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Summary

The aim of this study was to investigate the relationship between habitat structure in 

the land lake ecotone and the abundance and community composition of larval and 

adult macroinvertebrates. This was done extensively within one sample lake, Lough 

Carra, in county Mayo. Aspects of lake hydromorphology were assessed and 

described by use of the Lake Habitat Survey (LHS), which measures the extent of 

particular habitat features within the littoral, riparian and shore zones of a lake. The 

first aim of the research was to test the relevance of the LHS metrics for describing 

macroinvertebrate taxon richness, abundance and community composition. This was 

done with the creation of a Hab-Plot specific score called the HabQA. This was 

based on the original Lake Habitat Survey Lake Habitat Quality Assessment (LHQA) 

score. Additional work examined the relevance of the overall survey, not just the 

metric, for macroinvertebrate community composition. This was to determine if the 

concordance between the metric and the macroinvertebrate community could be 

improved with the inclusion of additional LHS features. The relevance of the features 

in different zones (littoral, riparian, shore) within the ecotone were assessed to 

ascertain which habitat zones were most related, and by inference the most 

important, for both larval and emerging macroinvertebrates.

Habitat complexity was investigated for its effect on macroinvertebrate metrics. 

Habitats with and without different types and densities of macrophytes were 

examined. The aim was to determine the effect of habitat complexity, in the form of 

increasing macrophyte density, on body size and community composition of 

macroinvertebrates. It was hypothesised that with increasing habitat complexity, 

abundance and body size would increase owing to increased predation refuge and 

niche space. This initial study was complemented by an additional study focused just 

on emerging macroinvertebrates. This study investigated the impact of habitat 

complexity on invertebrate reproductive fitness (size, abundance and emergence 

date) of adult animals from different habitat types.

The findings of the LHS study were that macroinvertebrates correlated positively 

with the HabQA score. Taxon richness increased with score and the abundance of
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particular species varied in different ways with different aspects of the score. This 

demonstrated the usefulness of the LHS survey method as a proxy for 

macroinvertebrates. While the HabQA was useful, further testing indicated that a 

better concordance could be achieved. The inclusion of the full spectrum of LHS 

variables, not just the variables combined into the HabQA metric, more accurately 

described the macroinvertebrate community composition. These results indicated that 

a separate metric specifically for macroinvertebrates could be created from the LHS 

variables. However, an a posteriori typology approach would likely be necessary, 

similar to that used for rivers in the RIVPACS (River Invertebrate Prediction 

System) system. This study also highlighted the importance of the riparian zone 

variables for macroinvertebrates, identifying their conservation and management 

importance for lake ecological integrity.

Habitat complexity significantly affected the abundance, dry biomass and 

community composition of macroinvertebrates. Generally, as habitat complexity 

increased the abundance and dry biomass of macroinvertebrates also increased. Each 

habitat type had a distinct community composition. Particular groups had affinities 

for specific stands of macrophytes, e.g. Odonata were most abundant in Phragmites. 

This emphasised the conservation importanee of maintaining macrophyte 

heterogeneity within a lake. These results also highlighted the limitations of 

monitoring a single site, an approach often used by statutory agencies. A multi 

habitat approach would allow for a more accurate assessment of the 

maeroinvertebrate diversity. Habitat complexity was not found to affect the 

emergence fitness of adult macroinvertebrates, although this may have been a result 

of low taxonomic resolution. For studies of this type, species level resolution would 

allow for a clearer signal. For overall lake conservation assessment and to fulfil the 

needs of both the Habitats Directive and the Water Framework Directive, a range of 

methods should be utilised. The proposed Lake Assessment for Conservation 

(LACON) framework could be sufficient for this, if it encompassed a RIVPACS type 

maeroinvertebrate prediction system, combined with the LHS survey information for 

describing lake hydromorphology.
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1. Introduction

1.1. The Water Framework Directive and lake 
hydromorphology

Traditionally, water quality assessment has focused on controlling and regulating 

emissions standards to surface waters, but with little reference to the ultimate 

ecological consequences (Moss et al, 2(X)3). Lake classification in Europe and 

America has been dominated by the OECD (1982) trophic classification scheme. 

However, this method had some shortcomings. The main one being that lakes form a 

continuum along a range of trophic levels and dividing this continuum into discrete 

categories is not ecologically sound. The reliance on chemical assessment, or that 

following the philosophy of the OECD (1982), has been replaced by the Water 

Framework Directive (WED) (Directive 2000/60/EC) published by the European 

Commission in December 2(X)0. It is potentially the most significant piece of 

legislation ever enacted for fresh and marine water conservation. It requires that the 

ecological quality of waters, including standing waters, be assessed with the 

inclusion of biological elements, such as phytobenthos (including macrophytes), 

macroinvertebrates and fish (Annex V). The aim of the Directive is that all surface 

waters achieve ‘good ecological status’ by 2015. This is to be achieved through 

programmes of measures. There is to be at most ‘slight changes’ from a theoretical 

reference state in the abundance and composition of key biological quality elements. 

This reference state is supposed to represent minimum human pressure.

Paulsen (1997) stated that physical habitat alteration is likely the biggest threat to 

aquatic ecosystems, exceeding all other anthropogenic pressures. However, there is 

still no European wide standard method for systematically assessing and describing 

the whole lake habitat structure. This is currently being addressed through a draft 

CEN standard for lake hydromorphology. In the past lake hydromorphology 

assessment focused on certain isolated aspects of the physical structure of the lake. 

The lake itself could be broken into two broad zones: The littoral zone, which is the 

shallow near shore zone suitable for aquatic plants; and the pelagic zone which is the



deep open water zone (Kalff, 2003). Bathymetric maps were the standard way of 

measuring the morphometry of lakes, comprising contour maps of the lake depicting 

depth readings. Depth was used as a proxy for most morphometric attributes and for 

a range of biological processes (Kalff, 2003). Other common measures of lake 

structure were lake stratification, which can lead to differences in water chemistry 

with depth (Moss, 1998) and residence time. Residence time could be utilised to 

determine how long a chemical substance would remain in the lake and how it would 

behave in regard to dilution and permanence, with important implications for water 

quality (Ambrosetti et al., 2003). In recent years the focus on lake hydromorphology 

has broadened and it is now recognised by the WFD to have an impact on the 

composition and abundance of biotic communities. Hydromorphological assessment 

is a WFD requirement and this is divided into two categories for lakes. The first is 

hydrological elements, comprising water flow, residence time, levels and connection 

to groundwater. The second is morphological elements, comprising depth, quantity 

and structure of the substrate, and quality and structure of the lake shore zone (WFD; 

Annex V).

The concept of routinely assessing the lake habitat quality for WFD compliance is a 

difficult one. There is large variability among lakes, with different habitat features 

found in different types of lakes. The ‘value’ of a particular aspect of habitat will 

also differ depending on the biota in mind, be it fish, bird or macroinvertebrate 

diversity. Each will have their own set of habitat needs. The different political drivers 

behind lake habitat assessment can lead to confusion in regard to the overall aim of 

the assessment, owing to sometimes conflicting requirements from differing 

Directives. ‘Good status’ under the WFD may not always comply with the more 

specific habitat focused requirements of an SAC under the Habitats Directive 

(92/43/EEC). The best representatives of a habitat under the Habitats Directive do 

not necessarily comply with reference state under the WFD (Irvine, 2009). Scale can 

also be an issue, as in order to carry out routine habitat assessment the survey needs 

to be rapidly deployed and relatively easy to carry out. However, particular species 

such as macroinvertebrates may have very narrow and specific micro-habitat needs 

which cannot be assessed at the broader general habitat assessment scale. Whether or



not this type of general habitat assessment approach is useful for particular aspects of 

the biota remains to be seen.

