithynia tentaculata 4
Gastropoda Planorbidae Planorbis contortus 4
Gastropoda Planorbidae Planorbis crista 4
Gastropoda Planorbidae Planorbis laevis 4
Gastropoda Valvatidae Valvata cristata 4
Gastropoda Valvatidae Valvata macrostoma 4
Heteroptera Corixidae Arctocorisa germari 4
Heteroptera Corixidae Sigara distincta 4
Heteroptera Corixidae Sigara fossarum 4
Heteroptera Corixidae Sigara sp. 4
Hirudinea Glossiphoniidae Glossiphonia heteroclita 4
Isopoda Asellidae Asellus aquaticus 4
Odonata Coenagrionidae Ischnura elegans 4
Trichoptera Leptoceridae Mystacides longicornis 4
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Table 4.5 (Contd.) Taxon-specific optima to TP in soft habitats, derived from 

CCA-based abundance-weighted (reciprocal) averaging.

Class/Order Family Taxon
TP Optimum  

Score
Trichoptera Limnephilidae Limnephilus vittatus 4
Trichoptera Limnephilidae Limnephilus sp. (instar) 4
Trichoptera Polycentropodidae Cyrnus flavidiis 4
Turbellaria Turbellaria Turbellaria 4
Amphipoda Gammaridae Gammarus lacustris 5
Coleoptera Dytiscidae Agabus sp 5
Coleoptera Dytiscidae Hyphydrus ovatus 5
Coleoptera Gyrinidae Gyrinus sp. (larva) 5
Coleoptera Gyrinidae Gyrinus m arim s 5
Coleoptera Helophoridae Helophorus brevipalpis 5
Coleoptera Noteridae Noterus clavicornis 5
Gastropoda Acroloxidae Acroloxus lacustris 5
Gastropoda Planorbidae Planorbis albus 5
Gastropoda Planorbidae Planorbis planorbis 5
Gastropoda Planorbidae Segmentina complanata 5
Heteroptera Corixidae Callicorixa praeusta 5
Heteroptera Corixidae Corixa dentipes 5
Heteroptera Corixidae Sigara falleni 5
Heteroptera Corixidae Corixidae Early Instars 5
Heteroptera Notonectidae Notonecta glauca 5
Hirudinea Erpobdellidae Erpobdella octoculata 5
Hirudinea Glossiphoniidae Helobdella stagnalis 5
Hirudinea Glossiphoniidae Hemiclepsis marginata 5
Hirudinea Glossiphoniidae Iheromyzon tessulatum 5
Trichoptera Polycentropodidae Holocentropus picicornis 5

4.3.2 Taxa TP optima and generalism
Pearson’s product-moment correlation was used to examine relationships between 

taxa optimum to TP and their TP niche breadth in hard and soft habitats. In hard 

habitats, optima of taxa to TP was strongly correlated to their TP niche breadth 

(r=0.78, p<0.001, n=132; Figure 4.4a). In soft habitats, TP optima and niche breadths 

of taxa were also highly correlated (r=0.74, p<0.01, n=145; Figure 4.4b). Thus those 

taxa most often found in high-TP environments are likely to be tolerant to a wider 

range o f conditions than those taxa with low TP optima. No significant relationship 

was found between FFGi and either TP optima or niche breadths o f taxa in hard 

habitats, likewise FFGi in soft habitats was not correlated with taxa niche breadths 

and only weakly correlated with taxa TP optima (r=-0.19, p<0.05, n=145).
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4.4 Discussion

4.4.1 Objective
The main objective of this study was to develop taxon-specific tolerance scores to 

nutrient enrichment for lake littoral macroinvertebrates and to test these scores using 

an independent set of lakes. This was not looking for a direct toxicity effect of 

increased nutrient concentrations on macroinvertebrate taxa, but rather an indirect 

response of taxa to changes that nutrient enrichment may bring about in their 

surroundings e.g. to food resources or habitat. It is, therefore, an empirical approach. 

Several methods were used to elucidate tolerance scores; although alkalinity groups 

were initially used to classify lakes into ‘types’, calculating tolerance scores for taxa 

within these alkalinity groups did not produce scores that were validated with an 

independent dataset. Instead, calculating scores for hard and soft habitats separately 

produced taxa tolerance scores that could be independently validated. Taxa scores 

corresponding to a PCA-generated eutrophication gradient were significantly 

correlated to nutrients using an independent lake dataset for hard habitats, but this did 

not hold true for soft habitats. Instead, using TP alone as an indicator of 

eutrophication, taxa tolerance scores generated were validated with an independent 

dataset for both hard and soft habitats.

4.4.2 Methods used to establish taxa tolerances
Community-level responses of macroinvertebrates to nutrient enrichment that have 

been documented include changes in abundance or density (Hart and Robinson, 1990) 

or changes in the importance of functional feeding groups (Heino et al., 2005). As 

well as these community-level changes, among-species tolerances to lake nutrient 

enrichment appear to differ greatly (White, 2001, Savage, 1982, Edsall et al., 2004, 

Beketov, 2004). Although several established biotic indices exist e.g. BMW? 

(Armitage et a l, 1983), Hilsenhoff (1987), they are often either indicative of general 

pollution or are based on data collected for river or stream macroinvertebrates. Thus, 

macroinvertebrate tolerances, as suggested by these indices, are likely not to be 

relevant to lake littoral zone monitoring and development of indices that incorporate 

lake littoral taxon-specific tolerances to a gradient of nutrient enrichment pressure is 

needed.
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Several approaches have been taken to establish taxa tolerances to particular water 

quality pressure. These include Canonical Correspondence Analysis (CCA) (Dodkins 

et al., 2005), analysis of taxa indicative of certain conditions (Dufrene and Legendre, 

1997, Heino et al., 2005), generalized additive models (Yuan, 2004), mean 

abundance across water-quality classes (Lenat, 1993), and predictive models (Cao 

and Hawkins, 2005). Weighted averaging is a method that has been widely used in 

recent years (Smith et a l,  2006, Carlisle et al., 2005, Wang et a l ,  2006) and is based 

on the principle that a taxon’s optimum for an environmental variable or cumulative 

gradient can be derived by weighting the mean of the variable by the taxon’s relative 

abundance. CCA is based on the reciprocal averaging algorithm or two-way 

weighted averaging algorithm: from initial arbitrary sample scores, species scores are 

obtained, from which new sample scores are derived, and so on. CANOCO carries 

out multiple regressions within the iterative algorithm, where each time new sample 

scores are derived they are regressed on the environmental variables (Terbraak and 

Smilauer, 2002).

4.4.3 Comparison of taxa tolerance values with other studies
Results indicate that macroinvertebrate taxa in Irish lake littoral zones vary widely in

their tolerance to nutrient enrichment. Although Ephemeroptera are generally 

considered to be sensitive to organic pollution, there was large among-species 

variation in tolerance to nutrient pressure in this study. While certain species 

appeared intolerant of nutrient pressure e.g. Electrogena lateralis, Heptagenia 

sulphurea. Ephemera danica others, such as Caenis horaria, showed much greater 

tolerance. Similarly, within the Coleoptera, Limnius volckmari had quite low TP 

optima (tolerance score of 3 out o f 10 in hard habitats and 2 out o f 5 in soft habitats), 

Hygrotus quinquelineatus had a moderate TP optima (tolerance score of 5 out of 10 

in hard habitats and 2 out o f 5 in soft habitats), and Hyphydrus ovatus had a high TP 

optima (tolerance score o f 10 out of 10 in hard habitats and 5 out o f 5 in soft 

habitats).

In many cases, taxa were found to have similar tolerances to those found in other 

studies. As found by White (2001), Sigara falleni was indicative o f eutrophic 

conditions and Siphonoperla torrentium very intolerant of nutrient pressure. In this 

study, Sigara falleni had a score o f 9 out o f 10 in hard habitats and a score of 5 out o f
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5 in soft habitats, while Siphonoperla torrentium had a score of 2 out of 10 in hard 

habitats. Yuan (2004) used generalized additive models to assign macroinvertebrate 

taxa by assigning the shape of the taxon’s distribution along gradients of TP, SO4, pH 

and habitat into one of three shapes: monotonically decreasing, unimodal and 

monotonically increasing (classified as sensitive, intermediate tolerance and tolerant, 

respectively). Yuan (2004) found Oulimnius, Lepidostoma and Polycentropus to be 

sensitive to TP, while Sialis was classified as tolerant. In this study Lepidostoma 

hirtum, Polycentropus (in soft habitats) and Oulimnius was also found to be sensitive 

to TP, while Sialis was moderately tolerant in soft habitats and highly tolerant in hard 

habitats. For many taxa, tolerance values in this study were similar to those 

calculated by Smith et al. (2006) for TP and NO3 ' in wadeable streams. Smith et al. 

(2006) found Sialis spp. to have intermediate tolerance to TP and NOs' and, likewise 

in this study, Sialis spp. were found to have a tolerance score of 5 out of 10 in hard 

habitats. Polycentropus spp. had low to moderate tolerance in the Smith et al. (2006) 

study, and we found this taxon to be moderately tolerant to TP in both hard (tolerance 

score 6  of out of 10) and soft (tolerance score of 3 out of 5) habitats. However, 

several other taxa differed between the studies in terms of nutrient tolerance. For 

instance. Smith et al. (2006) found Ceratopogonidae to have high tolerance to TP and 

NO3 ' while, in this study, they were moderately tolerant to TP in hard habitats 

(tolerance score of 5 out of 10) and intolerant in soft habitats (tolerance score of 1 out 

of 10). Smith et al. (2006) found Hydroptila spp. to have very high tolerance to TP 

and NOs', while they had moderate tolerance to TP in soft habitats in this study 

(tolerance score of 3 out of 5). Low tolerances of Polycentropus spp. and 

Lepidostoma spp. to nutrient concentrations were also found by Carlisle et al. (2005) 

for U.S. rivers. The tolerance of Sigara concinna agrees with findings of Savage 

(1982); results o f this study suggest a moderate tolerance of this taxon to nutrients in 

soft habitats (tolerance score of 3 out of 5) and a very high tolerance in hard habitats 

(tolerance score of 10 out o f 10), while Savage (1982) found this species to be 

indicative o f highly eutrophic conditions. Biesiadka and Szczepaniak (1987) found 

both Sigara falleni and Callicorixa {Sigara) praeusta to be indicative o f eutrophic 

conditions. Likewise in this study Sigara falleni had a tolerance score of 9 out o f 10 

in hard habitats and 5 out of 5 in soft habitats, while Callicorixa praeusta had a 

tolerance score of 10 out of 10 in hard habitats and 5 out of 5 in soft habitats. Work 

by Pinel-Alloul (1996) and Kangur et al. (1998) suggests that Bithynia tentaculata
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can be found in oligotrophic, mesotrophic and eutrophic nutrient conditions; we 

found this taxon to have high TP optima in both hard (tolerance score 8 out of 10) 

and soft (tolerance score 4 out of 5) habitats. Comparison of calculated taxa 

tolerance values among studies can be ambiguous (Carlisle et a i, 2005) as, in many 

cases, values have been developed for specific geographic areas or for generalized 

pollutants and may also have been derived using a variety of methods (O’Toole et a i, 

2008). It is, however, interesting to note that certain taxa appear to have similar 

responses across several studies.

4.4.4 Tolerance values in hard and soft habitats
Lake littoral zones are structurally heterogeneous and it has been suggested that this 

makes the use of littoral macroinvertebrates unfeasible for assessment of ecological 

integrity (Moss et a l, 2003, Rasmussen, 1988, Harrison and Hildrew, 1998). Several 

studies have found that different habitats can support distinct communities of 

macroinvertebrates. Certain communities may be associated with presence of type of 

macrophytes (Cheruvelil et a i, 2000, Tolonen et a i, 2001, Hanson, 1990), while 

others may be associated with particular types of sediment (White and Irvine, 2003, 

Peeters et a i, 2004, Stoffels et al., 2005), while invertebrate responses to disturbance 

can be habitat-specific (Roy et a i,  2003). In the Q-value system of river assessment, 

riffle areas are sampled in preference to other habitats as the resident communities are 

most sensitive to the effects of organic pollution (Lucey, 1991). In this study, 

habitat-specific responses of macroinvertebrate taxa to nutrient enrichment were 

generated within the general distinctions of ‘hard’ and ‘soft’. Many taxa present in 

both habitat types had similar TP optima (i.e. low, moderate or high) in both 

situations. Leeches such as Theromyzon tessulatum (tolerance score of 10 out of 10 

in hard habitats and 5 out 5 in soft habitats), Hemiclepsis marginata (tolerance score 

of 10 out of 10 in hard habitats and 5 out 5 in soft habitats), Helobdella stagnalis 

(tolerance score of 9 out of 10 in hard habitats and 5 out 5 in soft habitats), 

Glossiphonia heteroclita (tolerance score of 9 out of 10 in hard habitats and 4 out 5 in 

soft habitats), and Erpobdella octoculata (tolerance score of 9 out of 10 in hard 

habitats and 5 out 5 in soft habitats) were some of the most tolerant species found in 

both hard and soft habitats. In both habitats, however, Glossiphonia complanata was 

more moderately tolerant of TP (tolerance score 6 out of 10 in hard habitats and 3 out 

of 5 in soft habitats). Most species of Limnephilus caddisfly larvae had moderate TP
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optima in both hard and soft habitats. The Corixidae species Callicorixa praeusta 

(tolerance score 10 out of 10 in hard habitats and 5 out of 5 in soft habitats) and 

Sigara falleni (tolerance score of 9 out of 10 in hard habitats and 5 out o f 5 in soft 

habitats) had high tolerance to TP in both hard and soft habitats. In addition to 

habitat structure, macroinvertebrate responses to nutrient enrichment may be 

mediated by depth (Brodersen et a l, 1998, Komijow, 1988) as well as by season, 

owing to life cycles of aquatic insects and seasonal changes in habitat conditions 

(Solimini et a l,  2006). Biotic interactions of both competition and predation, both by 

predatory invertebrates and fish feeding in the littoral zone, are also likely to be 

important factors mediating the response of macroinvertebrate taxa to nutrient 

enrichment. However, results suggest that the response of macroinvertebrate taxa to 

increased nutrient concentrations is, nevertheless, strong.

4.4.5 Taxonomic differentiation
The level of taxonomic differentiation used when classifying taxa tolerances to 

nutrient enrichment is likely to be important. Many relative abundance metrics only 

differentiate as far as order or family. This is clearly more convenient in terms of 

speed o f results generated and identification training required. However, different 

genera within the same family or order, and sometimes individual species within 

genera can have different tolerances to environmental variables, so that species-level 

data may show far greater differences among sites relative to family-level data (Lenat 

and Resh, 2001). Smith et al. (2006) did not differentiate Caenis into species and 

found the genera overall to have quite low tolerance to both TP and NOj' and Carlisle 

et al. (2005) also found low tolerance o f this genera to nutrient concentrations in U.S. 

streams; we found that Caenis luctuosa had moderate tolerance to TP, while Caenis 

horaria had moderate tolerance in soft habitats and high tolerance in hard habitats. 

Similarly, Smith et al. (2006) grouped all leeches together as “undefined Hirudinea”, 

with very high tolerance to both TP and NOs', yet, although many leeches in this 

study were very tolerant to TP, Glossiphonia complanata was only moderately 

tolerant. Undefined Limnephilidae in the study by Smith et al. (2006) had low to 

moderate tolerance (tolerance score o f 3 out of 10), while in this study tolerance 

varied according to individual species e.g. Limnephilus flavicornis (tolerance score of 

2 out of 5 in soft habitats) and Limnephilus nigriceps (tolerance score of 3 out of 10 

in hard habitats and 2 out of 5 in soft habitats) had low tolerance while for
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Limnephilus vittatus (tolerance score of 8 out of 10 in hard habitats and 4 out of 5 in 

soft habitats) and Limnephilus lunatus (tolerance score o f 6 out of 10 in hard habitats 

and 3 out of 5 in soft habitats) tolerances were much higher. Pinel-Alloul (1996) 

found the genus Mystacides to be indicative of oligotrophic to mesotrophic 

conditions. According to our results, however, species within this genus ranged from 

low to high TP tolerance; we found Mystacides azurea to be very intolerant of TP in 

soft habitats (tolerance score of 1 out of 5), while Mystacides longicornis was much 

more tolerant of TP in both hard (tolerance score of 7 out of 10) and soft habitats 

(tolerance score o f 4 out of 5), Resh and Unzicker (1975) established water-quality 

tolerances for 89 genera comprising more than a single species and found that for 61 

o f the genera examined, the component species fell into different tolerance categories 

(intolerant, facultative, or tolerant), while for the largest group of genera, species- 

level pollution tolerances fell into all three categories.