1.2. Lake Habitat Survey (LHS)

The Water Framework Directive has been a driver for survey methods such as the 

Lake Habitat Survey (LHS) to assess lake hydromorphology. The LHS was 

developed under the SNIFFER (Scotland and Northern Ireland Forum For 

Environmental Research) programme to systematically characterise and assess the 

physical habitat of lakes and reservoirs. LHS was one of the principle protocols 

which shaped the draft CEN standard for assessing lake hydromorphology (Rowan, 

2008). The LHS method draws on lake monitoring protocols in the U.S., particularly 

the Field Operations Manual (FOML), which is the most significant standard tool for 

physical lake monitoring (Rowan et al., 2006). Similar to the FOML, LHS surveying 

entails taking quantitative descriptions of canopy, macrophytes along the lake shore, 

the amount of shoreline affected by human activities, and the dominant littoral 

substrate. A similar survey method for rivers. River Habitat Survey (RHS) (Fox et 

al., 1998), was already in place and this also fed into the LHS methodology through 

use of similar terminology and abbreviations (Rowan et al., 2006).

The method surveys ten plots, known as Hab-Plots, evenly spaced around the lake 

perimeter from the first plot which is randomly positioned (Rowan et al., 2005). 

Hab-Plots are designed to record the main lake shore habitat characteristics over 15 

m wide plots which extend from the riparian zone, through the shore zone, to the 

littoral zone. The riparian zone extends 15 m landwards from the edge of the bank. 

The littoral zone is the area from the waterline to 10 m offshore. The shore zone is 

the region between the edge of the bank and the current waterline (Figure 1.1). 

Shoreline characteristics and impacts are also recorded in two bands around the 

whole lake perimeter between each pair of adjacent Hab-Plots. These bands extend 

from the bank top to 15 m landwards, and from 15 m landwards to 50 m landwards. 

Pressures and land use such as grazing, recreation, industry and erosion are assessed 

and the extent of their impact is estimated in each of the bands. The whole lake is



also assessed in a ‘sweep-up’ assessment and pressures on the lake as a whole are 

estimated, such as angling, recreation and boat use.

Figure 1.1: Schematic diagram indicating LHS zones and dimensions of each Hab- 
Plot (reproduced from Rowan etal. (2(X)6)).



Two indices have been developed for LHS, the Lake Habitat Modification Score 

(LHMS) which indicates the degree of hydromorphological alteration; and the Lake 

Habitat Quality Assessment (LHQA) which assesses the lake habitat quality based on 

diversity and naturalness of the physical structure and the presence of habitat features 

considered to be of value to wildlife (Rowan et ai, 2(X)4). These indices are 

calculated by drawing on specific features of the LHS survey, which are then scored 

in different ways depending on the variable being examined. Some variables are 

scored for diversity of habitat features and some are scored for extent of a particular 

feature. This is outlined in detail in Table 2.4 and 2.5 in Rowan et al. (2004).

LHS not only provides a framework for assessing and monitoring all aspects of lake 

hydromorphology for WFD needs, it is also useful for conservation assessment of 

lakes. Under the European Habitats Directive, regular conservation assessments must 

be carried out on designated Special Areas of Conservation (SAC). Reports must be 

compiled every 6 years by Member States. The conservation status of these SACs 

must be regularly assessed. LHS could be used as part of this conservation status 

assessment for designated lakes by providing a description of the overall physical 

habitat. Further, interrogation of the LHS data at Hab-Plot level should provide 

information on the occurrence of key high quality habitats for important aquatic 

species.

1.3. Littoral macroinvertebrates and habitat heterogeneity

The littoral area of lakes supports a highly diverse invertebrate community. This is 

brought about by good light, food and oxygen conditions, as well as the 

heterogeneity of the area (Brodersen et al., 1998). Benthic macroinvertebrates are 

those organisms visible with the naked eye that spend part of their life cycle clinging, 

burrowing or crawling in or upon substrates of aquatic systems (Kaufmann and 

Whittier, 1997). Macroinvertebrates are commonly used for assessing water quality, 

as they are ubiquitous, offer a spectrum of responses to environmental perturbation, 

have a sedentary nature and relatively long life cycles (Rosenberg and Resh, 1993).



Macroinvertebrates can act as continuous monitors of the water they inhabit 

(Rosenberg and Resh, 1993) and integrate disturbance over relatively long time 

periods (Sandin et al., 2004). Macroinvertebrate assemblages integrate changes in the 

physical, chemical and ecological environment of their habitat over time and space 

(Pinel-Alloul et al., 1996). As such, they are likely to change in response to differing 

aspects of lake hydromorphology among sites and lakes.

Environmental heterogeneity impacts on invertebrate fauna within the riparian 

ecotone. The characteristics of the area can affect abundance, composition, richness 

and distribution of macroinvertebrates owing to habitat availability and the 

nutritional resources in the area (Giudicelli and Bournaud, 1997). The riparian 

ecotone is essential for the adult life cycle of many aquatic invertebrates. Nearly all 

aquatic insects have a terrestrial component at some stage in their life cycle, and 

many of these depend on the riparian zone (Giudicelli and Bournaud, 1997). 

Invertebrates use this riparian ecotone for emergence, feeding, mating, pupation and 

oviposition. Driftwood and plant and animal detritus are essential components of this 

riparian zone as they can provide substrate, food sources and shelter for 

macroinvertebrate breeding and development (Giudicelli and Bournaud, 1997). The 

primary purpose of the adult phase of the typical aquatic invertebrate lifecycle is to 

mate and oviposit in habitats suitable for larval development (Kovats et al., 1996).

Power et al. (2004) proposed that any habitat feature that retains or provides 

predation refuge for adult aquatic invertebrates, such as algal mats in the littoral 

zone, may increase and enhance local macroinvertebrate emergence. Few studies 

have examined the link between bankside vegetation and the ecology of terrestrial 

insects, although it is recognised as an important factor (Harrison and Hildrew, 

1998). Recent studies have demonstrated the importance of terrestrial adults to the 

distribution and abundance of aquatic larvae in both streams and rivers (Harrison and 

Hildrew, 1998). Complex macrophyte beds have been found to influence adult 

distribution through increased oviposition, pupation and emergence, and by 

increasing the supply of adult recruits to an area (Harrison and Harris, 2002). The 

plants provide area for attachment of eggs, larvae and pupae and also provide visual



protection from predators, and epiphytic algae for grazers (Gerrish and Bistrow, 

1979). The number of niche spaces, predation refuge and abundance of food 

available for larval macroinvertebrates and fish tend to increase in dense macrophyte 

stands (Tolonen et ai, 2003).

Habitat complexity, both in the riparian and littoral zones, can greatly influence the 

composition and abundance of macroinvertebrates. It can also impact on the size of 

macroinvertebrates, with larger macroinvertebrates found in more complex habitat 

owing to both fish predation refuge and additional niche space and food resources 

(Hanson, 1990; Tolonen et al., 2003). Brown trout are the predominant fish in Lough 

Carra and in most other unimpacted Irish lakes. Trout are generally size selective 

predators (Nystrom et al., 2001; Rowe et al., 2003; Meissner and Muotka, 2006), but 

habitat complexity can ameliorate predation pressure by reducing fish predation 

efficiency in more complex habitats (Crowder and Cooper, 1982; Diehl, 1988; 

Carlisle and Hawkins, 1998). Adult size of invertebrates is generally constrained by 

the size of the larvae (Forrest, 1987) and for many species of invertebrate the number 

of eggs produced by females increases with increasing size of the female individual 

(Hinton, 1981). Thus, larvae from more complex habitats are likely to be larger 

owing to the food resources, niche space and predation refuge, leading to larger size 

at emergence and more fecund females.

1.4. Lake ecotones, littoral and riparian zones

The LHS Hab-Plot spans the ecotone of a lake. An ecotone is generally defined as 

the area of transitional land in between vegetation types (Risser, 1990) or between 

land and lake comprising riparian and littoral zones. The ecotone provides shelter 

against predation and wave action, feeding zones and habitat (Schiemer et al., 1995). 