4.4.6 Validation o f taxa tolerance values
An independent dataset of 21 lakes was used in order to validate the empirically 

derived taxa tolerance scores, to ensure that they were not applicable solely in the set 

o f lakes for which they were developed. Tolerance scores were derived initially for 

taxa independently for low, moderate and high alkalinity lakes (following type- 

specific protocols of the Water Framework Directive) and to an overall gradient of 

eutrophication. When tested with an independent dataset, however, the relationships 

between tolerance scores and nutrient enrichment were not found. This highlights the 

danger o f using empirically-derived values and the importance of validating any 

empirical models before they are taken to be general patterns or principles. For 

example, Wemaere (2005) developed models of catchment P runoff for a County 

Clare catchment that were not found to be applicable to a wider set of catchments. In 

my study, this was, however, only a consequence of the PCA-derived tolerance 

scores, those derived from taxa TP optima remained significant when lake scores for 

the dataset o f 21 validation lakes were examined. While TP optima were robust, the 

PCA-derived scores were subject to induced variance among the variables that 

contributed to the principle component.
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4.4.7 Niche breadths of taxa to TP and relationship with optima
The niche breadth of a taxon refers to the range of conditions that it can withstand

(Yuan, 2004). This is termed ‘tolerance’ in CANOCO, such that the more tolerant 

taxa are capable of withstanding a broader range o f conditions, in this case TP 

concentrations. A strong correlation was found between optima of taxa to TP and TP 

niche breadth in both hard (r=0.78, p<0.001, n=132) and soft habitats (r=G.74, 

p<0.01, n=145). Thus, those taxa most often found in high-TP environments are 

likely to be tolerant to a wider range of TP concentrations than those taxa with low 

TP optima. Several very TP intolerant taxa (i.e. those with the lowest TP optima) 

such as Electrogena lateralis and Heptagenia sulphurea also had a very low TP niche 

breadth, while some of the most TP tolerant taxa (i.e. with the highest TP optima) 

such as Callicorixa praeusta also had high TP niche breadths. Brodersen et al. 

(1998) also found that taxa with optima in the eutrophic end of the gradient have a 

very broad tolerance range. Those taxa with broad environmental tolerances and 

ability to utilize a wide variety of resources will be likely to achieve high local 

densities, surviving in more locations and over a larger area; while those with narrow 

environmental tolerances and limited to a narrow range of resources are much less 

likely to achieve high local densities or wide distributions (Gaston and Spicer, 2001). 

A taxon will occupy a ‘realised niche’ where it is competitively dominant rather than 

its entire fundamental or potential niche, competition with other taxa (either direct or 

indirect) causing it to often be absent from parts of its fundamental niche. No strong 

relationship was found between the number of Functional Feeding Groups (FFGs) a 

taxon was classified as belonging to and their TP optima or TP niche breadths in hard 

or soft habitats. This indicates that the range of FFGs o f a taxon is not directly 

related to the range of nutrient conditions that it can be found in.

4.5 Chapter conclusions
Several approaches were taken to establish taxon-specific tolerance scores that would 

remain valid with an independent dataset. Results indicated that;

•  Lake nutrient enrichment scores based on taxa tolerances to an overall (PCA- 

derived) eutrophication gradient were not validated with an independent set of 

lakes;
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•  Lake nutrient enrichment scores based on type-specific (low, moderate and high 

alkalinity lakes) taxa tolerances were not validated with an independent set of 

lakes;

•  Lake nutrient enrichment scores based on habitat-specific (hard/soft) taxa 

tolerances to a total phosphorus (TP) gradient remained significant when tested 

with an independent set o f 21 lakes;

•  Inclusion of niche breadth (the range of TP concentrations for the taxa) did not 

improve the relationships;

•  Many current indices based on taxa tolerances only differentiate to family level; 

results o f this chapter show that species-level are more appropriate as different 

genera within the same family and different species within a genus can have very 

different tolerances.
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5. Algal productivity

5.1 Introduction
Periphytic and planktonic algae coexist in all lakes, the most pronounced difference 

between the two being that they occupy different habitats -  periphytic algae are 

found attached to submerged surfaces while planktonic algae are free-floating in the 

water column (Hansson, 1988). Phytoplankton comprises the small plants and 

photosynthetic bacteria that have very limited powers of movement and are mostly 

subject to distribution by water currents. Although termed freely floating, most 

algae are denser than water and will sediment to the benthos (Wetzel, 2001). 

Periphyton (known also as biofilm or Aufwuchs) is, in fact, a community 

comprising mainly benthic algae, but also including bacteria, fungi and microzoans 

held within a polysaccharide matrix (Steinman and Lamberti, 1996), Periphyton 

that grow on different surfaces may be called by different names, descriptive o f the 

substrata on which they grow in natural habitats. Among the algal communities, 

epiphytic algae grows on the surfaces of macrophytes, epipelic algae grows on 

sediments, epidendric algae grows on wood surfaces, episammic algae grows on 

sand, epizooic algae grows on aquatic animals and epilithic algae grows on rock or 

stone surfaces (Wetzel, 2001). The growth of periphytic algal is mainly restricted 

to these submerged surfaces in shallow waters (Hansson, 1988).

Periphyton is an important primary producer in many lakes that is largely 

overlooked in most lake monitoring programmes. Primary productivity, the rate of 

formation of organic matter from inorganic matter by photosynthesising organisms, 

converts solar energy to chemical energy (Bott, 1996). Respiration results in loss of 

some of this energy (Ro), while the fraction converted to biomass is termed net 

primary productivity (NPP), and the total (respired plus stored) is gross primary 

productivity (GPP):

GPP = NPP + Ro

Primary production in lakes is often assumed to be predominantly pelagic. 

However, littoral primary production in shallow lakes can contribute substantially
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to whole lake primary production (DeNicola et a l,  2003, Hakanson and Boulion, 

2004). A number of fish species are highly dependent on a benthic diet, and the 

importance of periphytic production to lake food web interactions may be 

consistently underestimated (Hecky and Hesslein, 1995). Production of periphyton 

should be mainly nutrient-limited in oligotrophic lakes, but there is evidence that 

limited light availability in eutrophic environments can shift photosynthetic 

productivity from periphytic to phytoplanktonic dominance (Liboriussen and 

Jeppesen, 2006, Vadeboncoeur et al., 2003). Periphytic production should thus be 

optimal at intermediate nutrient concentrations (Liboriussen and Jeppesen, 2006). 

Vadeboncoeur et al. (2003) and Liboriussen & Jeppesen (2003) found periphyton to 

be highly important to total lake primary production for moderately eutrophic lakes. 

Periphytic algae may have an advantage over planktonic algae in these conditions, 

accessing additional nutrient resources from sedimentary material and from 

recycling within the periphyton mat; the free-floating nature of planktonic algae 

does, however, provide them with first access to light (Hansson, 1988). Although 

many studies have shown increased biomass and productivity of phytoplankton 

across a nutrient gradient, the relationship between nutrient enrichment and 

periphytic biomass and production has been much less investigated (Liboriussen 

and Jeppesen, 2006), as has the competitive interrelations between these two 

primary producers (Hansson, 1988).

At the local level, changes in biomass and productivity of periphytic and planktonic 

algae may be important to macroinvertebrates, either directly, through changing 

food resource availability, or indirectly, through changes in the local habitat. The 

objective of this study was to assess the dynamics of periphytic production with 

eutrophication. It was hypothesized that periphyton production would be maximal 

at intermediate nutrient concentrations and reduced with increased trophic state. A 

second objective o f this work was to assess if production efficiency o f periphyton 

decreased with increased trophic state.
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5.2 Methods

5.2.1 Study sites
Nine moderate alkalinity lakes (33-97 mg CaCOa L ’) were chosen that represented 

a gradient of total phosphorus concentration. Lakes were located in Ireland in 

Counties Leitrim, Longford, Fermanagh, Donegal and Cavan, and were sampled 

between 13 June and 15 July 2006. Further information on lake selection is 

provided in Chapter 2, Section 2.1.3: Experimental Lakes.

5.2.2 Measurement o f respiratory and photosynthetic rates o f algae
Respiration and photosynthetic rates of phytoplankton and periphytic (epilithic)

algae were estimated by measuring changes in dissolved oxygen in enclosed acrylic 

incubation chambers (Figure 5.1). Either IL or 0.5L chambers were used for 

epilithon incubations, depending on predominant rock sizes at each lake, while 

chambers used for phytoplankton incubations were 0.13L. At each lake, three sites 

were selected from a depth of 0.5-1 m. Lake water at each respective site was 

sieved through a 63)xm mesh to remove large zooplankton and incubated for littoral 

phytoplankton measurements (in a pilot study, large Daphnia present contributed to 

respiration). One representative rock was selected from each site and incubated 

together with sieved lake water in an appropriately sized incubation chamber for 

epilithon measurements. Incubations were first carried out in the dark to estimate 

algal respiration rates. A dissolved oxygen concentration reading was taken for 

each chamber (WTW® Oximeter 330). Chambers were covered with thick black 

plastic or tinfoil to block out the light and incubated in situ at a depth o f 0.5-Im. 

Chambers were agitated by hand every 10-15 minutes, and removed in turn from 

the water after approximately 1-2 h (range 50-144 minutes), when dissolved oxygen 

concentrations were measured. As incubations took place in the water to control for 

temperature fluctuations, temperature of chamber water was measured to ensure it 

did not deviate markedly from lake water temperature. The same chambers were 

then uncovered and incubated (underwater) in the light for approximately 1-2 h 

(range 52-140 minutes) (Figure 5.2). If light intensity was high (measured with a 

LICOR® LI-250 light meter with spherical LICOR® bulb), layers of cotton were 

used to shade the chambers so that light intensity was maintained at levels of about 

300-500-jj,m photons cm'^ s ‘. Dissolved oxygen concentrations in each chamber 

were measured at the end of light incubations.
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5.2.3 Measurement of chlorophyll a and surface area
The volume of water in each phytoplankton incubation chamber was measured,

then filtered through GF/C filter paper and analysed for chlorophyll a (Standing 

Committee of Analysts 1983) to estimate algal biomass. Water volume in epilithon 

incubation chambers was also measured. A circular area 15.9 cm on each rock was 

isolated and algae was brushed from the rock with addition of deionised distilled 

water and taken up with a syringe. The resulting slurry was filtered through GF/C 

filters and analysed for chlorophyll a as described above. The upper surface area of 

each rock was estimated by covering the upper surface with tinfoil, weighing the 

foil and measuring this weight against a regression of weights of foil of known 

surface area.

Epilithic Productivity

Phytoplanktonic
productivity

Figure 5.1 Perspex chambers used for measurement of epilithon (larger

chamber) and phytoplankton (smaller chamber) respiratory and 

photosynthetic rates.
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5.2.4 Calculation o f respiratory and photosynthetic rates o f algae
Community respiration was calculated as amount o f dissolved oxygen (DO)

consumed in each chamber during the dark incubations. Net primary production 

(NPP) was estimated as the amount of DO produced during the light incubations. 

Gross primary production (GPP) was calculated by adding the change in DO 

measured during the dark incubation to the change measured during the light 

incubation. These measures were standardized to surface area of rocks (m ) for 

epilithon metabolism and to 1 litre volume of water for phytoplankton metabolism. 

Carbon units for metabolism were derived from oxygen units, assuming a 

respiratory quotient of 1.0 and a photosynthetic quotient of 1.2 (following DeNicola 

et al. (2003)). Biomass-specific metabolic rates were calculated for epilithon and

phytoplankton by dividing rates by the biomass o f algae in the chambers (mg
2 1 chlorophyll a m‘ for epiliton and |o.g chlorophyll a I  for phytoplankton).

Spearman rank correlation was used to examine relationships between algal

metabolic rates and water chemical variables.

Figure 5.2 Incubation of chambers in the light for measurement of rates of

epilithic and phytoplanktonic algal photosynthesis at Lough Melvin, 

June 2006.

85



5.3 Results

5.3.1 Water chemistry
The nine lakes in this study were selected in an attempt to represent a range of 

trophic states. Mean total phosphorus concentrations in the lakes ranged from low 

(11.6 îg r ‘ ±1.0 S.E., n=3 in Rowan, and 11.9 )̂ g l '  ±0.7 S.E., n=3 in 

Carigeencor) to very high (118.0 ^g l ' ±31.5 S.E., n=3 in Oughter). Mean total 

nitrogen (TN) was also very low in Rowan (0.36 mg 1'̂  ±0.01 S.E., n=3) and 

Carigeencor (0.30 mg 1'* ±0.01 S.E., n=3) and highest in Oughter (1.12 mg 1’’ 

±0.04 S.E., n=3). TP (log) was very strongly correlated with TN (log) across the 

lakes (r=0.98, p<0.01, n=9). There was, therefore, a strong nutrient gradient across 

the lakes (Table 5.1).

5.3.2 Surface area o f rocks for periphyton analysis
Weighing foil squares of known surface area allowed construction of a standard

curve from which the upper surface area of each rock incubated for epilithic 

metabolism was estimated by covering the upper surface with foil and weighing the 

foil. Estimates of rock upper surface areas are given in Table 5.2.

5.3.3 Algal biomass
Algal biomass (as chlorophyll a) demonstrated high variation among lakes as well 

as within lakes (Table 5.3). Mean epilithic biomass ranged from 10.8 (±3.7 S.E., 

n=3) to 352.3 (±29.5 S.E., n=3) mg chlorophyll a m' .̂ Mean biomass of epilithic 

algae was lowest at Carigeencor and Fern, followed by Rowan and Melvin. At 

Town, Oughter and Gowna mean epilithic algae achieved very high biomasses of 

over 200 mg chlorophyll a m ' .  In some lakes, Carigeencor being the best example, 

epilithic algae achieved similar biomass for the three replicates (Table 5.3). At 

others, epilithic algal biomass showed strong variation among replicates. For 

instance, at Ballydoolagh, site 2 and 3 had biomass of 76 and 61 mg chlorophyll a 

m‘ , respectively, while site 1 had a much lower biomass of 23 mg chlorophyll a m‘ 

At Sallagh, epilithic algal biomass was much higher at site 3 (116 mg 

chlorophyll a m ' ) than at sites 1 (46 mg chlorophyll a m ') or 2 (65 mg chlorophyll 

a m'^).
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Table 5.1 Mean physical and chemical characteristics ± S.E. for the 9 moderate alkalinity lakes sampled in June and July 2006.

Rowan Carigeencor Fern Melvin Ballydoolagh Gowna Sallagh Town Oughter

8.1 8.0 7.8 8.4 8.0 8.3 7.6 7.6 7.6
pH ± 0.0 ± 0.0 ± 0.0 ± 0.1 ±0 .0 ± 0.0 ±0 .0 ±0.-/ ±0 .7
Alkalinity 52.3 45.4 33.4 57.4 62.8 93.9 54.1 59.7 74.1
(mg CaCOs l ’ ) ± 0 .2 ± 0.1 ± 0.2 ± 0.3 ±0 .8 ±  1.8 ±0 .3 ±  1.5 ± 0 .2
Conductivity 151 160 144 181 180 252 161 190 218
(mS cm'^) ± 0 ± 0 ± 4 ± 0 ± 0 ± 4 ± 0 ± 2 ±  7
Chlorophyll a 4.9 3.3 6.0 5.8 12.0 25.1 14.5 7.2 4.8
(M9 ± 0.2 ± 0.8 ± 0.1 ±  1.4 ±0 .5 ±  1.9 ± 0.4 ± 3 .0 ± 3 .0
DTOC 5.9 5.4 7.0 9.1 8.8 8.6 14.2 13.3 11.8
(mg r ’ ) ± 0.1 ± 0.0 ± 0.1 ±0 .5 ± 0.1 ± 0 .2 ±0 .2 ±0 .6 ± 0 .5
Colour 20 36 53 74 55 75 95 103 94
(PtCo) ± 2 ± 8 ± 2 ±  1 ± 3 ± 5 ±  7 ±  7 ± 8
TN 0.36 0.30 0.37 0.47 0.59 0.81 0.77 1.07 1.12
(mg r^) ± 0.01 ± 0.01 ± 0.01 ±0.02 ±0.03 ±0.08 ±0.08 ±0.06 ± 0.04
TP 11.6 11.9 17.0 18.2 40.6 43.0 54.5 100.0 118.0
(kig r ') ±  1.0 ± 0.7 ±  1.0 ±  1.2 ±2 .3 ±7 .9 ± 2 .5 ±33.7 ±37.5
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Table 5.2 Estim ation o f upper surface area o f rocks from epilithon metabolic 

chambers, used in calculation o f area-specific epilithic metabolism.

Lake Site Upper surface area 
foil weight (g)

Upper surface area
(cm^)

Rowan 1 0.51 146.2

2 0.52 149.2

3 0.58 165.5

Carigeencor 1 0.34 97.5

2 0.43 123.1

3 0.41 116.5

Fem 1 0.48 136.8

2 0.65 186.6

3 0.49 139.0

Melvin 1 0.54 153.4

2 0.56 160.3

3 0.59 167.8

Ballydoolagh 1 0.43 123.0

2 0.53 151.3

3 0.62 176.5

Town 1 0.39 111.7

2 0.39 111.6

3 0.51 146.4

Gowna 1 0.39 111.7

2 0.44 125.1

3 0.48 137.6

Oughter 1 0.42 118.9

2 0.49 141.0

3 0.59 168.0

Sallagh 1 0.51 145.4

2 0.57 162.1

3 0.52 148.9
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T able 5.3 M ean biomass ( ± S.E.) o f algae on rocks (epilithon) and in water column 

(phytoplankton) incubated in metabolic chambers, n=3 for each lake.

Lake Epilithon biomass

(mg Chia m‘̂ )

Phytoplankton biomass

(ijg ChIa r'')

Rowan 28.3 ±9.5 2.1 ±0.5

Carigeencor 14.6 ±1.1 5.7 ±0.1

Fern 10.8 ±3.7 1.5 ±0.1

Melvin 35.5 ±6.7 4.8 ±0.6

Ballydoolagh 53.5 ±15.7 7.6 ±0.8

Gowna 337.4 ± 34.2 5.4 ±0.8

Sallagh 75.5 ±20.9 10.5 ±0.1

Town 220.1 ±16.4 22.4 ±0.5

Oughter 352.3 ±29.5 6.5 ±0.4

A two-level ANOVA, with sites nested within lakes, showed a difference in the 

average epilithic algal biomass across all lakes (F=55.9, p<0.001; Table 5.4). Mean 

epilithic algal biomass was significantly and positively correlated with mean 

phytoplankton biomass across the lakes (r=0.62, p<0.05, n=9). It also demonstrated a 

significant positive relationship with both mean TP (r=0.86, p<0.01, n=9) and mean 

TN (r=0 .93 ,p<0.001,n=9).

T able 5.4 Two-level nested ANOVA results summ ary exam ining differences in 

epilithic and phytoplankton biomass across the nine lakes

Source o f variation d.f. Sum o f 

squares

M ean

square

F-ratio P-value

Epilithic algal biomass 8 467869.55 58483.69 55.854 .000

Phytoplanktonic biomass 8 932.62 116.58 145.45 .000
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Phytoplankton biomass also varied strongly across lakes, although not to the same 

extent as epilithic algal biomass. Mean biomass in the nine lakes ranged from 1.5 

(±0.07 S.E., n=3) to 22.4 (±0.5 S.E., n=3) |ig chlorophyll a 1"'. Lowest biomass was 

found at Fern and Rowan, with mean biomass <3 jig chlorophyll a l '. Carigeencor, 

Melvin, Oughter, Gowna and Ballydoolagh had intermediate mean biomass of between 

4 and 8 ng chlorophyll a P'. Mean biomass was higher at Sallagh (10.5 \ig chlorophyll 

a r '  ±0.1 S.E., n=3) and much higher again at Town (22.4 |ig chlorophyll a l ’ ±0.5 

S.E., n=3). There was some variation among lake replicates; however this variation 

was much lower than with epilithic algal biomass, with less than 3 |ig chlorophyll a 1'̂  

difference among replicates at all lakes (Figure 5.4). A two-level ANOVA, with sites 

nested within lakes, showed a difference in the average phytoplankton biomass across 

all lakes (F=145.5, p<0.001; Table 5.4). Mean biomass of phytoplankton was 

significantly and positively correlated with mean TP (r=0.72, p<0.05, n=9) and mean 

TN (r=0.70, p<0.05, n=9) across the lakes.
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5.3.4 Algal community respiration
5.3.4.1 Epilithic respiration

Metabolic rates o f algae also showed great variation across the lakes (Table 5.5).

Mean epilithic community respiration in the lakes ranged from 1.0 (±1.4 S.E., n=3) to
") 136.7 (±15,3 S.E., n=3) mg O 2 m ' h' . Mean respiration rates were lowest by far at 

Carigeencor (1.0 mg O 2 m'^ h"’ ±1.4 S.E., n=3), followed by Fern (12.9 mg O 2 m'^ h ' 

±3.3 S .E .,n=3) and Rowan (13.4 mg 0 2 m "^ h '’ ±5.7 S.E., n=3). Sallagh(18.1 mg O 2 

m'^ h-' ±8.4 S.E., n=3), Melvm (20.2 mg O2 m'^ h '' ±2.7 S.E., n=3) and Gowna (20.3 

mg O2 m'^ h ' ±5.9 S.E., n=3) had similar mean rates, while Oughter (31,9 mg O 2 m'^ 

h '’ ±5.1 S.E., n=3) and Town (36.7 mg O 2 m'^ h ' ±15.3 S.E., n=3) had much higher 

respiration rates than the other lakes. A two-level ANOVA, with sites nested within 

lakes, showed a difference in average epilithic respiration across all lakes (F=2.39, 

p=0,059; Table 5.5). Rates o f respiration were significantly correlated with epilithic 

chlorophyll a (r=0.79, p<0.01, n=9). Epilithic respiration was also significantly 

correlated with both TP (r=-0.86, p<0.01, n=9) and TN (r=-0.90, p<0.01, n=9).

Table 5.5 Two-level nested ANOVA results summary examining differences in 

epilithic respiration across the nine lakes

Source o f variation d .f  Sum o f M ean square 

squares

F-ratio P-value

Lake area-specific respiration 8 .332 .042 2.393 .059

5.3.4.2 Phytoplanktonic respiration

Average phytoplankton respiration ranged from 0 (±0.0 S.E., n=3) to 0.5 (±0.1 S.E., 

n=3) mg O2 r '  h'V Average rates o f respiration were lowest at Gowna (0.0 mg O2 1’  ̂

h ' ±0.0 S.E., n=3), highest at Ballydoolagh (0.5 mg O 2 f ’ h '‘ ±0.1 S.E., n=3) and 

intermediate at all other lakes (0.2 ±0.1 S.E., n=3 to 0.3 ±0.1 S.E., n=3 mg O 2 1’’ h’'). 

A two-level ANOVA, with sites nested within lakes, showed a difference in average 

volume-specific phytoplanktonic respiration (F=2.39, p=0.059) across all lakes 

(Table 5.6). Respiration rates o f phytoplankton showed no significant relationship 

with TP or TN.
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Table 5.6 Two-level nested ANOVA results summary examining differences in 

phytoplankton respiration across the nine lakes

Source of variation d .f Sum of 

squares

Mean square F-ratio P-value

Lake volume-specific respiration 8 .332 .042 2.393 .059
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Table 5.7 Mean area- or volume-specific metabolic rates (± SE) for epilithic and phytoplanktonic algae for 9 lakes

sampled between 13 June and 15 July 2006.

Rowan Carigeencor Fern Melvin Ballydoolagh Gowna Sallagh Town Oughter

Epilithic CR 13,4 1.0 12.9 20.2 21.1 20.3 18.1 36.7 31.9
(mg O2 m'̂  h'̂ ) ± 1.3 ± 0.5 ± 1.0 ± 0.9 ± 1.0 ± 1.3 ± 1.5 ± 1.9 ± 13
Phytoplanktonic 0.2 0.3 0.2 0.3 0.5 0.0 0.3 0.3 0.2
CR
(mg O2 r'' IT'')

± 0.1 ± 0.0 ± 0.1 ± 0.0 ± 0.1 ± 0.0 ± 0.1 ± 0.1 ± 0.1

Epilithic NPP
(mg O2 m'̂  h"’)

35.8 13.1 25.3 21.4 57.5 94.4 53.5 32.2 176.9
± 4.4 ± 7.4 ±3.5 ± 0.4 ± 10.0 ± 32.0 ± 20.1 ±20.6 ±28.2

Phytoplanktonic 0.3 0.3 0.2 0.1 0.2 0.2 0.4 0.4 0.4
NPP
(mg O2 r'' h''')

± 0.1 ± 0.0 ± 0.1 ± 0.0 ± 0.0 ± 0.1 ± 0.0 ± 0.0 ±0.0

Epilithic GPP
(mg O2 m‘̂  h'̂ )

49.2 14.1 38.1 41.6 78.6 114.8 71.6 68.9 208.8
±9.8 ± 7.1 ± 4.7 ± 2.6 ± 11.9 ± 34.6 ± 11.8 ±35.7 ± 25.4

Phytoplanktonic 0.5 0.6 0.4 0.3 0.7 0.2 0.6 0.7 0.6
GPP
(mg O2 r' h-')

± 0.2 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.0 ± 0.1 ± 0.1

Epilithic GPP
(mg C h'̂ )

15.39 4.40 11.92 12.99 24.55 35.87 22.36 21.92 65.25
± 3.05 ± 2.21 ±  1.46 ± 0.82 ± 3.71 ±  10.81 ± 3.69 ±  10.91 ±  7.93

Phytoplanktonic 0.14 0.18 0.12 0.10 0.21 0.07 0.19 0.22 0.20
GPP
(mg C r' h-')

± 0.05 ± 0.02 ± 0.04 ± 0.02 ± 0.04 ± 0.02 ± 0.01 ± 0.04 ± 0.04

95



Table 5,8 Mean biomass-specific mean metabolic rates ( ± SE) for epilithic and phytoplanktonic algae for 9 lakes sampled 

between 13 June and 15 July 2006.

Rowan Carigeencor Fern Melvin Ballydoolagh Gowna Sallagh Town Oughter

Epilithic NPP
(mg O2 mg Chla'^ h‘ )̂

1.65 0.85 3.30 0.64 1.40 0.31 0.67 0.13 0.51
± 0.65 ± 0.43 ± 1.53 ± 0.11 ± 0.56 ± 0 .13 ± 0.11 ±0.08 ± 0.11

Phytoplanktonic 0.16 0.05 0.12 0.01 0.03 0.04 0.03 0.02 0.06
NPP
(mg O2 mg Chla'^ h'^)

± 0.11 ± 0.00 ± 0.03 ± 0.01 ± 0.01 ± 0.01 ±0,00 ± 0.00 ± 0.01

Epilithic GPP 2.38 0.93 4.62 1.24 1.96 0,37 1,01 0.29 0.60
(mg O2 mg Chla'^ h'^) ±  1.06 ± 0.42 ±  1.69 ± 0.21 ± 0.84 ± 0.15 ± 0.10 ±0.13 ± 0.10
Phytoplanktonic 0.29 0.10 0.24 0.06 0.09 0.04 0.06 0.03 0.10
GPP
(mg O2 mg Chla'^ h'^)

± 0.17 ± 0.01 ± 0.07 ± 0.00 ±0.02 ±0.02 ±0.00 ± 0.01 ± 0.02

Epilithic GPP 0.74 0.29 1.44 0.39 0.61 0.12 0.31 0.09 0.19
(mg C mg Chla'^ h ’ ) ±0.33 ± 0.13 ±0.53 ± 0.07 ±0.26 ±0.05 ±0.03 ±0.04 ± 0.03
Phytoplanktonic 0.09 0.03 0.08 0.02 0.03 0.01 0.02 0.01 0.03
GPP
(mg C mg Chla'^ h"'')

± 0.05 ± 0.00 ±0.02 ± 0.00 ± 0.01 ±0.00 ±0.00 ±0.00 ± 0.01
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5.3.5 Algal community net primary production (NPP)
5.3.5.1 Epilithic NPP

Net primary production o f epilithic algae ranged from 13.1 (±7.4 S.E., n=3) to 176.9 

(±48.9 S.E., n=3) mg O2 m'  ̂h"’. Lowest average rates were seen at Carigeencor (13.1 

mg O2 m'  ̂h‘’ ±7.4 S.E., n=3), followed by Fern (25.3 mg O2 m'̂  h ' ±3.5 S.E., n=3), 

Melvin (21.4 mg O2 m'  ̂ h'̂  ±0.4 S.E., n=3), Town (32.2 mg O2 m'̂  h'' ±20.6 S.E., 

n=3), Rowan (35.8 mg O2 m'  ̂ h'̂  ±4.4 S.E., n=3), Ballydoolagh (57.5 mg O2 m'  ̂ h"' 

±17.3 S.E., n=3) and Sallagh (53.5 mg O2 m'  ̂h"’ ±20.1 S.E., n=3). Average NPP rates 

o f epilithic algae were much higher at Gowna (94.4 mg O2 m'̂  h ' ±32.0 S.E., n=3) and 

Oughter (176.9 mg O2 m'  ̂ h’' ±28.2 S.E., n=3), respectively, than at the other seven 

lakes. Mean epilithic NPP (log) was significantly correlated with mean epilithic 

biomass (log) in the chambers (r=0.69, p=0.02, n=9), with (log) TP (r=0.64, p=0.03, 

n=9) and (log) TN (r=0.66, p=0.03, n=9) (Figure 5.7). Mean biomass-specific rates of 

epilithic NPP ranged from 0.13 (±0.08 S.E., n=3) to 3.30 (±1.53 S.E., n=3) mg O2 mg 

chlorophyll a'* h"’. Mean rates were lowest at Town (0.13 mg O2 mg chlorophyll a ’ h' 

' ±0.08 S.E., n=3) and Gowna (0.31 mg O2 mg chlorophyll o ' h'' ±0.13 S.E., n=3), 

followed by Oughter (0.51 mg O2 mg chlorophyll df’’ h ' ±0.11 S.E., n=3), Melvin (0.64 

mg O2 mg chlorophyll a’’ h"' ±0.11 S.E., n=3), Sallagh (0.67 mg O2 mg chlorophyll a'̂  

h ’ ±0.11 S.E., n=3), Carigeencor (0.85 mg O2 mg chlorophyll a ' h ' ±0.43 S.E., n=3), 

and highest at Ballydoolagh (1.40 mg O2 mg chlorophyll a ' h ' ±0.56 S.E., n=3). 

Rowan (1.65 mg O2 mg chlorophyll o ’ h ' ±0.65 S.E., n=3) and Fern (3.30 mg O2 mg 

chlorophyll o'* h'̂  ̂±1.53 S.E., n=3). A two-level ANOVA, with sites nested within 

lakes, showed a significant difference in both area- (F=8.354, p=.000) and biomass- 

specific (F=4.654, p=.003) epilithic NPP across all lakes (Table 5.9). Average 

biomass-specific NPP of epilithon was significantly negatively correlated with average 

(log) TP (r=-0.62, p<0.05, n=9) and average (log) TN (r=-0.70, p=0.02, n=9) (Figure 

5.8).
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Table 5.9 Two-level nested ANOVA results summary examining differences in 

area-specific and biomass-specific epilithic NPP across the nine lakes

Source of variation d .f Sum of 

squares

Mean

squaie

F-ratio P-value

Lake area-specific NPP 8 63167.84 7895.98 8.354 .000

Lake biomass-specific NPP 8 22.656 2.832 2.577 .045

5.3.5.2 Phytoplankton NPP

Average NPP of phytoplankton ranged from 0.1 (±0.0 S.E., n=3) to 0.4 (±0.0 S.E., 

n=3) mg O2 r ’ h ''. It was lowest at Melvin (0.1 mg O2 1'' h'^ ±0.0 S.E., n=3), followed 

by Fem (0,2 mg O2 1’’ h '' ±0.1 S.E., n=3), Ballydoolagh (0.2 mg O2 l ' h’’ ±0.0 S.E., 

n=3), Gowna (0.2 mg O2 T' h‘‘ ±0.1 S.E., n=3). Rowan (0.3 mg O2 1'' h"' ±0.1 S.E., 

n=3) and Carigeencor (0.3 mg O2 1"' h '' ±0.0 S.E., n=3), and was highest at Town, 

Oughter and Sallagh (all 0.4 mg O2 1'' h ’) (Figure 5.6). Mean (log) phytoplankton 

NPP rates were significantly positively related to mean (log) TP (r=0.61, p<0.05, n=9), 

and positively related to mean (log) TN, although this was not significant at p<0.05 

(r=0.52, p=0.07, n=9). Mean biomass-specific rates across the lakes varied from 0.01 

(±0.01 S.E., n=3) to 0.16 (±0.11 S.E., n=3) mg O 2 mg chlorophyll a '  h"’. Mean 

biomass-specific rates were lowest at Melvin (0.01 mg O2 mg chlorophyll a  ' h'* ±0.01 

S.E., n=3) and Town (0.02 mg O2 mg chlorophyll h’’ ±0.00 S.E., n=3), followed by 

Ballydoolagh (0.03 mg O2 mg chlorophyll h '' ±0.01 S.E., n=3), Sallagh (0.03 mg O2 

mg chlorophyll a"' h'* ±0.00 S.E., n=3), Gowna (0.04 mg O2 mg chlorophyll d^ h"' 

±0.01 S.E., n=3), Carigeencor (0.05 mg O2 mg chlorophyll a  ' h ’ ±0.00 S.E., n=3) and 

Oughter (0.06 mg O2 mg chlorophyll a  ' h"' ±0.01 S.E., n=3). Much higher biomass- 

specific rates of phytoplanktonic NPP were evident at Fem (0.12 mg O2 mg 

chlorophyll a  ’ h ' ±0.03 S.E., n=3) and Rowan (0.16 mg O2 mg chlorophyll a  ' h ' 

±0.11 S.E., n=3). A two-level ANOVA, with sites nested within lakes, showed a 

significant difference in volume-specific phytoplanktonic NPP (F=4.654, p<0.05), but 

no significant difference in biomass-specific NPP (F=1.717, p=.162), across all lakes 

(Table 5.10). Mean biomass-specific NPP (log) was negatively related to both (log) TP 

and (log) TN, although neither relationship was significant at p<0.05.
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Table 5.10 Two-level nested ANOVA results summary examming differences in 

volume-specific and biomass-specific phytoplanktonic NPP across the 

nine lakes

Source of variation d.f Sum of 

squares

Mean

square

F-ratio P-value

Lake volume-specific NPP 8 .341 .043 4.654 .003

Lake biomass-specific NPP 8 .060 .008 1.717 .162
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5.3.6 Algal community gross primary production (GPP)
5.3.6.1 Epilithic GPP

Rates o f  epilithic GPP closely  follow ed  those o f  epilithic NPP. Mean GPP ranged 

from 14.1 (±7.1 S.E., n=3) to 208.8 (±25.4 S.E., n=3) m g O 2 m'  ̂ h ' across the lakes. 