However, there is a scarcity of available information on lake ecotones compared with 

either the terrestrial or open water environments alone (Pieczynska, 1990). Land-lake 

ecotones reflect the range of disturbance and resource patches over a variety of 

habitats in various successional stages, which leads to great overall diversity (Petts, 

1990). These various habitats comprise differing sediment size, plant species, and



communities of submerged and emergent vegetation.

The littoral zone of lakes is the part of the lake bottom and its overlying water which 

falls between the shore and the deepest point at which higher plants can colonize 

(Moss, 1998). Littoral zones are made up of a multitude of habitats comprising 

various sediment size, plant species, and communities of submerged and emergent 

vegetation. It is functionally very important and, because it is heterogeneous, gives 

rise to a range of micro and mesohabitats for invertebrates to inhabit (Brodersen et 

ai, 1998). This includes habitats within or on the sediment and within the plant beds 

at the lake edge.

A view of what constitutes the riparian zone can differ among researchers, but for the 

purposes of this study we follow the LHS definition where the riparian zone is the 

strip of land from the water’s edge to 15 m landwards (Figure 1.1). Riparian zones 

comprise a mosaic of landforms, communities and environments which undergo a 

variety of natural disturbances. This gives rise to a spatial and temporal 

environmental mosaic with few parallels in other systems (Naiman and Decamps, 

1997). The riparian zone is impacted upon by four different natural disturbances: 

erosion, deposition, inundation and desiccation (Giudicelli and Boumaud, 1997). It is 

these natural processes which contribute to the heterogeneity of the area and cause 

these aquatic-terrestrial interfaces to display highly differentiated environments.

Lake ecotones, comprising the littoral and riparian zone, are very heterogeneous and 

important for macroinvertebrate habitat needs. These zones will comprise much of 

the variety in lake hydromorphology among lakes and habitats. Assessment of the 

habitat features in these zones will likely prove useful for relating to 

macroinvertebrate community structure and diversity.



1.5. General research aims

The aim of this study is to investigate the relationship between habitat structure in 

the land lake ecotone and the abundance and community composition of larval and 

adult macroinvertebrates. This was done extensively within one sample lake, Lough 

Carra, in county Mayo in the west of Ireland. Aspects of lake hydromorphology were 

assessed and described by use of the Lake Habitat Survey (LHS) which measures the 

extent of particular habitat features within the littoral, riparian and shore zone of a 

lake. The first aim of the research was to test the relevance of the LHS metrics for 

describing macroinvertebrate taxon richness, abundance and community 

composition. This was the first such test of the LHS, and would allow for the 

usefulness of the survey method to be assessed in regard to its use as a conservation 

tool.

Additional work examined the relevance of the overall survey, not just the metric, for 

macroinvertebrate community composition. This was to determine if any 

concordance between the metric and the macroinvertebrate community could be 

improved with the inclusion of additional LHS features. The relevance of the features 

in different zones (littoral, riparian, shore) within the ecotone were assessed to 

ascertain which habitat zones were most related, and by inference the most 

important, for both larval and emerging macroinvertebrates. This would help to guide 

the focus of conservation efforts to achieve ‘good ecological status’, as current Water 

Framework Directive legislation does not explicitly state the need to conserve 

riparian zones, requiring just that ‘hydromorphological integrity’ be maintained. This 

work would allow for elucidation of the conservation importance of the ecotone 

areas around a lake shore.

Habitat complexity is known to play an important role in shaping the community 

composition of macroinvertebrates in freshwater systems and can have major effects 

on ecological interactions (Crowder and Cooper, 1982; Tolonen et ai, 2003; 

Meissner and Muotka, 2006). Dense macrophyte stands can increase niche space and 

food availability for macroinvertebrates (Tolonen et ai, 2003). Differing



macrophytes stands were examined to determine the effect of habitat complexity, in 

the form of increasing macrophyte density, on body size and community composition 

of macroinvertebrates. It was hypothesised that with increasing habitat complexity, 

abundance and body size would increase owing to increased predation refuge and 

niche space. This initial study was complemented by an additional study focusing 

just on emerging macroinvertebrates. This study investigated the impact of habitat 

complexity on invertebrate reproductive fitness (size, abundance and emergence 

date) of adult animals from different habitat types. This study of habitat complexity 

was a natural follow on study from the LHS work, which highlighted the importance 

for macrophyte abundance for macroinvertebrates. This work allowed for elucidation 

of the effect of macrophyte type and complexity on macroinvertebrate community 

composition and abundance. Biomass was included in this study as 

macroinvertebrates are a crucial link in the transfer of energy from primary 

producers to fish, and understanding the factors that affect their abundance and size 

structure helps understanding of the trophic dynamics of a lake (Hanson, 1990).

1.6. Thesis structure

The thesis is laid out as follows:

Chapter I introduces general background information on macroinvertebrates, the 

Water Framework Directive, lake hydromorphology and the LHS, and lake littoral 

and riparian zones. Chapter 2 describes the general field and laboratory methods 

used.

Chapter 3 investigates the use of the Lake Habitat Survey (LHS) as a descriptor for 

macroinvertebrate taxon richness, abundance and community structure. Chapter 4 

further investigates this relationship to determine if the addition of more LHS 

variables could improve this relationship, and to determine which habitat zone was 

the most important for determining macroinvertebrate community composition.
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Chapter 5 assesses the impact of increasing habitat complexity, from sites with just 

cobble habitats and no macrophytes, through a gradient of sites with differing 

macrophyte types of increasing density, on the biomass and abundance of 

macroinvertebrates. Chapter 6 explores the effect of this habitat complexity on 

emerging macroinvertebrate abundance, biomass and timing.

Chapter 7 discusses the overall findings and draws the main conclusions from the 

work.

11



2. Materials and methods

2.1. Littoral macroinvertebrate sampling and 
identification

Littoral macroinvertebrates were sampled from the littoral zone of the lake by use of 

a standard Freshwater Biological Association (FBA) 1 mm kick net. A bilge pump 

suction sampler (Whale® Gusher 30) was also used with a stiff 38 mm bore tube, 

which was then fed into the FBA 1 mm kick net. Samples were preserved in 

Industrial Methylated Spirits (IMS) on site for later laboratory processing. In the 

laboratory samples were first sieved to remove excess silt and were then re

suspended in a large white tray for sorting. This involved removing 

macroinvertebrates from the sample debris and isolating them in family groups in 

glass vials containing IMS for subsequent identification. Identification was carried 

out using an Olympus binocular microscope SZ X12, with a fibre optic light source 

Olympus KL 1500 LCD. Macroinvertebrates were identified to species level using 

the following keys: Savage (1989, 1999), Gledhill et al. (1993), Richoux (1982), 

Elliott (1977a), Edington and Hildrew (1995), Fitter and Manuel (1986), Macan 

(1977), Reynoldson and Young (2000), Friday (1988), Nilsson (1997), Wallace et al. 

(2003), Elliott and Mann (1979), Miller (1996) and Elliott et al. (1988). 

Chironomidae and Oligochaeta were not identified to a higher taxonomic resolution. 

Odonata, Coleoptera and Diptera larvae were identified to family level only.

2.2.4dult macroinvertebrates sampling and identification

Adult rr.acroinvertebrates were sampled as they emerged from the lake by use of 

emergence traps (described in Chapter 3 and 6) (Plate 2.1). Sticky traps were used 

for sampling flying invertebrates in the riparian zone (described in Chapter 3) (Plate 

2.2).

12



Plate 2.1: Emergence traps under construction

Plate 2.2: Sticky trap in situ in Lough Carra
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Adullt macroinvertebrates were identified to species level for Trichoptera using 

Mostely (1939) and Macan (1973); Ephemeroptera using Elliott and Humpesh 

(198)3); Neuroptera using Elliott (1977b); and Odonata using Hammond and Merritt 

(199''7). Diptera were identified to family level using Unwin (1991).