A s with NPP, mean GPP rates o f  epilithon were lowest at Carigeencor (14.1 mg O 2 m'^ 

h"' ±7.1 S.E., n=3), follow ed by Fern (38.1 m g O2 m'  ̂h'* ±4.7 S.E., n=3), M elvin (41.6  

m g O2 m'^ h ’ ±2.6 S.E., n=3). Rowan (49.2 m g O 2 m'  ̂h"' ±9.8  S.E., n=3). Town (68.9  

m g O2 m'  ̂ h‘‘ ±35.7 S.E., n=3), Sallagh (71.6 m g O 2 m'  ̂ h ‘ ±11.8 S.E., n=3) and 

Ballydoolagh (78.6 m g O 2 m'^ h ' ±11.9 S.E., n=3). Much higher mean rates were also 

evident at Gowna (114.8  m g O 2 m'  ̂h ’ ±34.6 S.E., n=3) and Oughter (208.8 mg O 2 m'^ 

h"' ±25.4 S.E., n=3) than at the other seven lakes (Figure 5.9). Mean rates o f  (log) 

epilithic GPP were significantly positively correlated wath both average (log) TP 

(r=0.75, p=0.01, n=9) and average (log) TN (r=0.79, p<0.01, n=9) (Figure 5.10).

Patterns o f  mean epilithic GPP across the nine lakes were very different when biom ass 

was taken into account (Figure 5.11). Mean biom ass-specific GPP rates o f  epilithon  

ranged from 0.29 (±0.13 S.E., n=3) to 4.62 (±1.69 S.E., n=3) m g O2 m g chlorophyll a  ' 

h'V Lowest mean rates were evident at Town (0.29 mg chlorophyll h ' ±0.13 S.E., 

n=3) and Gowna (0.37 m g chlorophyll 0  ’ h ’ ±0.15 S.E., n=3), follow ed  by Oughter 

(0.60 m g chlorophyll a'' h'' ±0.10 S.E., n=3), Carigeencor (0.93 mg chlorophyll a '  h*' 

±0.42 S.E., n=3), Sallagh (1.01 m g chlorophyll a  ’ h ’ ±0.10 S.E., n=3), M elvin (1.24  

m g chlorophyll a ’’ h’’ ±0.21 S.E., n=3), Ballydoolagh (1.96 m g chlorophyll a  ’ h'̂  

±0.84 S.E., n=3). Rowan (2.38 m g chlorophyll o  ' h ' ±1.06 S.E., n=3) and Fern (4.62  

m g chlorophyll o  ' h"' ±1.69 S.E., n=3). A  tw o-level A N O V A , with sites nested within 

lakes, showed a significant difference in both area- (F=8.322, p<0.01) and biomass- 

specific (F=3.378, p<0.05) epilithic GPP across all lakes (Table 5.11). Mean biomass- 

specific (log) epilithic GPP rates were significantly negatively correlated with mean TP 

(r=-0.60, p<0.05, n=9) and mean TN (r=-0.67, p<0.05, n=9) (Figure 5.12). Mean GPP 

rates were also significantly related to mean biom ass -specific NPP rates (r=0.97, 

p < 0.001 ,n = 9).
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Table 5.11 Two-level nested ANOVA results sum m ary exam ining differences in 

area-specific and biomass-specific epilithic GPP across the nine lakes

Source o f variation d .f Sum of 

squares

M ean

square

F-ratio P-value

Lake area-specific GPP 8 79139.43 9892.43 8.322 .000

Lake biomass-specific GPP 8 44.675 5.584 3.378 .015

5.3,6.2 Phytoplankton GPP

Average rates o f phytoplankton GPP across the nine lakes ranged from 0.2 (±0.1 S.E., 

n=3) to 0,7 (±0.1 S.E., n=3 m g O 2 T* h'*). Lowest m ean rates were seen at Gowna (0.2 

mg O 2 r ’ h'^ ±0.1 S.E., n=3) and Melvin (0.3 mg O 2 1’  ̂ h"' ±0.1 S.E., n=3), followed by 

Fern (0.4 mg O 2 1*' h‘' ±0.1 S.E., n=3). Rowan (0.5 m g O 2 T‘ h '’ ±0.2 S.E., n=3), 

Oughter (0.6 mg O 2 1'* h"' ±0.1 S.E., n=3), Carigeencor (0.6 m g O 2 l ’ h'* ±0.1 S.E., 

n=3), Sallagh (0.6 mg O 2 1“' h’’ ±0.0 S.E., n=3), and highest rates were seen at Town 

(0.7 m g O2 r '  h"’ ±0.1 S.E., n=3) and Ballydoolagh (0.7 m g O 2 1'̂  h"' ±0.1 S.E., n=3) 

(Figure 5.9). Mean phytoplankton GPP demonstrated no significant relationship with 

mean TP or mean TN (Figure 5.11). Mean biomass-specific GPP rates ranged from 

0.03 (±0.01 S.E., n=3) to 0.29 (±0.17 S.E., n=3) mg O 2 m g chlorophyll o ' h ''.  M ean 

rates were lowest at Town (0.03 mg O 2 mg chlorophyll a"' h '' ±0.01 S.E., n=3), Gowna 

(0.04 m g O 2 mg chlorophyll a  ' h"' ±0.02 S.E., n=3), Sallagh (0.06 m g O 2 mg 

chlorophyll h"' ±0.00 S.E., n=3), Melvin (0.06 m g O 2 m g chlorophyll 0 ' '  h '’ ±0.00 

S.E., n=3), Ballydoolagh (0.09 mg O 2 mg chlorophyll h"' ±0.02 S.E., n=3), Oughter 

(0.10 mg O 2 m g chlorophyll a ’’ h’’ ±0.02 S.E., n=3), Carigeencor (0.10 mg O2 mg 

chlorophyll a  ' h ' ±0.01 S.E., n=3), and were highest at Fern (0.24 m g O 2 mg 

chlorophyll h'^ ±0.07 S.E., n=3) and Rowan (0.29 mg O 2 m g chlorophyll d^  h’’ 

±0.17 S.E., n=3) (Figure 5.10). A two-level ANOVA, with sites nested within lakes, 

showed a significant difference in volume-specific phytoplankton GPP (F=2.653, 

p<0.05), but no significant difference in biom ass-specific GPP (F=2.189, p=0.08), 

across all lakes (Table 5.12). Mean biomass-specific phytoplankton GPP rates were 

significantly negatively correlated with mean TP (r=-0.63, p<0.05, n=9) and m ean TN
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(r=-0.70, p<0.05, n=9) (Figure 5.12). Mean GPP rates were also significantly related to 

mean biomass-specific NPP rates (r=0.84, p<0.01, n=9).

Table 5.12 Two-level nested ANOVA results summary examining differences in 

volume-specific and biomass-specific phytoplankton GPP across the 

nine lakes

Source of variation d.f Sum of 

squares

Mean

square

F-ratio P-value

Lake volume-specific GPP 8 .747 .093 2.653 .041

Lake biomass-specific GPP 8 .202 .025 2.189 .080
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5.4 Discussion

5.4.1 Rates of algal production
Epilithic GPP ranged from 14.1 m g O 2 m'  ̂ h ‘ in Carigeencor to 208.8 m g O2 m'  ̂ h ' in 

Oughter. In comparison, epilithic GPP measured by D eN icola  et al. (2003) in 21 Irish 

lakes ranged from 76.9 to 915.4 m g O2 m'  ̂ h’’, however 15 o f  the 21 lakes studied by 

D eN icola et al. (2003) had GPP values between 100 and 300 m g O2 m'  ̂ h''. M ethods 

were generally very similar between these studies. H owever, trial incubations set up on 

the lake shore (as in D eN icola et al. (2003)) showed high temperature fluctuations so that 

subsequent incubations w ere done in the lake. For epilithic algae, differences in GPP 

values across the lakes corresponded closely  to values o f  NPP. A s mentioned by 

D eN icola et al. (2003) there are few  studies that have measured epilithic production with  

which these rates can be compared. Those studies that have been carried out often quote 

m etabolic rates either in tenns o f  carbon (Gessner et al., 1996, Havens et al., 1999, 

Liboriussen and Jeppesen, 2003, O ’Reilly, 2006) or as daily estim ates (Gervais and 

Behrendt, 2003, Liboriussen and Jeppesen, 2006). B iom ass-specific rates o f  epilithic 

and phytoplanktonic algal production differed substantially from those that were purely 

surface area- or volum e-based, respectively. It would appear that biom ass, in terms o f  

the amount o f  chlorophyll a  present, is an important factor in measurements o f  algal 

metabolism. Decreasing rates o f  biom ass-specific production with increasing lake 

trophic state may be ow ing to changes in algal com munity structure (see below ) or 

related to self-shading.

5.4.2 Biomass and productivity responses of algae to nutrient enrichment
Variation in periphytic algal biom ass may be caused by several factors, including

substratum com position, temperature, grazing, light, and nutrient supply. This study 

indicates that increasing nutrient concentrations correspond to increasing biom ass o f  both 

periphytic and planktonic algae. B iom ass o f  both algal types w as significantly positively  

correlated with TP and TN. Shallow lakes o f  intermediate nutrient availability (mean  

summer TP concentrations between 60-200 |ag l ') have previously been found to be 

optimal for periphyton growth (Liboriussen and Jeppesen, 2006). Periphytic biom ass 

accumulation also increased with increasing total phosphorus concentrations from <10

1 1 1



fig r '  to 150 Jig r '  in the northern Florida Everglades (McCormick et ai,  1996). Several 

studies have demonstrated that growth of periphytic algae is competitively depressed by 

phytoplankton (shading) in eutrophic lakes (Stevenson et ai,  1985), suggesting a 

negative relationship between periphytic algal biomass and productivity of lakes. 

Hansson (1992) measured temporal and spatial variation in periphyton biomass and 

potertially regulating factors. This spatial study included 18 Antarctic and 16 Swedish 

lakes that varied in productivity from extremely low to very high. Results indicated that 

a shift from nutrient to light limitation was the major factor determining periphytic algal 

biomass and that maximum biomass of periphyton was realized in lakes where the 

combination of light and nutrients is optimal. Hansson (1988) showed that periphytic 

algae growing on surface sediment in a laboratory setup reduced the flux of labeled 

phosphorus from sediment to water, resulting in a decrease in phosphorus content and 

biomass of planktonic algae. Carlton and Wetzel (1988) also found epipelic periphyton 

communities to be capable of significantly mediating phosphorus dynamics at the 

sediment-water interface, reducing the productivity of phytoplankton by conserving 

phosphorus in the sediments. A field experiment, using enclosures, demonstrated a 

negative response of periphyton biomass to increasing densities of planktonic algae 

(Hansson, 1988). This decrease in periphyton biomass was shown to be in response to 

light reduction. Hansson (1988) found phytoplankton biomass to have a positive 

relationship (r^=0.90, p<0.001) and periphyton biomass to have a negative relationship 

(r^=0.20, p=0.052) with total phosphorus concentration of lake water. These results 

indicate that sediment associated periphytic algae (epipelic algae) have a competitive 

advantage over planktonic algae regarding nutrients released from the sediments, while 

planktonic algae have a competitive advantage with respect to light, predicting 

decreasing periphytic algal biomass and increasing planktonic algal biomass with 

increasing lake trophic state. The negative relationship of periphyton biomass with TP 

concentrations found by Hansson (1988), while significant, is not very strong so that 

perhaps this is not a monotonically decreasing relationship. The increased biomass of 

periphytic algae in lakes of intermediate nutrient availability may also be owing to 

phosphorus cycling within the matrix of the periphyton mat, which has been 

demonstrated to be a substantial source of phosphorus, once biomass accumulates
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enough that boundary layers affect diffusion (Carlton and W etzel, 1988, Mulholland, 

1996). The m anner in which water-colum n nutrients affect production o f  periphyton 

comm unities appears to be substratum -specific; algae grow ing on sediment or sand can 

sequester nutrients released from the pore-water o f th e  substrata (Vadeboncoeur et al., 

2001), whereas algae growing on non nutrient-diffusing benthic substrata such as rocks 

or wood are more likely to be lim ited by water-colum n nutrient concentrations.

Responses o f area- or volum e-specific NPP and GPP rates o f epilithic and planktonic 

algae were similar to biomass responses -  rates were significantly positively correlated 

with TP and TN concentrations. Gross prim ary pnoduction o f epilithic algae was 

significantly correlated with TP and TN. Results o f  D eN icola et al. (2003) indicated that 

alkalinity and turbidity explained a significant amount (of the variance in NPP and GPP; 

however TP explained a significant amount o f variation for lakes with lim estone bedrock 

when separated according to geology o f the catchments. Although the range o f alkalinity 

values in this study was a great deal narrower than that in the DeNicola et al. (2003) 

study (33.4-93.9 m g CaCOs 1'* in this study; 2.6-182.8 m g CaCOs 1“’ in DeN icola et al. 

(2003)), alkalinity was still an important factor. H ow ever, within my alkalinity range, 

epilithic GPP had a very strong and highly significant relationship with both TP and TN. 

Phytoplanktonic GPP dem onstrated no significant relationship with either TP or TN; 

however NPP was significantly positively related withi TP. Blindow et al. (2006), in 

contrast, found a decreasing relationship o f phytoplankton NPP with increased nutrient 

concentrations. However, this study was a com parison between two lakes only, a 

Clearwater lake compared with a turbid lake, at extreme ends o f the trophic spectrum, so 

that an increase in NPP at intermediate nutrient concentr ations would not be apparent.

Biomass-specific epilithic GPP rates showed a significant negative relationship with 

increased nutrient concentrations (TP and TN). B iom ass-specific phytoplanktonic GPP 

rates also demonstrated a significant negative relationship with increased TP and TN. 

Thus, area- or volume-specific production o f planktonic and epilithic algae increases 

with nutrient enrichment, yet biom ass-specific production o f both algal types decreases. 

Although there is higlier algal biomass in nutrient-rich lakes, they have lower efficiency
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in tcTiis of productive capacity. Trophic transfer efficiency is generally assumed to be 

optimal at intermediate nutrient conditions (Jeppesen et a i ,  2003). Erikson et al. (1998) 

found the photosynthetic capacity ( P m a x )  of phytoplankton in a tropical lake decreased 

with increasing biomass; this was significant when algal biomass was estimated as 

chloiophyll a, but the relationship was stronger when a combined variable consisting of 

chlorophyll a concentration multiplied by depth of the photic zone was used. Changes in 

prodictive efficiency o f epilithic and planktonic algae may also be owing to changes in 

algal community taxonomic structure. Several authors have shown a change in species 

composition of the periphyton and phytoplankton communities with increasing nutrient 

concentrations, particularly phosphorus (DeNicola et a i ,  2006, McCormick and O'Dell, 

1996, McCormick et al., 1996, Vadeboncoeur et a i ,  2001). Stalked, filamentous or 

motiie algal taxa have greater access to nutrients when algal density is increased owing 

to nutrient enrichment, particularly when this enrichment occurs in the overlying water 

(Carick et al., 1988, Carrick and Lowe, 1989, DeNicola et al., 2006, Pringle, 1990). 

Tax£ with different physiognomy can differ in their metabolic rates (Steinman et al., 

1992). Size and shape of cells, as well as colony formation affect uptake o f nutrients by 

changing surface area:volume ratios (Pahlow et a i ,  1997). Cell biovolume of periphytic 

algal taxa can be significantiy higher in phosphorus-enriched conditions, with increased 

aburdance of large-celled filamentous algae and diatoms (DeNicola et a i ,  2006), and the 

proportion of large taxa in the phytoplankton usually increases as lakes become more 

eutrophic (Cottingham, 1999). Algal cells of higher biovolume can possess less 

chlorophyll a per unit o f biomass, affecting their photosynthetic potential (Wright, 1959). 

Wlii e no obvious qualitative differences in epilithic physiognomy were evident among 

lakes, a full characterization of the community structure was beyond the scope of this 

stud/.

Epilthic algae in this study exhibited high biomass and gross rates of production, 

particularly in lakes of intermediate nutrient state. In eutrophic lakes, submerged 

macrophytes and periphytic algae can be replaced by phytoplankton as the main primary 

producer, lessening the importance o f the benthic food web in comparison with the 

pelagic one (Blindow et a i ,  2006). Vadeboncoeur et al. (2001) compared whole-lake
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primary production (GPP) in several lakes, some of which had been subjected to artificial 

fertilization. Production in that study increased with increasing nutrient loading, and a 

shift from epipelon to phytoplankton dominance took place. Mean depth in most of my 

study lakes was relatively shallow - <4m for all but one (Melvin-10,9m) of the nine lakes 

for which morphometry was available - indicating they had extensive littoral areas. In a 

study by Vadeboncoeur et al. (2001), it was necessary to examine benthic primary 

production at the whole-lake scale (including distribution o f all benthic substrata with 

respect to light, and their abundance and productivity) in order to see that increased 

phosphorus concentrations decreased benthic primary production. In the unmanipulated, 

Clearwater state, benthic primary production largely dominated, while this shifted to 

pelagic dominance with addition of fertilizer. The response of the benthic zone to 

nutrient enrichment was controlled by reductions in light intensity reaching the benthos, 

rather than a direct result of the increase in water column nutrients. The net primary 

production of the whole lake was higher in the clearwater state than in the turbid state. 

Gessner et al. (1996) measured epiphytic and planktonic production in a single 

temperate, nutrient-rich, hardwater lake, and extrapolated measurements to the whole 

lake. In that study, although the littoral zone covered just 4.5% of the lake area, it was 

responsible for 22% of the total lake primary production. Lodge et al. (1998) reviewed 

literature comparing production rates of periphyton and phytoplankton, and found that 

production by periphyton equaled or surpassed that of phytoplankton in about half the 

lakes studied. Where periphyton dominated algal production, this was mostly owing to 

high abundance and production o f epipelic algae.