22.3. Cage design

Expeerimental cages were put in place for fish exclusion in Chapter 5. Cages 

comjprised a wood structure 0.8 m' , with 4 mm polythene mesh attached to the 

wooed. Mesh surrounded the perimeter of the cage but the top and bottom were left 

opem (Plate 2.3).

2

Platte 2.3 : Construction of cages for Chapter 5, with numbers 1 -3) indicating 
proggressive steps. 4) in situ in Lough Carra

Conttral cages were also put in place but these just consisted of partial mesh, allowing 

fish : access (Plate 2.4).

14



Plate 2.4: Photo showing Cage control structure 1) out of the water 2) in situ in 
Lough Carra

2.4. Water chemistry

2.4.1. Water chemistry methods

Water samples were collected from the middle of the lake, in between the north and 

mid basin of Lough Carra. This water chemistry was done once in 2006 

corresponding to the sampling period for Chapter 3 and 4. It was done twice in 2007, 

once in June, corresponding to the data gathering for Chapter 6, and once in August, 

for the Chapter 5 sampling period. The water was stored in large polypropylene 

bottles and water chemical analysis was carried out within a week. Water samples 

were analysed for alkalinity, chlorophyll a, total nitrogen, total phosphorus, pH, 

conductivity and colour.

Alkalinity was measured by titrating the sample. Lough Carra is a high alkalinity 

lake, so samples were titrated with 0.01 M H2SO4 an end point of pH 4.5 within two 

minutes. This is recommended by Cleseri et al. (1989) for samples with an alkalinity 

higher than 20 mg f' CaCOa. The volume of H2SO4 at the end point was recorded. 

The calculation used was:

15



Alkalinity (mg T CaCOs) = ml titrant *20

Chlorophyll a was measured by filtering 0.5 1 of the water sample through a 

Whatman GF/C filter. This was carried out within the field and the filter paper was 

transferred into a polypropylene centrifuge tube containing 10 ml of methanol. The 

sample was refrigerated until further laboratory analysis. This was carried out in 

triplicate for each sample. In the laboratory the centrifuge tubes were heated in a 

water bath until the methanol boiled at approximately 65-70 °C. The samples were 

allowed to cool in the dark, after which the paper was removed from the tube and the 

remaining liquid was centrifuged for eight minutes at 3500 rpm in a Mistral 2000 

MSE. 7 ml of the sample was then decanted into a spectrophotometer cell and the 

absorbance was measured at 665 nm and 750 nm against a methanol blank, using a 

UV1601 Shimadzu spectrophotometer. The chlorophyll a was then calculated from:

Ch\a= 13.9*A*v/d*V

Where A = net absorbance (abs665-abs75o), v = volume of methanol in ml, d = cell 

length (5cm) and V = volume of sample filtered in litres. This method was carried 

out in accordance with the methods set out by the Standing Committee of Analysts 

(1983).

Samples were also analysed for total nitrogen and phosphorus. For nitrogen analysis 

an oxidising reagent was made by dissolving 1.5 g of NaOH in 90 ml of deionised 

water. 5 g of K2S2O8 and 3 g of boric acid were added. When dissolved the reagent 

was made up to 100 ml. 25 ml of the sample and the standards were measured into 

screw capped polypropylene bottles and 2.5 ml of oxidising reagent was added. The 

samples were digested for 30 minutes in an Astell ASB230 autoclave at 15 psi. These 

samples were then analysed on the Bran + Luebbe Autoanalyzer 3 Digital 

Colourimeter, following the Bran + Luebbe method no. G-172-96 Rev.7 (multitest 

MT 19)

16



For analysis of phosphorus a digestion reagent was made up by dissolving 6 g of 

K2S2O8 in c. 80 ml of double distilled water (D.D.W.), containing 10 ml of 3.6 N 

H2SO4. These were dissolved using a sonicator and the reagent was made up to 100 

ml using D.D.W. A mixed reagent was made up by adding 113.5 ml 3.6 N H2SO4, 25 

ml of antimony stock, 25 ml molybdate stock and 0.2 g ascorbic acid in order, and 

mixing well after each addition. The reagent was then made up to 100 ml using 

D.D.W. Standards of 0 mg l ', 0.01 mg l ', 0.025 mg f', 0.05 mg l ', 0.1 mg f' and 

0.2 mg r' of total phosphorus were made up. 25 ml of standards and samples were 

pipetted into autoclaveable bottles and 5 ml of digestion reagent was added. These 

were loosely capped before autoclaving for 30 minutes at 15 psi. Once cooled to 

room temperature 5 ml of the digested sample was pipetted into a test tube, with 1 ml 

of mixed reagent. The absorbance was measured at 882 nm on spectrophotometer 

(U.V. 1601 Shimadzu) after the colour had developed for ten minutes. The 

concentration could then be calculated from the standard curve according to:

Concentration pgf' = (absorption - c intercept) / slope * 1000

pH and conductivity was measured for the samples using a standard pH meter 

(Jenway 4330 Conductivity and pH meter). The colour of each sample was measured 

using a DR 2000 Hach spectrometer.
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3. A test of the association between lake habitat quality 
assessment and macroinvertebrate community structure 
(McGoff and Irvine, 2009)

3.1. Introduction

The link between hydromorphology and aquatic biotic communities should be self- 

evident. The text of the European Water Framework Directive (Directive 

2000/60/EC) requires the use of freshwater biota for determining the quality and 

status of fresh and marine waters, and recognises hydromorphological alteration as a 

potential impact on the composition and abundance of those communities. The Water 

Framework Directive has been an important driver for the development of survey 

tools such as Lake Habitat Survey (LHS), which provides a m.ethod for 

characterising and assessing the physical habitat of lakes and reservoirs (Rowan et 

ai, 2004; 2006). LHS includes quantitative descriptions of canopy, macrophytes 

along the lake shore, the amount of shoreline affected by human activities, and the 

dominant littoral substrate. The usefulness of LHS as a metric of general relevance to 

macroinvertebrates is, however, untested.

The U.K. River Habitat Survey applied the concept of mesohabitats, readily 

identifiable patches of habitat types at the scale of lO’-lO" m (Raven et ai, 1997). 

Mesohabitats were not a usual feature of lake assessment (White and Irvine, 2003), 

until the LHS method, drawing from the US EPA Field Operations Manual for Lakes 

(FOML) (Kaufmann and Whittier, 1997), adapted the RHS mesohabitat approach. 

The LHS surveys a number of units, or Hab-Plots, within the ecotone between land 

and lake. An ecotone is generally defined as the area of transitional land in between 

vegetation types (Risser, 1990), and in this case is the area incorporating the riparian 

and the littoral zone of a lake. The littoral zone of lentic waterbodies is functionally 

important, providing shelter against predation and wave action, feeding zones and 

habitat (Schiemer et ai, 1995). It can provide the zone of highest productivity in a 

lake (Wetzel, 2001).
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The LHS attempts to measure many attributes that may be important for 

macroinvertebrates. For example habitat diversity is a well recognised driver of 

species diversity, with a greater number of species found in more diverse and 

physically complex habitats (Menge and Lubchenco, 1981; Cheruvelil et ai, 2002), 

with taxon richness and total density of animals increasing with increasing 

complexity and abundance of macrophytes in the littoral zone (Tolonen et ai, 2003; 

Taniguchi and Tokeshi, 2004). Disturbance of the riparian zone, caused by erosion, 

deposition, inundation and desiccation, contribute, furthermore, to spatial 

heterogeneity of the ecotone (Giudicelli and Boumaud, 1997). Bankside vegetation 

has been found to be important for distribution and abundance of both 

macroinvertebrate larvae and their adult terrestrial phase in streams and rivers 

(Harrison and Hildrew, 1998). The more structurally complex marginal macrophytes 

may also provide numerous sites for insect pupation, emergence and oviposition, 

leading to a greater supply of recruits to all habitats (Harrison and Harris, 2002).