5.5 Chapter Conclusions

The results of this chapter suggest that:

•  Biomass and area- or volume-specific metabolic rates of epilithic and 

phytoplanktonic NPP and GPP increased from low  to intermediate nutrient 

concentrations. Biomass-specific rates of GPP decreased with increasing lake 

trophic state;

•  This suggests a lower production efficiency or photosynthetic capacity of the 

algae in nutrient enriched conditions.
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6. Feeding response of selected macroinvertebrates to 
nutrient enrichment

6.1 Introduction

6.1.1 Macroinvertebrate food  sources and nutrient enrichment
For many benthic macroinvertebrates periphyton is a crucial or occasional dietary

component (Lamberti and Feminella, 1996). In functional feeding group (FFG) 

categorisation, grazer species are morpho-behaviourally specialised for consumption 

of periphytic algae. However, most feeding groups are thought to consume benthic 

algae in some form. For instance, grazing species that feed on periphyton can loosen 

algae to become part of the seston that is ultimately consumed by filter feeders, while 

deposited planktonic or periphytic algae can become food for collecting species. 

Settling phytoplankton can be an important food source for benthic 

macroinvertebrates in the littoral zone of lakes, with stable isotope data 

demonstrating that it was increasingly incorporated into littoral food webs along a 

gradient of oligotrophic to eutrophic Danish lakes (Vadeboncoeur et al., 2003).

6.1.2 Stable isotope analysis

Although some macroinvertebrate species may be specialists with regard to the food 

they ingest, many others appear to be generalists, possessing the ability to take 

advantage of resources that are available (Mihuc, 1997, Mihuc and Minshall, 1995). 

This may enable them to persist in changing lake conditions, for instance facultative- 

feeding invertebrates inhabit a greater diversity of stream and lake habitats than more 

specialised feeders (Cummins and Klug, 1979). Ontogenetic changes in resource use 

have also been shown for many macroinvertebrate taxa (Chapman and Demory, 

1963). Thus generalist taxa may be capable of dietary flexibility, feeding on 

periphyton when it is abundant and switching to take advantage of plentiful 

phytoplankton in eutrophic conditions. Some evidence for this comes from studies 

that use stable isotopes of carbon and nitrogen to examine potential food sources 

within aquatic habitats (Jones and Waldron, 2003, Vadeboncoeur et al, 2003, 

Chandra et a l, 2005). Stable isotope analysis (SIA) is an important technique for 

characterising the structure of food webs and provides a useful means of establishing 

the origin of a species’ diet. Importantly, it allows for measurement of what is 

actually assimilated into invertebrate body tissue, rather than what is ingested (James
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et a l ,  2000), SIA expresses the ratio of the isotope o f interest ('^C or '^N) to its 

lighter isotope ('^C or ’"'N) (Jones and Waldron, 2003). Phytoplankton is 

substantially '^C-depleted relative to periphyton (Jones and Waldron, 2003), thus 

measurement of C/ C should allow differentiation between these sources m 

macroinvertebrate diets.

6.1.3 Stoichiometry
Availability of alternative food sources with eutrophication, i.e. a change to a more 

phytoplankton-derived food source, may affect macroinvertebrate consumers owing 

to their elemental quality. Ecological stoichiometry, used to gain understanding on 

how differences between elemental ratios (C:N, C:P) o f food and requirements of 

consumers affects ecosystem processes, has been applied mainly to zooplankton in 

the pelagic environment (e.g. Sterner and Schulz, 1998). Several authors have 

demonstrated that this is also likely to be important for littoral macroinvertebrates 

(Bowman et al., 2005, Fink et al., 2006, Frost et al., 2005, Frost and Elser, 2002). 

The C:N and C:P ratios of periphyton strongly fluctuate among lakes (Fink et a l, 

2006), which may be owing to differences in nutrient supply, as increasing supplies 

o f inorganic N and P is often associated with C:N and C:P periphyton ratios (Frost et 

al., 2005). Fink et al. (2006) found that, despite these fluctuations in periphytic 

elemental ratios, macroinvertebrate elemental ratios demonstrated little variation and 

were species-specific.

6.1.4 Objectives
The following hypotheses were tested in this chapter:

1 '5 1 C

• Epilithic algae and seston have significantly different 6 C and 5 N 

signatures;

• The importance of seston to the diet of generalist macroinvertebrates increases 

in nutrient enriched lakes; and

• Epilithic algae and seston exhibit a range of elemental ratios (C:N:P) along a 

trophic gradient, whereas elemental ratios of macroinvertebrate taxa remain 

relatively constant.
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6.2 Methods

6.2.1 Lake Selection
A  database was collated by TCD for the North South Shared Aquatic Resources (NS 

SHARE) project, comprising information on lake water chemistry and 

macroinvertebrates from lakes in the Republic of Ireland and Northern Ireland since 

1996. Lakes o f moderate alkalinity (20-100 mg CaCO^ L ') were examined and a 

subset selected that had common macroinvertebrate species. These common species 

were examined for evidence o f generalist feeding habits. This was based on whether 

species were categorised into more than one functional feeding group according to 

the AQEM database (see http://wvm.aqem.de for more information). A subset of 

nine lakes was selected to represent a gradient of nutrient concentration. Three 

species with generalist feeding habits - Gammarus duebeni, Asellus aquaticus and 

Caenis horaria - were present in these lakes and were chosen for analysis. Lakes 

were located in Counties Leitrim, Longford, Fermanagh, Donegal and Cavan and 

were sampled between 13 June and 15 July 2006. Selected physical descriptions of 

the lakes and their catchments can be found in Chapter 2, ‘Experimental lakes’. 

Algal production was also measured at these same nine lakes as described in Chapter 

5.

6.2.2 Field Methods
Each lake was examined on foot and three distinct sampling sites were selected with 

substrates primarily comprising cobbles. Epilithon, seston and macroinvertebrate 

samples were collected for both stable isotope and phosphorus analyses at each site. 

Productivity rates o f planktonic and epilithic algal were also measured at these three 

sites in each lake (Chapter 5 ‘Algal Productivity’),

6.2.2.1 Water Chemical Sampling
Water was sampled in the field using a weighted 5 1 plastic bottle thrown from the 

shore.

6.2.2.2 Epilithic Algal Samples

Epilithic algal samples were collected for stoichiometric and stable isotope analysis 

(SI A). In addition to 8'^C and 6'^N data, SI A provides information on percentage 

carbon and percentage nitrogen content of samples for estimating stoichiometric 

C:N;P ratios. Percentage phosphorus content for estimating stoichiometric ratios was
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measured separately. Epilithic algae were sampled from the upper surface of cobbles 

using a syringe-brush sampler adapted from the method developed by the US EPA 

(Barbour et a i,  1999). This comprised a short length o f PVC piping with an o-ring 

glued to the base, effectively sealing the pipe against the rock surface, and isolating a 

circular surface area of 15.9 cm^ diameter on a flat cobble. The cobble to be sampled 

was placed in a white tray, the area enclosed by the sampler, and a nail brush used to 

scrape and dislodge algae from the cobble surface. This was rinsed using deionised 

distilled water and the sample collected from the pipe using a plastic syringe 

(Barbour et ai, 1999). Samples were collected at each site in this manner for stable 

isotope and phosphorus analysis. Six areas of 15.9 cm were scraped from six 

cobbles taken from a similar depth in the littoral zone. Any visible mineral particles 

or invertebrates were removed from the cobble surface with forceps before the 

sample was collected. All equipment was rinsed thoroughly with deionised distilled 

water between sample collections. Samples were placed in brown glass bottles and 

transported to the laboratory in a cooler box. The volume of each sample was 

measured, it was shaken vigorously and half used for SIA and the other half for 

phosphorus analysis. Each half was filtered through a GF/C filter, placed in a clean, 

labelled plastic Petri dish and stored in the freezer for later analysis.

6.2.2.3 Seston Samples

Seston samples were collected for stoichiometric and stable isotope analysis (SIA). 

Two seston samples (primarily planktonic algae) were collected at each of the three 

sites at each lake - one for stable isotope analysis and the other for phosphorus 

analysis. Water was sampled using a weighted 5 1 plastic bottle attached to a rope 

that was thrown from the shore. Each sample consisted of 1.5 1 water. These were 

first passed through a mesh of 263 |^m in order to remove larger zooplankton and 

then filtered through a GF/C filter. Each filter was placed in a clean and labelled 

plastic Petri dish that was frozen on dry ice, transported back to the laboratory and 

stored frozen until later analysis.

6.2.2.4 Macroinvertebrate Samples
Seston samples were collected for stable isotope analysis (SIA). One composite 

macroinvertebrate sample was collected at each site for stable isotope and 

stoichiometric analyses. Macroinvertebrates were sampled at each lake by kick 

sampling with a standard Freshwater Biological Association pond net of 1 mm mesh

119



size for three minutes. A white sorting tray was half-filled with lake water and the 

handnet turned inside out and thoroughly rinsed into the tray. Samples were 

examined for visible individuals of Gammarus, Assellus and Caenis', if  sufficient 

numbers of animals were not visible additional animals were collected and this was 

continued to a maximum of nine minutes. Excess water was removed from the 

sample by pouring the contents o f the white tray though a sieve of mesh size 500-p.m. 

Samples were placed in labeled brown plastic bottles filled with sufficient lake water 

to just cover the contents. These were frozen on dry ice immediately and transported 

back to the laboratory, where they were stored frozen until later analysis.

6.2.3 Laboratory Methods

6.2.3.1 Water Chemical Analysis
Water samples were analysed for pH, alkalinity, conductivity, colour, dissolved total 

organic carbon (DTOC), chlorophyll a (Analysts, 1983), total nitrogen (TN) 

(Grasshoff et at., 1999) and total phosphorus (TP) (Eisenreich et a l ,  1975). Details 

o f each o f these methods are given in Chapter 2, Section 2.3.1 ‘Water Chemistry’.

6.2.3.2 Stable Isotope Analysis
Epiiithic algal samples were removed from the freezer and thawed at room 

temperature. Filters were examined under a binocular dissecting microscope 

(Olympus® SZ2-ILST) and any visible mineral particles and invertebrates were 

removed with forceps. Filters were acid-rinsed with IN HCl, followed by a rinse 

with deionised distilled water. They were then placed in clean Petri dishes, oven 

dried at 60°C for 24 h and stored in a desiccator. Algal material was scraped from 

the surface of each dried glass fibre filter using an acid-rinsed blade. These samples 

were then ground to a uniform powder with a pestle and mortar and stored in plastic 

microtubes. The same procedure was followed for seston samples. Each sample of 

epiiithic algae or seston was loaded (in its entirety) into a 8 x 5 mm tin capsule and 

combusted in a Thermo Deltaplus Continuous Flow Isotope Ratio Mass Spectrometer 

(CF-IRMS) (CE Instruments 1112 Flash elemental analyser (EA)) interfaced with a 

Deltaplus via a Conflo I I I .

Macroinvertebrate samples were thawed and samples placed in a white tray with 

water. All adult Gammarus duebeni, Asellus aquaticus and Caenis horaria
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individuals were removed and placed in separate Petri dishes filled with deionised 

distilled water. Identity o f each species was verified using the dissecting 

stereomicroscope x40 magnification and an Olympus® KL1500 LCD Fibre-optic 

light source, and gut contents of each animal were removed using a fine forceps and 

needle. Animals were then acid-rinsed, rinsed in DDW and placed in a clean Petri 

dish. These were oven dried at 60°C for 24 h and stored in a desiccator. Dried 

animals were ground to a uniform powder with a pestle and mortar and stored in 

plastic microtubes. Several (5 to 50) individuals were processed together to represent 

the average isotopic composition for that species at each site and to ensure sufficient 

mass was available for isotopic analysis. Approximately 1 mg of each

macroinvertebrate sample of was loaded into a 4 x 6 mm tin capsule and combusted 

in a Thermo Deltaplus Continuous Flow Isotope Ratio Mass Spectrometer (CF- 

IRMS) (CE Instruments 1112 Flash elemental analyser (EA)) interfaced with a 

Deltaplus via a Conflo III .

Carbon isotopic ratio was expressed as a per mil (%o) deviation defined by the 

equation ‘^C = [(‘̂ C/'^C)sampie/('^C/'^C)standard “  1] X 1,000 (Hershey et al., 2006, Zah 

el al., 2001). The amino acid L-Alanine was used as a working standard, with its 

values previously established using IAEA reference standards. Thus, more positive 

'^C was more isotopically enriched, or contained proportionally higher concentrations 

o f heavier '^C isotope. After ~ 10 samples, a replicate and a standard were added to 

the analysis. Carbon and nitrogen isotope values (5 '^C and 5 ’^N) are expressed in 

the conventional delta notation: 6 = (R sample/R standard -1) x 1000.

6.2.3.3 Stoichiometric Analysis
Values for carbon and nitrogen were obtained by mass spectrometry from the samples 

used in stable isotope analysis. Phosphorus values were analysed on additional 

samples collected from the same sites. Epilithic algal samples were removed from 

the freezer and thawed at room temperature. Filters were examined under the 

dissecting stereomicroscope and any visible mineral particles and invertebrates were 

removed with forceps. They were then placed in clean Petri dishes, oven dried at 

60°C for 24 h, weighed, and stored in a desiccator. Each filter was placed into an 

autoclaveable glass bottle and combusted at 300 °C in the furnace for 2 hours. After 

cooling, the samples were removed from the furnace and 25 ml DDW added. Total
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phosphorus was determined according to the method o f  Eisenreich et a/. (1975), based 

on potassium peroxide sulphate (K2S2O8 ) digestion o f  the sample, resulting in the 

conversion o f  phosphorus that is organically bound to phosphate. Five ml o f  

digestion reagent was added to each sample, caps were loosely replaced and samples 

were autoclaved at 15 psi for 30 minutes, after which they were allowed to cool to 

room temperature and mixed with 5 ml mixed reagent (containing H2SO4, antimony 

stock, molybdate stock and ascorbic acid). Sample absorbance was measured after 

colour development by spectrophotometry at 882 nm. The same procedure was 

followed for seston samples. Samples o f  macroinvertebrate tissue were taken from 

the same composite samples from each site that were prepared for stable isotope 

analysis. Approximately 1 mg dry weight o f  tissue was weighed into an 

autoclaveable bottle and combusted at 300 °C in the furnace for 2 hours. After 

cooling, the samples were removed from the furnace and 25 ml DDW  added. Total 

phosphorus was determined according to the method o f  Eisenreich et al. (1975).

6.2.4 Data Analysis

6.2.4.1 signatures o f epilithic algae and seston
One-way analysis o f  variance (ANOVA) was used to test if  the mean S'^C signatures 

o f  periphyton and phytoplankton were significantly different in all nine lakes.

6.2.4.2 Contribution o f epilithic algae and seston to macroinvertebrate diets and 
effect o f nutrient enrichment

The values o f  macroinvertebrates were compared with those o f  benthic

(epilithic) and planktonic (seston) algae across the nine lakes to examine if  

macroinvertebrate 5*^C corresponded to changes in algal food source availability. 

Following Vander Zanden and Vadeboncoeur (2002) and Chandra et al. (2005), the 

energetic dependency o f  macroinvertebrates was quantified with a two-end member 

m ixing model o f  the 6 *̂ C data (Vander Zanden and Vadeboncoeur, 2002). Percent 

pelagic (i.e. seston) reliance was estimated as;

13^  13^
0 /  =  Invertebrate consumer ^Periphyton ^  JQO

13^  13^
Phytoplankton Periphyton

13 13where Cconsumer was the individual C value for a primary consumer at a given site.
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6.2.4.3 Elemental composition of algae and macroinvertebrates across a nutrient 
gradient

Molar elemental ratios (C:N, C:P, N:P) o f epilithic algae and seston were calculated 

and examined to see if ratios ranged in value across a nutrient gradient. Molar 

elemental ratios of macroinvertebrate taxa were also calculated and it was examined 

whether species maintained relatively constant and species-specific elemental ratios 

across a nutrient gradient. Following Elser & Hassett (1994), the imbalance of 

element ratios (X:Y) between producers and consumers was calculated as X:Yproducers

~  X . Yconsumers-
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6.3 Results

6.3.1 Water chemistry
The nine lakes in this study were selected in an attempt to represent a range of trophic 

states. Mean total phosphorus concentrations (from three sites on a single sampling 

date) in the lakes ranged from very low (11.6 |o,g 1"’ in Rowan (±  ISE, n=3) and 11.9 

^g 1̂  in Carigeencor ( + 0.7 SE, n=3)) to very high (118.0 |ag T' in Oughter (±  32 SE, 

n=3)). TN was also very low in Rowan (0.36 mg 1"' (±0.01 SE, n=3) and 

Carigeencor (0.30 mg 1"' (±0.01 SE, n=3) and highest in Oughter (1.12 mg T’ 

(±C.04 SE, n=3) (Table 6.1). Log TP was very strongly correlated with log TN 

across the lakes (r=0.977, p<0.01, n=9).

6.3.2 Differences in signatures of epilithic algae and seston
Results o f one-way analysis of variance showed that the mean 5*^C signatures of

epil;thic algae and seston were significantly different among lakes: Rowan (Fi,4 = 

59.2, P < 0.01), Carigeencor (P , ,4  = 27.4, P < 0.01), Melvin (F 1.4 = 56.9, P < 0.01), 

Fern (F ]_4 = 40.3, P < 0.01), Gowna (Fi 4 = 23.2, P < 0.01), Oughter (Fi 4 = 19.7, P < 

O.Of), Ballydoolagh (F 1.4 = 659.9, P < 0.01), Town (Fi,4 = 46.4, P < 0.01), Sallagh 

(F],.= 143.1,P<0.01).