This study tested the usefulness of LHS as a surrogate of taxon richness and 

abundance for both aquatic and terrestrial macroinvertebrate phases, within a single 

lake. If found to be a useful surrogate of macroinvertebrate taxon richness and 

abundance, the LHS could be useful for predicting occurrence of macroinvertebrates 

in lakes, similar to PYSM (Williams et al., 1998) and RIVPACS (Armitage et ai, 

1983) for ponds and rivers, respectively. Macroinvertebrates were sampled within 

their adult riparian phase and their larval littoral phase within each of the Hab-Plots 

surveyed using the LHS method. A scoring system was developed from the 

established Lake Habitat Quality Assessment (LHQA) score to describe and score 

the quality of the habitat within each Hab-Plot and relate it to the macroinvertebrates 

present.
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3.2. Methods

3.2.1. Study site

Benthic macroinvertebrates were sampled within the littoral and riparian zones at ten 

approximately evenly spaced sites within the upper two basins of Lough Carra, a 

shallow, polymictic, and calcareous lake covering approximately 1610 hectares in 

the west of Ireland (Figure 3.1). The upper two basins divide naturally from the 

lower basin, being connected by just a narrow inflow channel during the summer; the 

study focused on these owing to time constraints, and as Hab-Plots are treated 

independently for the HabQA method. There are no major centres of population on 

the lake, and the main land use in the catchment is grass production and sheep 

farming (King and Champ, 2000). The lake has a mixed substrate comprising marl, 

sand, cobbles, pebbles and boulders. It is a clear water, high alkalinity, low nutrient 

marl lake. Recent work indicates current, and likely increasing, nutrient enrichment 

owing to pressures within the catchment and increased agricultural intensification 

around the lake (Hobbs et al., 2005). Water chemistry values were taken at three 

points throughout the overall study (Table 3.1).

Table 3.1; Water chemistry results from each of the sampling dates
Date Colour

(PtCo)
Conductivity 
(fiS cm ')

Alkalinity 
(mg CaCOj L ')

pH Chlorophyll a 
(mgL ') '

TP
(PkL')

TN
(mg L ')

23.08.06 10.3 251 89.4 8.2 0.93 2.6 0
21.06.07 3.0 327 112.6 8.2 1.73 13.1 0.57
31.08.07 7.0 250 99.2 8.0 3.80 6.1 0
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Figure 3.1: Location of Hab-Plots within Lough Carra (shaded area), labelled A-J

3.2.2. Lake Habitat Surveying

LHS requires that the shoreline and riparian habitat are assessed at random and 

evenly spaced locations (Hab-Plots); and that the macroscale riparian and littoral 

habitats are described for the lake as a whole. The first Hab-Plot is chosen randomly
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and the remainder are approximately evenly spaced from that around the lake 

perimeter. These are designed to record the main lake shore habitat characteristics 

over 15 m wide plots which extend from within the riparian zone to within the littoral 

zone. It is based on binomial theory, and if a feature is present in over 10% of the 

lake, it should be accounted for within ten Hab-Plots (Rowan et ai, 2006). The 

riparian zone extends 15 m landwards from the edge of the bank, the littoral zone is 

the area from the waterline to 10 m offshore, and the shore zone is the region 

between the edge of the bank and the current waterline. A detailed questionnaire is 

filled out at each of the Hab-Plots scoring features of habitat in the shore, riparian 

and littoral zones (Rowan et ai, 2005). Human pressure on each Hab-Plot is assessed 

up to 50 m back from the waterline. A whole lake assessment is undertaken within 

which the perimeter features up to 50 m back from the waterline are assessed.

The Lake Habitat Quality Assessment (LHQA) of the LHS provides an index of lake 

habitat quality based on diversity, physical structure and the presence of habitat 

features considered to be of ecological value (Rowan et ai, 2004; 2006). The scoring 

system of the LHQA is outlined in Table 3.2. For more information on the details 

and development of the method see Rowan et al. (2004; 2005; 2006).

3.2.3. Hab-Plot Quality Assessment score (HabQA)

In order to link the habitat within the individual Hab-Plots with the 

macroinvertebrate community, a modified scoring method was developed for 

individual Hab-Plots (Table 3.2). The LHQA of the LHS is based mainly on 

proportional scoring over the Hab-Plots, whereas the modified HabQA used either a 

dichotomous presence/absent score (e.g. if a trashline was present in a Hab-Plot it 

scored 1, if not is scored 0), or a 4-point proportional score, with maximum value of 

1, for a) the overall extent of macrophyte cover; b) diversity of macrophyte structural 

types; and c) diversity of littoral features. For the LHS score for ‘Diversity of special 

habitat features’ the modified system retained the modified ratio of 4:1 between 

LHQA:HabQA, allowing for a maximum HabQA score of 5 (see Table 3.2), and for 

HabQA this feature was referred to as ‘Number of wetland habitats’. The HabQA is 

further simplified compared with the LHQA by not considering whole lake features
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which are only useful for among-lake comparison. Hence, while the LHQA is based 

on twenty one features, the modified HabQA is based on thirteen (Table 3.3). The 

maximum HabQA score achievable per Hab-Plot is sixteen, indicating the highest 

habitat quality, and the minimum is 0. The scoring variables of the HabQA were 

compared across the ten Hab-Plots for association with metrics of macroinvertebrate 

community structure.
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Table 3.2: LHQA scores following Rowan et al. (2004) compared with 
HabQA score per Hab-Plot developed in this study. Max LHQA=108, Max

Lake

HabQA= 16

Ivake
Zone

Characteristic
measured

Measurable feature Whole lake LHQA
score

Max
Score

Individual Hab-Plot HabQA score Max
score

Riparian Vegetation
structural
complexity

Proportion of Hab-Plots with 
complex or simple riparian 
vegetation structure

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 Complex or simple riparian 
vegetation structure- present/absent

1

Vegetation
longevity/stability

Proportion of Hab-Plots with 
>10% cover of trees with 
DBH>0.3m

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 Trees >10% cover of trees with 
DBH>0.3m - present/absent

1

Extent of natural 
land-cover types

Proportion of Hab-Plots with 
either natural/semi-natural
woodland, wetland, moorland 
heath or rock, scree and dunes

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 Does the Hab-Plot have
natural/semi-natural woodland,
wetland, moorland heath or rock, 
scree and dunes - present/absent

1

Diversity of natural 
land-cover types

Number of natural cover types 
recorded

1 for each type, 
maximum of 4

4 Not applicable to individual Hab- 
Plots

0

Diversity of bank- 
top features

Number of bank-top features 
recorded

1 for each type, 
maximum of 4

4 Not applicable to individual Hab- 
Plots

0

Shore Shore structural
habitat diversity

Proportion of Hab-Plots with 
an earth or sand bank > )m

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 If it has an earth or sand bank > 1 m 
- present/absent

1
Bank naturalness Proportion of Hab-Plots with 

trash-line
1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 If it has a trash line- present/absent 1
Diversity of natural 
bank habitat

Number of natural bank 
materials recorded

1 for each type, 
maximum of 4

4 Not applicable to individual Hab- 
Plots

0

Beach naturalness Proportion of Hab-Plots with 
natural beach material

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 Natural beach material
present/absent

1
Diversity of natural 
beach habitats

Number of natural beach 
materials recorded

1 for each type, 
maximum of 4

4 Not applicable to individual Hab- 
Plots

0

Littoral Hypsographic
variation

Coefficient of variation for 
depth at 10m from shore over 
all plots

1 for >25 2 for >50
4 for >75

4 Not applicable to individual Hab- 
Plots

0

Extent of natural 
littoral zones

Proportion of Hab-Plots with 
natural littoral substrate

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 Natural littoral substrate 
- present/absent

1
Diversity of natural 
littoral zone types

Number of natural littoral 
substrate types recorded

1 for 1 -3 2 for A-f,
3 for 7-8 4 for 9-10

4 Not applicable to individual Hab- 
Plots

0

Extent of
macrophyte cover

Average of total macrophyte 
cover over all Hab-Plots

1 for a ‘ r 2 for a ‘2’
3 for a ‘3’ 4 for a ‘4’

4 Total of macrophyte cover for each 
Hab-Plot
0.25(0-10%), 0.5 (>10^0%), 0.75 

(>40-75%), 1 (>75%)

1

Number of Hab-Plots where 
macrophyte cover extends 
lakewards

1 for 1 -3 2 for 4-6
3 for 7-8 4 for 9-10

4 If macrophytes extend lakewards 
- present/absent

1

Diversity of
macrophyte 
structural types

Number of macrophyte cover 
types recorded (not including 
filamentous algae)

I for each type, 
maximum of 4

4 No of macrophyte types recorded in 
a Hab-Plot. 0.25 for each type, 
maximum of 1

1

Extent of littoral 
habitat features

Average of total cover for fish 
over all plots

1 for a ‘ r 2 for a ‘2’
3 for a ‘3’ 4 for a ‘4’

4 Not applicable to individual Hab- 
Plots

0

Diversity of littoral 
habitat features

Number of littoral habitat 
feature types recorded

1 for each type, 
maximum of 4

4 No different habitat features present 
in the Hab-Plot, 0.25 for each type, 
maximum of 1

1

Whole Diversity of special Number of special habitat 5 for each type, 20 Number of wetland habitats 5
habitat features features (excl. diseased alders) maximum score of 20

Number of islands 2 for 1 
5 for 2-4 
10 for 5 or more

10

adjacent to Hab-Plot up to 50m 
inland from lake shore, score 0.625 
for each type, maximum of 8_______
Not applicable to individual Hab- 
Plots

Number of deltaic depositional 2 for each type 
features recorded (excl. 
unvegetated sand and silt 
deposits)

Not applicable to individual Hab- 0 
Plots
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Table 3.3: Variables making up the scoring system for the HabQA for each Hab- 
Plot. Letters A-J refer to individual Hab-Plots.

HabQA Habitat Variables A B C D E F G H I J
Complex/simple vegetation 1 1 1 1 1 1 0 1 1 1
> 10% trees over 5m tall 0 0 0 0 0 0 0 0 0 0
Natural or semi-natural habitat present 0 0 1 1 1 0 0 0 0 0
Does it have an earth sandbank? 0 0 0 0 0 0 0 0 0 0
Is the trash line visible? 0 1 0 0 1 1 1 1 1 1
Does it have natural bank material? 1 1 1 1 0 1 0 0 0 1
Natural beach material 1 1 1 1 1 1 1 1 1 1
Natural littoral substrate 1 1 1 1 1 1 1 1 1 1
Macrophyte PVI (0.25=0-10%, 0.5=10A0%) 0.25 0.5 0.25 0 0.25 0.25 0.25 0.25 0.5 0.5
Do macrophytes extend lakewards? 1 1 0 0 0 0 0 1 1 1
Number of macrophyte types (0.25 for each 
type) 0.25 0.5 0.5 0.25 0.75 0.5 0.25 0.5 0.5 0.5
Number of littoral habitat features present,
0.25 for each type 0.25 0 0 0 0 0 0 0.5 0 0
Number of wetland habitats in the zones 
adjacent to each Hab-Plot 3.75 3.75 3.13 1.25 0.63 1.88 1.88 1.25 1.88 3.13
Total HabQA score 9.5 10.75 8.88 6.5 6.63 7.63 5.38 7.5 7.88 10.13

3.2.4. Sampling of macroinvertebrates

At each Hab-Plot, macroinvertebrates were sampled within the littoral zone at 1.5 m, 

5 m and 10 m from the shore lakewards, ensuring adequate representation of the 

littoral Hab-Plot, extending 10 m out from the shoreline. These samples from the 

different distances were kept separate for identification and initial analysis. Sampling 

was done in August 2006. Benthic sampling was carried out using a bilge pump 

suction sampler (Whale® Gusher 30) with a stiff 38 mm bore tube after Tolonen et 

al. (2001) and Tolonen (2004) At each distance from shore, suctioning was carried 

out for 30 seconds in a transect across the Hab-Plot. The sample was then passed 

through a standard Freshwater Biological Association (FBA) pond net of 1 mm mesh 

size. Each of the samples was preserved in industrial methylated spirits on site. Field 

trials were carried out within the lake comparing kick with suction sampling. 

ANOVA failed to detect a difference for taxon richness or abundance between the 

methods.
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Emerging animals were sampled over the same period using emergence traps, 

constructed from electrical piping and polythene, enclosing an area of 0.5 m and 

standing approximately 1 m tall. Two traps were placed and weighed down on the 

sediment within each Hab-Plot in approximately 50 cm of water, and left in place for 

seven days. Emerging animals were caught within the collecting head of the trap.

Sticky traps collected macroinvertebrates in the riparian zone of each Hab-Plot. The 

traps comprised two acetate sheets stapled to form a cylinder, and coated on the 

outside in all weather sticky tangletrap paste (Tanglefoot ) (after Collier and Smith, 

1995), representing an area of approximately 0.12 m . Six traps were deployed 

within each Hab-Plot, with one trap at each distance of 2 m, 4 m, 8 m, 16 m, 32 m 

and 50 m from the waterline landwards, representing the full extent of the riparian 

Hab-Plot surveyed within the LHS method. These traps were kept separate for 

identification and pooled per Hab-Plot for analysis, in order to give an indication of 

community structure throughout the entire riparian zone. Species which had non- 

aquatic larvae were excluded from all further analyses. The traps were stapled to 

riparian trees, or to wooden posts, approximately 1 m off the ground. Trap height 

was not found by Collier and Smith (1995) to have a significant effect on numbers of 

animals caught in a previous study in New Zealand. Traps were left in place for five 

days, after which many were fully coated with insects. Traps were wrapped in 

polyethylene film and frozen for later sorting. Sub-sampling of the traps was 

necessary owing to the number of animals on each acetate; five 3 cm^ pieces were 

chosen randomly from each trap for sorting. Specimens were removed from the 

tangletrap paste using Citroclear, which released the animals without damage.

All individuals sampled by each method were identified to the lowest practicable 

level, generally species. Littoral larval macroinvertebrates were identified to family 

level for Diptera, Coleoptera and Odonata larvae. Oligochaeta and Diptera pupae 

were not identified further. Adult macroinvertebrates were identified to species level 

in most cases and to family level for Diptera. Identification was carried out using an 

Olympus binocular microscope x40 magnification.
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3.2.5. Statistical analyses

Spearman rank and Pearson product moment correlations were carried out within 

SPSS. A one way ANOVA was carried out for different distances from shore across 

Hab-Plots to detect differences in total littoral abundance and taxon richness. The 

PRIMER programme was used for multivariate analyses, and for cluster, non-metric 

Multi Dimensional Scaling (MDS) and bubble plot analysis. MDS data was log (x + 

1) transformed prior to analysis. This was done to focus attention on patterns within 

the whole community, with contributions from both common and rare species. 