6.3.3 Contribution of epilithic algae and seston to macroinvertebrate 
diets with nutrient enrichment

The mean 6''^C signatures o f epilithic algae ranged from -15.6%o to -24.5%o, while

5’ Y  signatures of seston ranged from -26.8%o to -34.8%o. Position of mean (±  ISD) 

6 'Y  and 5'^N (%) o f macroinvertebrates relative to 5*^C and 5'^N (%) values of 

primary producers for the nine lakes is shown in Figure 6.1. While in some lakes 

isotope values o f macroinvertebrates were close to those o f a particular algal food 

source (e.g. Gammarus duebeni, Asellus aquaticus and Caenis horaria with epilithic 

algae in Rowan; Gammarus duebeni and Asellus aquaticus with epilithic algae in 

Ballydoolagh), in many lakes isotope values o f macroinvertebrates were between the 

two algal food sources (e.g. Carigeencor, Melvin, Gowna). The 6 ^̂ C values of 

macroinvertebrates were compared with those o f benthic (epilithic) and planktonic 

(seston) algae across the nine lakes to examine if macroinvertebrate 8 '^C 

conesponded to changes in algal food source availability (Table 6.2). Percent seston 

reliance of Gammarus duebeni ranged from 13% in Rowan to 76% in Fern. Values 

wers intermediate in Melvin (41%), Gowna (29%), Ballydoolagh (28%) and Sallagh
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(39%), and high in Carigeencor (65%), Fern (76%), Oughter (62%) and Town (71%). 

Asellus aquaficus seston rehance ranged from 5% in Rowan to 65% in Fern. 

Intermediate reliance was seen in Ballydoolagh (27%), Melvin (36%) and Gowna 

(36%), higher in Carigeencor (46%), Sallagh (46%) and Oughter (53%) and highest 

in Fern (65%) and Town (60%). Seston reliance o f Caenis horaria was very low 

(6%) in Rowan (although this only represented a single sample), and high in Gowna 

(59%), Sallagh (72%), Town (75%) and Oughter (86%).

Relationships between TP or TN and the percentage reliance of macroinvertebrate 

taxa were examined using Pearson’s Product-Moment correlation analysis. When all 

9 lakes were included in the analysis, there was no significant relationship between 

TP or TN and the percentage seston reliance o f Gammarus duebeni, Asellus 

aquaticus or Caenis horaria (Figure 6.2). It is evident that, although there appears to 

be a high reliance on seston with high TP and TN concentrations, and a moderate 

reliance with moderate TP and TN, there is a wide range in the extent of seston 

reliance in low TP and TN lakes. Both macroinvertebrate taxa have a high reliance 

on seston at Fern and Carigeencor, lakes of low TP and TN concentrations. If these 

two lakes are removed from the analysis, seston reliance o f Gammarus duebeni, 

Asellus aquaticus, and Caenis horaria demonstrates a significant increase with 

increasing concentrations of TP and TN. The relationship of Gammarus duebeni 

seston reliance with TP is r=0.87 (p=0.01, n=7) and TN is r=0.85 (p=0.016, n=7), 

Asellus aquaticus seston reliance with TP is r=0.83 (p=0.021, n=7) and TN is r=0.88 

(p=0.009, n=7), and Caenis horaria seston reliance with TP is r=0.86 (p=0.061, n=5) 

and TN is r=0.94 (p=0.018, n=5).
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Table 6.1 Mean physical and chemical characteristics ± SE for the 9 moderate alkalinity lake sampled in June and July 2006, n=3 for 

each lake.

Rowan Carigeencor Fern Melvin Ballydoolagh Gowna Sallagh Town Oughter

8.1 8.0 7.8 8.4 8.0 8.3 7,6 7.6 7.6
pH ± 0.0 ± 0.0 ± 0.0 ± 0 .f ±0 .0 ±0 .0 ± 0 ,0 ±0.-/ ± 0.1
Alkalinity 52.3 45.4 33.4 57.4 62.8 93.9 54,1 59.7 74.1
(mg CaCOs r'') ± 0.2 ± 0.1 ± 0.2 ± 0.3 ±0 .8 ±  7,8 ± 0 ,3 ±  1.5 ±0 .2
Conductivity 151 160 144 181 180 252 161 190 218
(|jS cm'^) ± 0 ± 0 ± 4 ± 0 ± 0 ± 4 ± 0 ± 2 ±  7
Chlorophyll a 4.9 3.3 6.0 5.8 12.0 25.1 14,5 7.2 4.8
(m9 r’) ± 0.2 ± 0.8 ± 0.1 ± 1.4 ± 0.5 ± 1.9 ± 0.4 ±3.0 ± 3.0
DTOC 5.9 5.4 7.0 9.1 8.8 8.6 14,2 13.3 11.8
(mg r̂ ) ± 0.1 ± 0.0 ± 0.1 ±0 .5 ± 0.1 ±0 ,2 ± 0 ,2 ± 0 .6 ± 0 .5
Colour 20 36 53 74 55 75 95 103 94
(PtCo) ± 2 ± 8 ± 2 ±  7 ± 3 ± 5 ±  7 ±  7 ± 8
TN 0.36 0.30 0.37 0.47 0.59 0.81 0.77 1.07 1.12
(mg r’) ± 0.01 ± 0.01 ± 0.01 ±0.02 ± 0.03 ±0.08 ±0.08 ±0.06 ± 0.04
TP 11.6 11.9 17.0 18.2 40.6 43.0 54.5 100.0 118.0
(M9 I"') ±  1.0 ± 0.7 ±  1.0 ±  1.2 ±2 .3 ±  7,9 ± 2 .5 ±33,7 ±37.5
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Table 6.2 Summary of mean stable carbon isotope data (6*^C) ± SE and mixing model results for 3 species o f macroinvertebrates, n=3 for all 

lakes.

Lake 5‘"C
epilithon

5'^C seston 5” C G. 
duebeni

G. dueheni % 
seston 

reliance
aquaticus

A. aquaticus %  
seston reliance

5 ‘̂ C 
C  horaria

C. horaria %  
seston 

reliance
Rowan -18.8 -26.8 -19.3 13 ± 6 -18.2 5 ± 5 -17.9 6

± J.O ± 0 .4 ± 0.5 ± 0.3
Carigeencor -17.9 -29.3 -25.6 65 ± 9 -23.5 46 ± 11

± 2.2 ± 0.2 ± 0.2 ± 0.1
Fern -19.5 -29.2 -26.8 76 ± 1 -26.1 64 + 10

± 1.5 ± 0.3 ± 0.3 ± 0.5
Melvin -15.6 -28.5 -21.2 41 ± 9 -20.5 36 ± 10

± J.7 ± 0.2 ± 0.2 ± 0.9
Ballydoolagh -20.4 -31.8 -23.6 28 ± 6 -23.5 27 ± 3

± 0.4 ± 0.3 ± 0.4 ± O.I
Govma -23.9 -34.8 -27.8 29 ± 14 -28.4 36 ± 11 -31.2 59 ± 3

± 2.2 ± 0.5 ± 0.2 ± O.l ± 0.3

Sallagh -20.4 -30.5 -24.3 39 ± 3 -25.0 46 + 4 -26.9 72
± 0.8 ± 0.3 ± 0.2 ± 0.3

Town -24.5 -34.8 -32.4 71 ± 14 -30.5 60 ± 5 -32.2 75 ± 4
± J.O ± 1.1 ± 0.4 ± 0.3 ± 0.5

Oughter -23.5 -33.7 -30.0 62 ± 5 -29.2 53 ± 6 -32.5 86  ± 4
±2.3 ± 0.4 ± 0.3 ± 0.3 ± 0.5
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6.3.4. Elemental composition o f epllithon, seston and 
macroinvertebrates across a nutrient gradient

Molar elemental ratios (C:N, C:P, N:P) o f epilithic algae and seston were examined

to see if ratios were related to the nutrient gradient (Figures 6.3 to 6.6). Epilithic 

average C:N ranged from 8.4 ±0.4 S.E. to 16.3 ±1.2 S.E. and was lowest in 

Gowna and Oughter and highest in Rowan and Carigeencor, Average epilithic C:P 

ranged widely across the nine lakes, from 39.2 ±6.1 S.E. to 155.9 ±26.9 S.E.. 

Values were lowest in Gowna, Oughter, Ballydoolagh and Sallagh and highest, by 

far, in Carigeencor. Average epilithic N:P varied from 3.3 ± 1.3 S.E. to 9.7 ± 1.8 

S.E., and was lowest in Sallagh, Gowna and Ballydoolagh, and highest in Town and 

Carigeencor. Percentage nitrogen and phosphorus composition of the epilithon 

varied widely across the nine lakes, with average %N ranging between 0.49 ±0.09 

S.E. and 1.36% ±0.41 S.E. and %P ranging between 0.14 ±0.03 S.E. and 0.47% 

±0.01 S.E.. Elemental composition o f seston also varied among the nine lakes. 

Seston C:N did not show large variation, with average values between 7.0 ±0.3 

S.E. and 9.4 ±0.3 S.E.. Average C:P varied widely, from 21.7 ± 10,9 S.E. to 90.8 

± 11.0 S.E., and was lowest in Town, Ballydoolagh, Oughter, Gowna and Sallagh, 

and highest in Rowan, Fern, Carigeencor and, in particular, Melvin. Average N:P 

varied from 2.5 ± 1.3 S.E. to 10.4 ± 1.3 S.E., and was lowest in Town and Oughter, 

intermediate in Sallagh, Ballydoolagh and Gowna, and highest in Fern, Rowan, 

Carigeencor and Melvin. Percentage nitrogen and phosphorus composition of the 

seston also varied widely across the nine lakes, with average %N ranging between 

0.26 ±0.02 S.E. and 0.74% ±0.14 S.E. and %P rangmg between 0.06 ±0.00 S.E. 

and 0.32% ±0.02 S.E.

Relationships between algal elemental composition and TP or TN concentrations 

across the nine lakes were examined using Spearman’s Rank correlation analysis. 

Average C:N of epilithon was significantly correlated with TP (r=-0.74, p<0.05, 

n=9) and TN (r=-0.83, p<0.01, n=9). Average epilithon C;P was also significantly 

correlated with TP (r=-0.68, p<0.05, n=9) and TN (r=-0.75, p<0.05, n=9). Percent 

phosphorus content of epilithon was significantly correlated with TP (r=0.80, 

p<0.01, n=9) and TN (r=0.83, p<0.01, n=9). C:P of seston was significantly 

correlated with TP (r=-0.72, p<0.05, n=9) and TN (r=-0.73, p<0.05, n=9), N:P was 

significantly correlated with TP (r=-0.85, p<0.01, n=9) and TN (r=-0.83, p<0.01.
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n=9), and %P was significantly correlated with TP (r=-0.78, p<0.05, n-9) and TN 

(r=-0.82, p<0.01,n=9).
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Figure 6.6
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Molar elemental ratios of Gammarus duebeni, Asellus aquaticus and Caenis horaria 

were calculated (Table 6.3). Two-way (factorial) Multiple Analysis of Variance 

(MANOVA) was run with species and lake as factors and C:N, C:P, N;P, %C, %N and 

%P as dependent variables to examine whether species maintain relatively constant and 

species-specific elemental ratios across a nutrient gradient. Results of two-way 

MANOVA showed that Gammarus duebeni and Asellus aquaticus had significantly 

different mean C;N (F = 14.81, P < 0.01) and C:P (F = 3.99, p = 0.53) ratios across the 

nine lakes. Mean ratios o f N:P (F = 2.49, p > 0.05) were not significantly different 

between the two species. The mean % C (F = 33.64, p < 0.01) content of the two 

species was also significantly different. There was no significant interaction between 

species and lake for any of the dependent variables.

Table 6.3 Carbon, nitrogen and phosphorus content, and C:N, C:P and N:P 
elemental ratios of the bodies of macroinvertebrates across 9 lakes 
spanning a gradient of nutrient enrichment. Values are given as means 
( ± SE) of weight normalized to dry mass o f animals pooled over all 
samplings.

Species % C % N % P C:N C;P N:P
Gammarus 3 8 . 4 ± o.9 9.2 ±0.6 0.92 ±0.02 5 .2 ± 0 .2 1 1 2 . 9 ± 4 23 .3 ±  1.8
duebeni (n=27)
Asellus aquaticus 32.1 ±0.7 10.3±0.8 0.87±o.oi 4 . 0 ± o.2 10 4 ±3 .6 2 8 .5 ± 2 .3
(n=27)
Caenis horaria 5 1 . 2 ± 2 15 .5±2 .4 0 .59±0 .0 6 4.3 ±0.5 238 .8±2 9.3 5 9 .2 ± 7 .8
(n=6)

6.3.5 Imbalance between the elemental composition of algae and 
macroinvertebrate consumers

The imbalance of element ratios (C;N, C:P and N:P) between epilithon or seston and

macroinvertebrate consumers was calculated to determine whether this imbalance 

changes with nutrient enrichment or with the algal food source. For Gammarus 

duebeni, the C:N imbalance was generally greater for epilithon than for seston (Table 

6.4), particularly in Rowan and Carigeencor. For Asellus aquaticus, the C:N ratio was 

also higher for epilithon in all cases but one (Oughter). C:N imbalances were 

particularly high in Rowan, Carigeencor and Sallagh. Part o f the epilithon may be 

seston-derived (after settling to the benthos), therefore imbalances can reflect source 

variation in addition to consumer variation.
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Table 6.4 Element ratios C:N, C;P and N;P between Gammarm duebeni and 
epilithon and seston across 9 lakes spanning a gradient of nutrient 
enrichment.

Lake Epilithon
C:N

Epilithon
C;P

Epilithon
N:P

Seston
C:N

Seston
C;P

Seston
N:P

Rowan 9.8 -21.8 -14.0 1.4 -48.4 -10.9
Carigeencor 11.0 55.7 -9.0 2.3 -28.2 -9.4
Melvin 6.5 -57,3 -26.4 4.2 -41.7 -22.7
Fern 5.9 -37.8 -17.8 3.4 -46.3 -16.9
Gowna 3.2 -76.4 -14.5 1.2 -74.3 -13,0
Oughter 3.4 -81.1 -21.6 4.4 -94.1 -23.7
Ballydoolagh 7.1 -56.7 -21.5 2.4 -73.2 -20.9
Town 5.1 -55.3 -17.8 3.5 -96.8 -21.9
Sallagh 7.7 -57.7 -15.1 2.9 -62.5 -13.9

Table 6.5 Imbalance o f element ratios C;N, C;P and N;P between Asellus aquaticus
and epilithon and seston across 9 lakes spanning a gradient of nutrient 
enrichment.

Lake Epilithon Epilithon Epilithon Seston Seston Seston
C;N C:P N:P C:N C:P N;P

Rowan 11.1 -18.7 -21.8 2.7 -45.3 -18.8
Carigeencor 13.0 52.2 -24.9 4.4 -31.7 -25.2
Melvin 6.9 -14.6 -15.9 4.6 1.1 -12.3
Fern 6.9 -14.7 -13.9 4.5 -23.2 -13.0
Gowna 5.1 -80.8 -25.8 3.1 -78.7 -24,3
Oughter 4.5 -46.0 -27.1 5.5 -58.9 -23.5
Ballydoolagh 8.3 -66.9 -35.2 3.6 -83.4 -34.6
Town 5.4 -50.2 -20.8 3.8 -91.6 -24.9
Sallagh 8.9 -69.0 -25.0 4.1 -73.7 -23,9

Spearman’s Rank correlation analysis was used to determine whether the imbalance of 

element ratios (C:N, C:P and N:P) between epilithon or seston and macroinvertebrate 

consumers changed with nutrient enrichment. For Gammarus duebeni, the C:N 

imbalance with epilithon was significantly negatively correlated with TP (r=-0.67, 

p<0.05, n=9) and TN (r=-0.78, p<0.05, n=9), the C:P imbalance was negatively 

correlated with TP (r=-0.78, p<0.05, n=9) and TN (r=-0.82, p<0.01, n=9). The C:P 

imbalance o f Gammarus duebeni and seston was significantly negatively correlated 

with TP (r=-0.82, p<0.01, n=9) and TN (r=-0.90, p<0.01, n=9). For Asellus aquaticus, 

the C:N imbalance with epilithon is significantly negatively correlated with TP (r=-0.73, 

p<0.05, n=9) and TN (r=-0.83, p<0.01, n=9), the C:P imbalance is negatively correlated
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with TN (r=-0.67, p<0.05, n=9). Therefore, for both Gammarus duebeni and Asellus 

aquaticus, the elemental imbalances (C:N and C:P) between body requirements and 

both food sources examined were lower in more nutrient enriched lakes i.e. food 

sources in nutrient enriched lakes were closer in elemental content to that required by 

the taxa.
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<i.4 Discussion

^.4.1 Importance o f epilithic algae and seston to littoral 
macroinvertebrate diets

"he two macroinvertebrate food sources examined in this study, epilithic algae and

ieston demonstrated significantly different 5’^C signatures. Phytoplankton is generally 

found to exhibit more negative values than littoral algae (Hecky and Hesslein, 

995). Primary producers of littoral zones, such as benthic algae, typically use more of 

Ihe heavier owing to benthic boundary layer influences (more stagnant water 

Conditions and lower diffusion rates), while pelagic algae, living in more turbulent, 

open-water environments, are generally more depleted in thus making it possible to 

<listinguish between these potential food sources in lentic food webs (France, 1995). 