Excluding rare species directly affects the level of taxonomic resolution. Many rare 

species have relatively abundant cogeneric species, and their exclusion leads to the 

condensation of the data set back to a higher taxonomic resolution (Lenat and Resh, 

2001). Exclusion of rare taxa in aquatic studies is a common practice, with little 

justification for their removal, and with the general belief that they Just add noise to a 

data set (Little, 2008). This exclusion often leads to the removal of large percentages 

of the data set (Little, 2008; Stoffels et al., 2005). PRIMER Stress value for MDS 

plots are calculated according to the following equation:

Stress= Vij Ik(Djk-Djk f / Sj Zk D^jjk

Where Djk is the distance between the jth and kth sample points on the ordination 

plot, and 5jk is the corresponding dissimilarity in the original dissimilarity matrix of 

Bray-Curtis coeffecients. Djk is the distance predicted from the fitted regression line 

corresponding to dissimilarity 6jk. The procedure is iterative and gradually finds its 

way down to a minimum of the stress value. In order to ensure that a global rather 

than local stress function has been reached the MDS analysis is repeated several 

times from different random starting positions. Stress values increase with decreasing 

dimensionality of the ordination, and it could be argued that stress values in 2, 3, 4, 

etc dimensions should be compared. However, a clear decrease in stress between 

dimensions is rarely seen in this sort of ecological data. Therefore, the question of 

what the true dimensionality of the data is is often replaced with the question ‘is the 

2 dimensional representation of the data a usable summary, or is it misleading and 

should it be abandoned in favour of a higher dimensional plot’ (Clarke and Warwick,
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2001). Clarke and Warwick (2001) give the general rule of thumb that stress values 

of <0.05 are an excellent representation, <0.1 correspond to a good ordination, ^.2 

gives a potentially useful ordination, but upper values in this range may not be as 

reliable, 0.2-0.3 stress values should be treated with a great deal of scepticism, 

particularly in the upper range, >0.3 means that points are close to be arbitrarily 

placed in the 2-D ordination space. In this study where values were above 0.2 a 3-D 

solution was researched to determine if a lower stress more accurate representation 

could be obtained. Ordinations with lower stress values than 0.2 were deemed useful.

Cluster analysis was carried out in PRIMER for some of the data and was overlaid on 

the MDS. The linkage option used for Cluster was non-metric group averaging, this 

was chosen as it falls in the middle ground between single and complete linkages, 

both of which have a tendency to produce long chains of linked samples, or over

emphasise small clusters at an early stage, respectively. Group averaging finds the 

balance, with a moderate number of medium sized clusters produced, and grouped 

together at a later stage (Clarke and Warwick, 2001).

The PRIMER BEST method was used to search for high rank correlations between 

matrices. A full search of all combinations of variables of one matrix (usually a suite 

of variables considered to be ‘driving’ the assemblage structure) was searched 

against another fixed matrix to find a subset which best maximises the rank 

correlation between the two. Rho is the measure of matching between two matrices, 

using a Spearman Rank correlation coefficient, which is based on the underlying 

similarity matrices for the biotic and abiotic data. Rho falls in the range of -1 to 1, 

where values around zero indicate no match. However, the rho cannot be referred to 

standard statistical tables, as the ranks are not mutually independent variables, and 

are based on a number of interdependent similarity calculations. GLOBAL BEST, a 

non-parametric form of Mantel test, was used to test the statistical significance of the 

BEST results, but only where the two matrices were independently derived. This is a 

permutation test, where, within one of the matrices, one set of labels was randomly 

permuted relative to the other. Rho was recalculated for successive permutations to 

test the null hypothesis of ‘no agreement in multivariate pattern’ between the
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matrices. If less than 5% of these values were greater than the real rho, then the null 

hypothesis can be rejected at p<0.05%.

3.3. Results

3.3.1. LHS metrics and HabQA score

The LHMS and LHQA calculated for the lake were 12/42 and 59/108, respectively 

(Table 3.4). Some variables of the HabQA scoring were the same across all habpots 

(greater than 10% trees over 5m tall, does it have a natural earth sandbank, natural 

beach material and natural littoral substrate) (Table 3.3). Nine of the original thirteen 

variables varied among Hab-Plots. These were divided into continuous and 

presence/absence groups for analysis. Continuous variables were correlated to the 

overall score using Spearman rank. Two of the continuous variables were 

significantly correlated to HabQA score (Spearman correlation, p^.05, n=10): 1) 

number of wetland habitats (r=0.82) and 2) macrophyte PVI (percentage volume 

inhabited) (r=0.70). With decreasing HabQA, the macrophyte PVI decreased and the 

number of wetland habitats decreased. Overall scores were compared in the 

presence/absence groups using an independent t-test. Macrophyte extension was 

found to be differ significantly with score (Fi, s 6.19, p<0.05), with the lower scoring 

habitats generally having macrophyte extension, and the higher scoring Hab-Plots 

not. Natural bank material fell just outside the significance range (Fi, s 4.94, 

p=0.057), with the higher scoring Hab-Plots generally having natural bank material 

present, while the lower scoring sites did not. Complex riparian vegetation also had a 

weak trend (Fi, 8 3.53, p=0.097), with complex riparian vegetation being present in 

all Hab-Plots apart from that with the lowest score (Table 3.3).
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Table 3.4: Allocation of scores for LHQA in Lough Carra, score allocated according 
to Table 3.2.

Feature ZONE Measurable LHS feature Counts of features across Score
number lake, or number of Hab-Plots 

with a feature
allocated

1 Riparian complex or simple veg. 9 4
2 >10% large trees 0 0
3 natural/semi natural veg. 3 1
4 no. natural types 1 1
5 no. banktop features 2 2
6 Shore earth/sand bank 0 0
7 trashline 7 3
8 natural bank material 6 2
9 no. natural types 1 1

10 natural beach material 1 1
11 no. natural types 3 3
12 Littoral coefficient variation 0 0
13 natural littoral substrate 10 4
14 no. natural types 4 4
15 total macrophyte cover 1 1
16 extend lakewards? 5 2
17 no. macrophyte types 4 4
18 total fish cover 0 0
19 no. littoral features 1 1
20 Whole

lake
no. wetland habitats 3 15

21 no. islands 16 10
22 no. deltaic deposits 0 0

Total 59

3.3.2. Littoral taxon richness and abundance

Distance from shore was not related significantly to either taxon richness or 

abundance of macroinvertebrates (ANOVA, p>0.05). Counts for the three distances 

from shore were, therefore, pooled for further analysis. A significant correlation was 

found between HabQA score and taxon richness (Pearson, i‘=0.62, p^.05) (Figure 

3.2), but not abundance (Figure 3.3). However, taxon richness would have increased 

if chironomids were identified to a lower taxonomic level.
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Figure 3.2; Pooled littoral taxa richness per Hab-Plot compared with HabQA score 
(r=0.62, p<0.05, n=10).
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Figure 3.3: Total pooled littoral abundance per Hab-Plot compared with HabQA 
score (r=0.04, n=10).

In order to explore the mechanisms driving these patterns, the community 

composition of littoral macroinvertebrates was organised into taxonomic groups 

(Table 3.5). A species list of macroinvertebrates found in Lough Carra is given in the 

Appendix (Table I). The Hab-Plots with higher HabQA scores generally contained 

the taxonomic groups found within the lower scoring Hab-Plots, suggesting taxon
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loss rather than substitution with declining habitat quality. An MDS graph (Figure 

3.4) of community composition among Hab-Plots indicated five groups at 65% 

similarity: group 1 containing Hab-Plots D, C, E and F, group 2 containing Hab-Plots 

I, H and J, group 3 containing Hab-Plot B, group 4 containing Hab-Plot A and group 

5 containing Hab-Plot G. Abundance of the taxonomic groups was searched against 

the full species abundance matrix, in order to determine which of the groups were 

driving the MDS clustering pattern. Five groups (Trichoptera, Corixidae, 

Ephemeroptera, Aranea and Tricladida) were found to best explain the overall 

variation among Hab-Plots with a rho of 0.761 (Figure 3.4, b-f). Further significance 

testing was not possible owing to the non-independence of the two matrices.