Autotrophic food sources from four Canadian Shield lakes showed significant 

<lifferences between benthic and pelagic sources, with POM exposed to highly turbulent 

‘conditions greatly depleted in '^C (-32 ±2%o SD) compared with epilithon from 

sheltered rock surfaces (-17 ±  2%o SD) (France, 1995). Benthic algae can demonstrate 

‘|uite high variation in 5'^C (France, 1995), and this may be owing to variation in 

<;urrent velocity (Finlay et al., 1999). Periphyton, when experimentally grown in 

Urtificial laboratory streams, had signatures significantly depleted in ’^C and ’^N than 

when grown at higher water velocity (Trudeau and Rasmussen, 2003). This variation 

inay also occur with variations in species composition and microhabitat conditions of 

the benthic algal community (MacLeod and Barton, 1998). The range in 5'^C values 

5ieen in lake phytoplankton can also be owing to variations in taxonomic composition of 

the algae (Vuorio et a l ,  2006).

lipilithic algae contributed to the diets of Gammarus dueheni and Asellus aquaticus 

Jicross the range o f nutrient states examined, whereas seston contribution varied with 

trophic state. Although there was a range of values in seston reliance in the more 

Oligotrophic lakes, macroinvertebrates from nutrient enriched lakes displayed an 

increased reliance on seston in their diets. In a stable isotope study evaluating the 

(lependence of benthic littoral consumers on phytoplankton across a eutrophication 

gradient (phosphorus concentrations of 11 to 790 mg m'^) in 26 Danish lakes, 

Vadeboncoeur et al. (2003) found that benthic littoral consumers reflected an increased 

^ivailability of pelagic seston along a trophic gradient. Examination of generalist taxa 

i'ound in the majority o f their lakes revealed clustering of S'^C values around -26%o in
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eutrophic lakes, a value typical of both phytoplankton and terrestrial detritus. The two 

generalist taxa examined in this study generally exhibited more negative 6̂  ̂ values in 

nutrient enriched lakes, particularly in Town and Oughter, the two lakes with mean TP 

concentrations > 100 ng r' (Table 6.2). Feeding plasticity of macroinvertebrate taxa has 

been shown in a variety of situations. Zah et al. (2001) found that species normally 

considered as grazers and shredders fed predominantly on algae and autochthonous 

detritus, and suggest that this plasticity is a key factor in enabling benthic 

macroinvertebrates to persist under the physical extremes in temperature, turbidity and 

flow conditions of glacial streams. Jones and Waldron (2003) used a mixing model to 

determine the extent to which periphj^on production supported higher trophic levels and 

found that only one species of invertebrate (ostracods) relied exclusively upon 

periphyton production, with fish and other invertebrates feeding in different 

compartments (planktonic, epiphytic/benthic), as well as at different trophic levels. 

According to Hecky and Hesslein (1995), food webs depending on both benthic algal 

carbon and phytoplankton carbon are the rule rather than the exception.

This study focused on benthic and planktonic algae as potential food resources for 

macroinvertebrate primary consumers. However, other organic matter sources may also 

contribute to the food sources of these consumers. Variation in isotopic composition of 

primary producers can make it difficult to determine importance to consumers’ diets. 

For instance, in five relatively undisturbed lakes on the Boreal Plain of Canada lakes, 

overlapping carbon signatures of phytoplankton, epiphytes, POM and macrophytes 

made it impossible to determine quantitatively the relative importance of these carbon 

sources to consumers (Beaudoin et a l ,  2001). In two of the lakes in this study. Fern and 

Carigeencor, macroinvertebrate consumers had depleted 8'^C values, suggesting quite 

high reliance on seston. However, it is also possible that macroinvertebrates in these 

lakes were also utilizing a food source not sampled, such as riparian vegetation as, 

although terrestrial C4 plants have 6'^C values around -12%o, C3 plants have 6*̂ C values 

-28 to -26%o (Hecky and Hesslein, 1995).

6.4.2 Stoichiometry o f epilithic algae and seston across a nutrient 
gradient

Redfield, in his seminal paper considering the chemical composition of oceanic seston, 

discovered a relatively constant biogeochemical molar C:N:P ratio o f 106:16:1
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(Redfield, 1958), which has become widely known as the “Redfield ratio”. More recent 

stoichiometric studies of freshwater algae have found that, while elemental ratios close 

to those of Redfield are optimal for growth of freshwater autotrophs (Goldman et a i, 

1979), they can exhibit a broad range o f values (Bowman et al., 2005, Fink et al., 2006, 

Stelzer and Lamberti, 2002, Healey and Hendzel, 1980, Hecky et al., 1993, Kahlert, 

1998, Elser and George, 1993, Stelzer and Lamberti, 2001, Peterson et a l,  1993). 

Stoichiometric studies o f benthic algae are rare and much more recent than the many 

studies considering freshwater phytoplankton, however the close phylogenetic 

relationship between benthic and pelagic algae should make this a useful approach 

(Hillebrand and Sommer, 1999). In this study, elemental ratios of both benthic 

(epilithon) and planktonic (seston) algae demonstrated wide variation in values across 

nine lakes representing a gradient o f nutrient enrichment, Seston average C:P ratios 

ranged from 22-91, C:N ratios from 6.8-9.4 and N:P ratios 2.5-10.4, representing a 

departure from Redfield ratios. Hecky et al. (1993) have proposed elemental ratio 

values indicating nutrient limitation in phytoplankton, based on work of Healey and 

Hendzel (1980). They suggest moderate and severe N limitation at C:N ratios of >8.3 

and 14.6, respectively. Four lakes in this study had average C:N ratios above 8.3 

(Melvin, Fern, Oughter and Town; Sallagh had an average ratio of 8.2, also very close 

to this proposed threshold), indicating moderate N limitation at these sites. Hecky et al. 

(1993) suggest moderate and severe P limitation at C:P ratios of >129 and 258, 

respectively, with severe limitation also indicated by N:P ratios >22. None o f the lakes 

in this study had average C;P or N:P ratios above these proposed threshold values, 

suggesting that the seston communities were not P limited. In this study, elemental 

ratios o f benthic algae varied widely across the nine lakes, with average C:P ratios 

ranging from 39-156, C:N ratios from 8.4-16.3 and N:P ratios 3.3-9.7. Bowman et al. 

(2005), compared stoichiometry of lake periphyton in various studies, finding a range in 

C:P ratios of 31-470, a range in C:N ratios o f 4-16, and a range in N:P ratios o f 3-51. 

Fink et al. (2006) found large temporal and spatial variation in the carbon, nitrogen an 

phosphorus content of periphyton in their study, with C:P and C:N ratios constantly 

above the Redfield ratio and C;P ratios o f up to 1225:1 were found. The C:P and N:P 

ratios o f epilithon in mountain rivers studied by Bowman et al. (2005) showed a broad 

range of values which included the Redfield ratio. They found an increase in epilithic P 

content, and a corresponding decrease in C:P ratios downstream of nutrient additions. 

Similar results were found by Peterson et al. (2003), who observed a halfing in epilithic
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C:P and N:P ratios with addition of phosphorus (at a concentration of 10 |xg P l ’) to a P- 

limited arctic river. Hillebrand and Sommer (1999), in a series o f laboratory 

experiments, investigated change in cellular C:N:P stoichiometry of benthic microalgae 

in response to different levels and types o f nutrient limitation. A stoichiometric ratio of 

119:17:1 (C:N:P), optimal for benthic microalgal growth was deduced for algae 

provided with a balanced supply of N and P; this is slightly above the 106:16:1 Redfeld 

ratio considered optimal for phytoplankton growth. Ranges o f nutrient ratios at which 

optimum growth of benthic microalgae occurred were 5-10 for C:N and 90-185 for C:P, 

with a balance between N and P supply at N:P ratios of 13-22. Hillebrand and Sommer 

(1999) deduced N limitation of periphyton to occur at N:P ratios <13 and C:N ratios 

>10 (similar to the Hecky et al. (1993) estimation for phytoplankton N limitation), and 

P limitation to occur at N:P ratios >22 and C:P ratios >180. Periphyton provided with 

low phosphorus concentrations in laboratory culture by Frost and Elser (2002) had C:P 

ratios of 470 (%C of 7), while those provided with high phosphorus concentrations had 

C:P ratios of 60 (%C of 20). Epilithic nutrient ratios corresponding to these elements of 

optimal growth were only present in two lakes in my study for C:N, Gowna and 

Oughter (which are both likely to receive high N loads), although Town, Melvin, Fern 

and Ballydoolagh had average epilithic C:N ratios only slightly higher than this 

threshold), and one lake for C:P (Carigeencor). Epilithon N:P ratios <13 occurred at all 

nine lakes in this study, while C:N ratios >10, indicating N limitation, occurred at all 

but two o f the lakes (Gowna and Oughter).

6.4,3 Stoichiometry o f littoral macroinvertebrate taxa across a nutrient 
gradient

The macroinvertebrate taxa examined in this study were found to have distinctive ratios 

of C:N and percentage phosphorus contents. Much research has been carried out into 

stoichiometric relationships o f lake zooplankton (Sterner and Elser, 2002, Elser and 

Urabe, 1999, Andersen and Hessen, 1991, Hessen, 1990). In comparison, research on 

benthic invertebrates is much less common and more recent. Little variability in C:N:P 

ratios has been reported within zooplankton taxonomic groups, and large differences 

found among taxa, leading to the general consensus that zooplankton are relatively 

homeostatic in their elemental composition (Sterner & Elser 2002; Hessen 1990; 

Andersen & Hessen 1991). Several herbivorous benthic macroinvertebrates were also 

found by Fink et al. (2006) to have distinct species-specific C:P and C:N ratios. Asellus
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aquaticus was one of the species examined by Fink et al. (2006), in a study carried out 

in Lake Constance, a large, pre-alpine meso-oligotrophic lake in central Europe. They 

found this macroinvertebrate to have an average C:N ratio of ~5 and a C:P ratio of 

-120. This is in the same range of values found in this study for lakes spanning a 

gradient of nutrient conditions, with Asellus aquaticus having an average C;N ratio of 

4.0 (range 3.2 to 4.6) and an average C;P ratio of 104 (range 85-120). Percent carbon, 

nitrogen and phosphorus content o f Asellus aquaticus in the study by Fink et al. (2006) 

was 39.7, 9.3, and 0.89%, respectively, while in this study values were 32.1 (range 28.0 

to 34.6), 10.3 (range 7.6 to 13.1), and 0.87% (range 0.79 to 0.92), respectively. A 

species of Gammarus, Gammarus roeseli, was also part o f the study by Fink et al. 

(2006). They found this species to have an average C:N ratio o f -5.5 and a C:P ratio of 

-127. This is also similar to values in this study for Gammarus duebeni, which had an 

average C:N ratio of 5.2 (range 4.4-6.2) and an average C;P ratio o f 113 (range 99-133). 

Percent carbon, nitrogen and phosphorus content of Gammarus roeseli in the study by 

Fink et al. (2006) was 39.3, 8.5, and 0.83%, respectively, while in this study values for 

Gammarus duebeni were 38.4 (range 33.8 to 45.4), 9.2 (range 7.4 to 13.0), and 0.92% 

(range 0.87 to 1.03), respectively. Fink et al. (2006) found only little variation in body 

stoichiometry o f herbivorous littoral macroinvertebrates in contrast to pronounced 

fluctuations in the nutrient ratios o f their food resource, indicating relative 

homeostaticity of these consumers. Different taxa examined were found to have 

species-specific C:P and C:N ratios, indicating differing requirements of optimal ratios 

from their diets, leading the authors to postulate that this might influence the ability of 

the taxa to compete for limiting elemental nutrients. Although the elemental 

composition of the epilithon food source of heptageniid mayflies and perlid stoneflies 

responded to nutrient enrichment, the invertebrates showed little change in their body 

stoichiometry upstream and downstream of nutrient point sources (Bowman et al. 

2005). Although C:P ratios of mayflies remained constant, however, their C:N ratios 

did change downstream of the nutrient point source. In this study, G. duebeni and A. 

aquaticus had significantly different, species-specific mean C:N ratios as well as mean 

%C and %P (Table 6.3). Elemental ratios of these two macroinvertebrate species 

showed much less variation than the two food sources examined, indicating relative 

homeostaticity of these consumers. Frost et al. (2003) found elemental composition of 

littoral macroinvertebrates in lakes representing a large trophic gradient (P ranged > 40- 

fold) to demonstrate small within-lake differences in P, N or C content of individual
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taxa. Significant species-specific differences in C, N and P content were also found 

among the different taxa examined. When they compared these values to those of other 

lake consumers as well as consumers from terrestrial environments they found similar 

values to occur, suggesting that elemental requirements for growth and reproduction 

exist and thus that mass balance constraints acting on consumer physiology and 

population dynamics in pelagic and terrestrial ecosystems are also likely to apply to the 

benthic zones of lakes (Frost et al. 2003). Species-specific differences in 

macroinvertebrate body stoichiometry have been associated with differences in body 

content of biomolecules and the relative contribution of structural molecules (C- and N- 

rich) and RNA (P-rich) to body tissues (Elser et al. 1996). Similarities among taxa may 

be related to shared ancestry or functional characteristics such as the feeding mode of 

consumers (Frost et al. 2003). Within taxa, a recent study by Frost and Elser (2002) on 

growth responses of a mayfly to phosphorus content of its food suggests that 

stoichiometry can vary with body size. The mayfly Caenis horaria demonstrated quite 

conservative values o f %N, %P and %C in my study, although variation of C:P ratios 

was quite high (Table 6.3).

6.4.4 Producer-consumer elemental imbalances
In producer-consumer relationships, ratios of C:N or C:P in food can often be much 

higher than those of consumers (Sterner and Hessen, 1994). This can create elemental 

imbalances, with consumers obtaining elements from their food in ratios that differ 

greatly from those they require for their growth and reproduction (Urabe et a l,  2002). 

This can, in turn, affect population dynamics and ecosystem processes (Hessen, 1997, 

Sterner et al., 1997). Body elemental contents (P, N and C) o f consumers are one 

indicator o f their physiological demands for these elements (Frost et al., 2003). Primary 

consumers (both herbivores and detritivores) are much more likely to have to deal with 

large imbalances between food sources and body demands than are secondary 

consumers (Frost et al., 2003, Sterner and Elser, 2002). In this study, large imbalances 

in elemental composition, particularly C:N ratios, were found between the 

macroinvertebrates Gammarus duebeni and Asellus aquaticus and both food sources of 

benthic and planktonic algae. This imbalance was generally higher for both taxa for 

benthic algae. Negative relationships were demonstrated for most of these producer- 

consumer imbalances with increasing total phosphorus and total nitrogen concentrations 

o f the lakes. Thus, higher producer-consumer imbalances were evident in the more
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oligotrophic lakes studied. High imbalances between elemental ratios < of 

macroinvertebrate consumers and their food, such as occurred at the more oligotrophhic 

lakes in this study, may place mass balance constraints on their growth and reproductiaon 

(Bowman et a i,  2005, Frost el a i, 2003, Frost and Elser, 2002, Sterner and Hesseen, 

1994), as it is energetically costly for consumers to use a resource that differs in nutrieent 

ratios from its needs (Sterner & Hessen 1994). In Rocky Mountain rivers, increases . in 

abundance and size o f mayflies downstream of a nutrient point source appear to 1 be 

more strongly related to increased elemental quality, rather than increased availabilitty, 

of food (Bowman et al. 2005). It is likely that some littoral macroinvertebrate taxa wvill 

be more susceptible to the effects of poor food quality than others, owing to differenc^es 

in body elemental composition (Frost et al., 2002). Thus a food source will not have ;an 

inherent quality per se, but its quality will depend on the requirements of each consumier 

(Sterner et al., 1997). For instance, in zooplankton communities, low algal C;P ratiios 

result in growth constraints of Daphnia, a cladoceran of high P body requirements, 

while the cladoceran Bosmina, requiring low P shows little effects on its growth (Elsser 

et al., 2001, Urabe et a i, 1997). Frost et al. (2003) examined stoichiometry of a ranige 

of littoral macroinvertebrates. They suggested that, based on body elemenital 

requirements for P, amphipods would be most likely, and leeches and beetles least 

likely, to experience P constraints on their growth and reproduction. Frost and Els>er 

(2002) examined growth responses of littoral mayflies to changes in the P content of 

their food, and found low P content of food to be associated with reduced growth rates. 

When food was in high availability, elemental quality of the food was important, wiith 

low C:P ratios resulting in more rapid mayfly growth. A model based on mass balanice 

constraints determined that mayfly growth should be limited by C:P ratios of 

approximately 120.

Consumers can exacerbate nutrient limitation in producers, by preferentially retaining 

the element that is scarcest in their diet and excreting higher proportions of the non

limiting nutrient (Sterner and Hessen, 1994, Urabe, 1993, Sterner, 1990). Therefore, 

elemental nutrient composition of consumers and that of their food can influence the 

ratio at which nutrients are recycled. Increased grazing pressure by scrapers contributed 

to increased N contents and decreased C:N ratios of epilithon downstream of point 

sources (Bowman et al., 2005). Thus nutrient recycling may result in increased P
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limitation in epilithon at the most P-limited sites owing to producer-consumer 

imbalances.

6.5 Chapter Conclusions
The main findings o f this chapter are the following;

• The two food sources examined in this study, epilithic algae and seston, 

demonstrated significantly different signatures, with seston exhibiting more
13negative 5 C values;

• The importance o f seston to the diet o f generalist macroinvertebrates increased, 

particularly in Town and Oughter, the two lakes with mean TP concentrations > 

100 |ig r ’, compared with the other lakes;

• Elemental ratios o f  both benthic (epilithon) and planktonic (seston) algae 

demonstrated wide variation in values across nine lakes representing a gradient 

o f nutrient enrichment, demonstrating a departure from Redfield ratios and 

indicating nitrogen limitation o f both food sources in many o f the lakes;

• Elemental ratios o f macroinvertebrate species showed much less variation than 

the two food sources examined, indicating relative homeostaticity o f  these 

consumers. G. dueheni and A. aquaticus had significantly different, species- 

specific, mean C:N ratios as well as mean %C and %P;

• Large producer-consumer elemental imbalances (particularly C:N ratios) were 

found between the macroinvertebrates Gammarus dueheni and Asellus aquaticus 

and both epilithic algae and seston. Higher imbalances were evident in the more 

oligotrophic lakes studied which could result in retention o f  limiting nutrients by 

consumers and exacerbation in nutrient limitation in producers.
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7. Discussion

7.1 Research Objectives
The aim of this study was to investigate the response of littoral macroinvertebrates to 

nutrient enrichment. Sixty six Irish lakes representing a broad nutrient gradient were 

included in the study. It was hypothesised that an increase in lake trophic state would 

effect a change in macroinvertebrates, at both species and community level. A 

further, more detailed, study of nine moderate alkalinity lakes, examined the 

importance of changing food resources on generalist macroinvertebrates, 

hypothesising that littoral zone seston would have higher rates of gross primary 

production in nutrient enriched lakes, and would be of greater importance to 

generalist macroinvertebrate diets.

7.2 Role of nutrients in structuring macroinvertebrate 
communities and limiting algal growth

The response of macroinvertebrate individuals, communities and FFGs were

examined, as well as changes in algal availability, production efficiency and 

elemental quality with increased water column concentrations of two nutrients -  total 

phosphorus (TP) and total nitrogen (TN). Macroinvertebrate taxa demonstrated wide 

variation of tolerance to total phosphorus enrichment. While certain species were 

restricted to lakes with low TP concentrations, others indicated much greater 

tolerance. In many cases, taxa had similar tolerances to those found in other studies 

which used various methods to establish taxa tolerances (e.g. White (2001), Yuan 

(2004), Smith et al. (2006)). This lends weight to the validity of the calculated 

scores. Taxonomic groups responded to increased nutrient concentrations, with 

higher proportions of Turbellaria, Hirudinea, and Crustacea, and lower proportions of 

Ephemeroptera, Plecoptera, Coleoptera, and Bivalvia present. Both TP and TN were 

significant in explaining variation in the proportional abundance macroinvertebrate 

community data, while TN but not TP explained significant variation in the presence 

absence dataset. Although nutrients were significant in explaining variation in 

macroinvertebrate communities, a higher amount of the variance was explained by 

pH, season and habitat. Separating effects of habitat structure, including depth, from 

nutrients can be difficult as these are often interrelated (Solimini et a l,  2006). Heino 

(2000) found that both total nitrogen and total phosphorus explained a portion of the 

community variation among water bodies, while Brauns et al. (2007a) found distinct
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macroinvertebrate communites in oligotrophic and hypereutrophic lakes. They found 

communities in mesotrophic conditions to be less distinct and effects of trophic state 

to be nested within habitat type. Proportional abundance of shredders and predators 

increased in this study, while proportional abundance of active filter feeders and 

grazers decreased in hard habitats and proportional abundance of gathering collectors 

decreased when hard and soft habitats were examined together. Canonical 

Correspondence Analysis demonstrated that pH, colour, season and habitat had a 

much stronger ability to explain variance in the FFG communities than nutrients, and 

MANCOVA analysis agreed with these findings, also demonstrating significant 

effects o f conductivity, alkalinity group, season and habitat on FFG structure of the 

macroinvertebrate communities.

Biomass of epilithic and phytoplanktonic algae was significantly correlated with TP 

and TN in this study, with biomass increasing linearly initially, and then levelling off 

at higher concentrations. Similar relationships were found between increasing 

nutrient concentrations and higher rates of algal area-specific Net Primary Production 

(NPP) and Gross Primary Production (GPP), with rates of both increasing. Biomass- 

specific rates o f epilithic and phytoplanktonic algal production provide a measure of 

production efficiency. Biomass-specific production rates differed substantially from 

those that were purely surface area- or volume-based, respectively. Biomass-specific 

epilithic rates o f GPP were significantly negatively related to increased TP 

concentrations, while biomass-specific phytoplanktonic GPP rates were significantly 

negatively related to increased TP and TN concentrations. Thus, area-specific 

production of planktonic and epilithic algae increases with nutrient enrichment, yet 

biomass-specific production of both algal types decreases. Ahhough there is higher 

algal biomass in nutrient-rich lakes, they have lower efficiency of productive 

capacity. Trophic transfer efficiency is generally assumed to be optimal at 

intermediate nutrient conditions (Jeppesen et a i ,  2003).

Phosphorus is generally considered to be the primary nutrient in limiting algal growth 

in lakes (Schindler, 1971). For lakes studied in this research, stronger relationships 

were found for many attributes with total nitrogen than with total phosphorus. Total 

nitrogen explained a higher amount of variation in the structure of macroinvertebrate 

communities than did total phosphorus, in terms of both presence absence and
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proportional abundance. In CCA analysis o f community structure, total nitrogen was 

significant in explaining variation in the presence absence and proportional 

abundance structure of communities, while total phosphorus was only significant 

when proportional abundance data were examined. In CCA analysis of 

macroinvertebrate FFG structure, total nitrogen was more important than total 

phosphorus (which did not explain any significant additional variance) at explaining 

variation in FFG structure. Heino (2000) also found total nitrogen to be important in 

explaining most variation in the FFG structure of communities of 21 Finnish lakes in 

relation to environmental factors. Stoichiometry results suggest that nitrogen also 

played an important role in limiting both benthic and planktonic algal growth in some 

o f the studied lakes. Phytoplankton were moderately N-limited in four of the studied 

lakes according to the C:N threshold proposed by Hecky et al. (1993), while none of 

the lakes showed P-limitation of phytoplankton according to the proposed C:P 

threshold.

Hillebrand and Sommer (1999) proposed a stoichiometric ratio of 119:17:1 (C:N:P) 

as optimal for benthic microalgal growth (a ratio slightly above the Redfeld ratio 

considered optimal for phytoplankton growth), and deduced N limitation of benthic 

algae to occur at N:P ratios <13 and C:N ratios >10, and P limitation to occur at N:P 

ratios >22 and C:P ratios >180. Epilithic nutrient ratios corresponding to optimal 

growth were only present in two lakes in this study for C:N and one lake for C:P. 

Epilithon N:P ratios <13 occurred at all nine lakes in this study, while C:N ratios >10 

occurred at all but two of the lakes indicating N limitation. The two lakes -  Gowna 

and Oughter - where epilithic C:N ratios were in the range corresponding to optimal 

growth were also found to have the highest average biomass o f benthic algae 

(chlorophyll a m'^) of all the studied lakes. Average benthic algal biomass at these 

lakes was an order of magnitude higher than the majority of the other lakes. Area- 

specific productivity rates (NPP and GPP) in Gowna and Oughter were also much 

higher than at the other lakes, although biomass-specific rates were not higher than at 

other lakes. Moderate N-limitation o f phytoplankton was indicated at Melvin, Fern, 

Oughter and Town, but phytoplankton in these lakes did not have lower biomass or 

lower rates of production than the other lakes studied.
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7.3 Feeding generalism
Generalist feeding strategies appear to prevail among lentic primary consumers; 

according to species-specific autoecological information from the AQEM database, 

149 taxa (46%) of the 324 identified taxa were classified as belonging in only one 

FFG. A strong correlation was found between calculated optima of taxa to TP and 

the range of TP concentrations at which they are present. Taxa with broad 

environmental tolerances that are able to use a wide variety of resources are likely to 

achieve high local densities, survive in more locations and over a larger area, while 

those with narrow environmental tolerances and limited to a narrow range of 

resources are much less likely to achieve high local densities or wide distributions 

(Gaston and Spicer, 2001). Generalist taxa may sacrifice efficiency of food 

conversion for the advantage gained by ability to use a larger variety of resources 

(Cummins and Klug, 1979). Results of this work (based on the number o f FFGs taxa 

were classified into) suggest that the importance of generalist feeding increases with 

nutrient enrichment, particularly in stony habitats. The generalist taxa examined in 

Chapter 6, Gammarus duebeni and Asellus aquaticus, demonstrated an ability to use 

different types of algae in their diets. Although these species had relatively 

homogeneous elemental compositions, they utilised both benthic algae and 

phytoplankton, ranging widely in nutrient ratios, in the nine lakes spanning a gradient 

of nutrient enrichment. Increased dietary flexibility may maintain population 

stability with unpredictable supply and persistence of food sources in disturbed 

environments (Hart and Robinson, 1990).

7.4 Alkalinity, Habitat, Season and Taxonomic Distinction: 
Importance in Structuring Communities and Implications for 
Sampling and Monitoring Programmes

Results o f macroinvertebrate community analyses (Chapter 3) indicated the

importance of alkalinity, habitat and season to the taxonomic and functional group 

composition o f macroinvertebrate communities, which has implications for the 

efficacy of sampling or monitoring programmes.

7.4.1 Alkalinity
Alkalinity was significant in explaining variation in the proportional abundance 

dataset, and community taxonomic composition showed clear separation between low 

and high alkalinity lakes. Moderate alkalinity lakes, however, did not appear to have
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distinctively different communities. A similar pattern was found by Free et al. (2006) 

in a study of macroinvertebrate communities of candidate reference lakes carried out 

to establish a typology for macroinvertebrates for the purposes of the WFD. They 

found the alkalinity gradient to generally be responsible for over 50% of the variation 

observed in the macroinvertebrate communities. Low and high alkalinity lakes were 

well separated, but moderate alkalinity lakes were not distinctly different.

7.4.2 Habitat
Habitat (‘hard’ or ‘soft’) explained a significant amount of variance in the 

macroinvertebrate community structure in both proportional abundance and presence 

absence taxonomic datasets. The high diversity of macoinvertebrate taxa found in the 

upper littoral zone be may explained, in large part, by the heterogeneous substratum 

and associated range of microhabitats (Brodersen et a i ,  1998). Various macrophyte 

communities or sediment types have been associated with distinct macroinvertebrate 

communities (Pieczyriska et a i ,  1999, Cheruvelil et a i ,  2000, Van den Berg et a i ,  

1997, Hinden et a i ,  2005, Heino, 2000, Tolonen et a l ,  2001, White and Irvine, 2003, 

Brauns et a l ,  2007a), and macrophytes may also act as a refuge against fish 

predation, particularly for larger, more mobile taxa (Tolonen et al., 2003). Habitat 

structure {‘hard’ or ‘soft’) also explained a large component of the variation in 

macroinvertebrate PPG composition, determined with both CCA and MANCOVA 

analysis. Together with pH, colour, and season, habitat had a much stronger ability to 

explain variance in the PPG communities than did nutrients. Diversity of PPGs can 

be influenced by characteristics o f available habitats (Hawkins and MacMahon, 

1989), such as differences in trophic resources (Callisto et al., 2001). Monitoring 

programmes whose main priority is to detect impacts in the biological communities 

can often confine the sampling to a single habitat in order to limit the associated 

variability or ‘noise’. In rivers, the Irish Environmental Protection Agency’s (EPA) 

Q-Value system for macroinvertebrates collects samples preferentially from riffles, 

shallow, fast-flowing, well-aerated stretches of river, as similar organisms inhabit 

similar habitats and the most sensitive species inhabit the riffle areas. RIVPACS 

(River InVertebrate Prediction and System), the UK macroinvertebrate system, also 

preferentially samples riffles. Por lakes, the macroinvertebrate method that may be 

used as part of Water Framework Directive monitoring by the Irish EPA describes 

methods and accompanying metrics for use in ‘hard’ (substrates composed of
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pebbles, gravel, or bedrock) and ‘soft’ (sediments composed of silt, sand, mud or 

marl, with or without small submerged macrophytes, but excluding sites that include 

large and obvious reed beds) substrates; if resources are limiting, however only one 

o f these habitats, preferably stony, needs to be sampled. While it is logical to limit 

inherent variation in order to obtain a clear signal with regard to anthropogenic 

disturbance in lake littoral zones, it should be recognised that this limits information 

collected on the overall community response of the system. Whether more than one 

habitat is sampled should depend on the objectives of the sampling. If looking for a 

pressure/response relationship, reducing noise by limiting sampling to one habitat 

would be beneficial. If sampling for more holistic purposes, then signal precision 

may need to be sacrificed for a wider scope such as obtaining a full species list. A 

loss o f habitat diversity or increase in habitat homogeneity is likely to occur with 

nutrient enrichment, for instance through loss of macrophytes, and this will likely 

affect the functional groups of macroinvertebrates present. In highly modified or 

regulated systems, FFGs can alter (Englund and Malmqvist, 1996, Fleituch, 2003). 

Regulated or canalised systems are often characterised by a lack of natural substrates. 

Habitat diversity may be a key factor in maintaining functional diversity, and loss of 

habitat diversity in eutrophicated systems could therefore result in a loss of functional 

diversity of macroinvertebrate feeding strategies. A decreased functional range of 

macroinvertebrates would be likely to have knock-on effects on higher trophic levels.

7.4.3 Season
Season had a strong relationship with community taxonomic structure, explaining the 

highest amount of variance in the presence absence dataset and the second highest 

amount of variance in the proportional abundance dataset. Effects o f season on 

community structure are likely to be owing, for the most part, to life cycle stages of 

macroinvertebrates, with emergence of most univoltine insects in the summer. This 

should be taken into account in sampling or monitoring programmes. The Irish 

EPA’s macroinvertebrate sampling for the WFD takes place during the summer. If 

sampling can only be carried out in one season, as is often the case, owing to resource 

constraints, it would be better to sample in the spring or, at least, to avoid sampling in 

the summer, as several insect taxa may be missed that emerge during the summer. 

This could influence quality scores, as insect taxa such as Ephemeroptera,
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Trichoptera and Plecoptera are generally considered to be sensitive to anthropogenic 

disturbance.

7.4.4 Taxonomic Differentiation
Findings o f Chapter 4 highlight the importance of taxonomic differentiation used 

when classifying taxa tolerances to nutrient enrichment. Among the taxa present in 

these lakes, different genera within the same family or order, and sometimes 

individual species within genera had different tolerances to total phosphorus 

concentrations, so that species-level data may show far greater differences among 

sites relative to family-level data (Lenat and Resh, 2001). Many relative abundance 

metrics only differentiate as far as order or family. Certain families that are generally 

considered to be sensitive to organic pollution for the family-level metrics showed 

within-family variation in this study. Ephemeroptera are generally considered a 

sensitive family, however there was large among-species variation in tolerance to 

nutrient pressure in this study. While certain species appeared completely intolerant 

o f nutrient pressure e.g. Electrogena lateralis, Heptagenia sulphurea. Ephemera 

danica others such as Caenis horaria possessed much greater tolerance. Comparing 

these scores with those from other studies that used a high level of taxonomic 

differentiation shows agreement for some taxa, even though values were developed 

for specific geographic areas, for generalized pollutants or were derived using 

varying methods,

7.5 Conclusions

Overall conclusions from the study are:

• At the level of individual macroinvertebrate taxa, optima indicated widely 

varying and species-specific tolerances to TP, and were used to develop a lake 

enrichment score that was validated with an independent set of lakes;

• Macroinvertebrate community taxonomic structure responded to increased 

nutrient concentrations. A change in abundance of taxonomic groups was 

evident and nutrient concentrations explained a significant amount of variance 

of the taxonomic composition of macroinvertebrate communities;

• Although proportional abundance of certain macroinvertebrate functional 

feeding groups responded significantly to increased nutrient concentrations,
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pH, season and habitat had a much stronger ability to explain variance in the 

overall FFG composition of communities than nutrients;

• Habitat (hard or soft) and season explained a significant amount of variance in 

both community taxonomic structure, species’ optima and FFG structure and 

this has implications for the efficacy of sampling or monitoring programmes. 

Whether more than one habitat is sampled should depend on the objectives of 

the sampling. Monitoring programmes whose main priority is to detect 

impacts often carry out single-habitat sampling to limit associated variability, 

whereas when sampling for more holistic purposes, signal precision may need 

to be sacrificed to obtain a full species list. If sampling is only in one season, 

it would be best to avoid sampling in the summer, as several sensitive insect 

taxa may be missed that emerge in this season.

• Biomass, area-specific NPP and area-specific GPP of both epilithic algae and 

seston increased with increasing nutrient concentrations. Production 

efficiency of both epilithic algae and seston (biomass-specific GPP rates) 

decreased with increased nutrient concentrations;

• Although phosphorus is generally considered the primary nutrient limiting 

algal growth in lakes, for lakes in this study, stronger relationships were found 

for many attributes with total nitrogen. Total nitrogen explained a higher 

amount of variation in both the taxonomic and FFG structure of 

macroinvertebrate communities, and appeared to be limiting benthic and 

planktonic algal growth in all but two of the lakes studied;

• Generalist feeding strategies appear to prevail among lentic primary 

consumers. Results of this work suggest that the importance of generalist 

feeding habits increases with nutrient enrichment. The generalist taxa 

examined Gammarus duebeni and Asellus aquaticus, demonstrated an ability 

to use different types o f algae in their diets, and had relatively homogeneous 

elemental compositions in comparison to both epilithic algae and seston 

whose elemental ratios ranged widely;
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