Table 3.5: Taxon richness within taxonomic groups for each of the Hab-Plots,

B J A C / F N £ D G
Diptera 2 4 4 2 3 4 3 3 3 3
Oligochaeta 1 1 1 1 1 1 1 1 1 1
Amphipoda 2 1 2 1 2 2 2 1 2 2
Isopoda 2 1 1 1 1 2 1 2 2 1
Coleoptera 7 4 2 2 5 6 3 4 3 3
Trichoptera 8 11 12 10 7 9 9 9 8 6
Hemiptera 9 1 1 1 1 0 0 0 0 1
Odonata 1 0 1 0 1 2 1 0 1 2
Gastropoda 7 3 5 3 4 8 3 5 5 4
Hirudinea 3 3 2 2 2 2 3 3 2 3
Tricladida 1 1 2 2 0 1 0 1 2 1
Ephemeroptera 2 2 3 2 2 1 1 2 0 1
Aranea 1 1 1 1 1 1 1 1 0 0
Megaloptera 0 1 1 0 1 1 1 1 0 1
Taxon richness 46 34 38 28 31 40 29 33 29 29
HabQA score 10.75 10.13 9.50 8.88 7.88 7.63 7.50 6.63 6.50 5.38
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Figure 3.4: a) MDS of Bray-Curtis similarities from log (x+1) transformed littoral 
macroinvertebrate abundance data with cluster analysis overlaid at 65% similarity 
(stress=0.08) b)-f) the same MDS but with superimposed circles of increasing size 
with increasing abundance of b) Tricladida, c) Trichoptera, d) Ephemeroptera, 
e)Aranea and f) Hemiptera.

GLOBAL BEST indicated five HabQA variables important for structuring the biotic 

data: presence of complex riparian vegetation, presence of natural bank material, 

macrophyte PVI, extension of macrophytes lakewards and number of wetland 

habitats. However, the significance level was just p=0.27. Bubble plots were again
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used to visualise the differences in the variables among Hab-Plots, with some 

indicating only presence/absence, and others indicating increasing amounts per Hab- 

Plot (Figure 3.5).

Figure 3.5: MDS of Bray-Curtis similarities from log(x+l) transformed littoral 
macroinvertebrate abundance data (stress=0.08) with superimposed circles of 
HabQA variables indicating a) presence/absence of complex riparian vegetation, b) 
presence/absence of natural bank material, c) amount of macrophyte PVI per Hab- 
Plot, d) presence/absence of macrophyte extension lakewards and e) amount of 
wetland habitats per Hab-Plot.
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Ephemeroptera abundance increased with decreasing HabQA score (Table 3.6). 

Trichoptera abundance increased within mid scoring Hab-Plots and decreased at both 

high and low scores. Hemiptera and Aranea both decreased in abundance with 

decreasing score. Tricladida showed no discernible trend (Table 3.6). These trends 

can be followed within the groups indicated by the MDS. Group 3 contained Hab- 

Plot B which was the highest scoring Hab-Plot. This was followed by group 4 

containing Hab-Plot A, group 2 containing H, I and J, group 1 containing C, D, E and 

F and group 5 with Hab-Plot G being the lowest scoring Hab-Plot and group. In 

terms of HabQA variables, the highest scoring three groups all had macrophyte 

extension lakewards, and generally had high macrophyte PVI, and a higher number 

of wetland habitats, which all decreased within the lower scoring groups, as indicated 

by the correlations in section 3.3.2. Subsequent Spearman rank correlation of 

taxonomic groups and HabQA variables showed that: Hemiptera correlated 

positively with number of wetland habitats, and overall score; Ephemeroptera, 

comprising 80-100% Caenis luctuosa in all of the Hab-Plots, correlated negatively 

with macrophyte PVI, extension of macrophytes lakewards, the number of wetland 

habitats and the overall score; and Trichoptera correlated negatively with macrophyte 

PVI (Table 3.7). The main Trichoptera genera, comprising 70% abundance, were 

Oecetis, Mystacides and Tinodes. Aranea were not correlated to any HabQA 

variables, although they were completely absent from the two lowest scoring Hab- 

Plots. Tricladida did not correlate with any HabQA variables.

35



Table 3.6: Abundance of taxonomic groups within each Hab-Plot, arranged in

B J A C 7 F H E D G Proportional 
abundance 
over all 
Hab-Plots

Diptera 694 488 319 340 377 645 529 1056 746 328 46.8
Oligochaeta 24 8 17 69 24 68 14 70 99 17 3.3
Amphipoda 33 12 192 45 121 49 18 23 23 15 2.9
Isopoda 44 107 101 175 2 44 1 39 424 1 7.1
Coleoptera 86 17 4 10 11 19 8 32 9 21 2.1
Trichoptera 41 52 99 126 33 289 72 95 157 19 8.4
Hemiptera 33 1 7 3 1 0 0 0 0 1 0.7
Odonata 1 0 3 0 12 24 25 0 1 3 0.6
Gastropod 434 16 70 84 25 379 3 12 20 12 10.1
Hirudinea 14 14 12 96 16 15 5 14 7 38 2.0
Tricladida 3 1 6 4 0 1 0 5 3 1 0.4
Ephemeroptera 40 54 26 205 78 287 97 281 436 104 13.7
Aranea 31 1 11 1 6 11 4 9 0 0 0.7
Megaloplera 0 46 69 0 0 O 60 1 0 4 1.2
Total
Abundance

1478 817 938 1158 706 1833 836 1637 1925 564 100.0

Hab-Plot QA 10.75 10.13 9.50 8.88 7.88 7.63 7.50 6.63 6.50 5.38

Table 3.7: Spearman rank correlations of littoral taxonomic groups versus HabQA

Corixidae Tricladida Ephemeroptera A ranea Trichoptera

Complex R= -0.06 R=0.18 R=-0.06 R=0.47 R=0.52
riparian veg. P=0.87 P=0.62 P=0.87 P=0.17 P=0.12

Natural R=0.37 R=0.36 R=-0.07 R=0.11 R=0.50
bank
material

P=0.29 P=0.30 P=0.85 P=0.77 P=0.14

Macrophyte R=0.51 R=-0.34 R=-0.69 R=0.38 R=-0.64
PVI P=0.13 P=0.34 P=<0.05 P=0.27 P=<0.05

Extension of R=0.44 R=-0.39 R=-0.87 R=0.28 R=0.52
macrophytes
lakewards

P=0.21 P=0.26 P=<0.001 P=0.43 P=0.12

No. wetland R=0.91 R=0.14 R=-0.73 R=0.23 R=-0.25
habitats P=<0.001 P=0.70 P=<0.05 P=0.53 P=0.49

HabQA R=0.72
P<0.05

R=0.03
P=0.95

R=-0.72
P<0.05

R=0.48
P=0.17

R=-0.13
P=0.73
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3.3.3. Emergence abundance and taxon richness

The majority of individuals caught by the emergence traps comprised Diptera (84% 

of all of the animals) and Trichoptera (16%). Within the traps taxon richness 

increased with increasing HabQA score (Figure 3.6), although non-significantly 

(Pearson correlation, r=0.55, p=0.10, n=10). Using the BEST method, Trichoptera 

were the most indicative group of overall emergence assemblage structure (Figure 

3.7), with a rho of 0.425.
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Figure 3,6: Pooled emerging taxa richness per Hab-Plot compared with HabQA 
score (r= 0.55, p = 0.10, n=10).
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Figure 3.7: a) MDS of Bray-Curtis similarities from log (x+1) transformed 
emergence trap macroinvertebrate abundance data with cluster analysis overlaid at 
63% similarity (stress= 0.11) b) the same MDS but with superimposed circles of 
increasing size with increasing abundance of Trichoptera.
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GLOBAL BEST on emergence abundance and HabQA variables showed the three 

variables that best described the emerging macroinvertebrate assemblage were 

complex riparian vegetation, natural/semi natural vegetation and littoral habitat 

diversity. The rho was 0.65, with a significance of p=0.09. Trichoptera genera 

Tinodes and Polycentropus comprised over 88% of the proportional Trichoptera 

abundance within the traps. Tinodes spp. were absent in the Hab-Plot with the lowest 

score. Polycentropus spp. were absent in the Hab-Plot with the highest score. These 

two genera were then correlated with the three variables, and the overall score. 

Polycentropus spp., accounting for 35% proportional abundance of Trichoptera in 

the traps, correlated positively with the presence of natural/semi natural vegetation 

(1^0.81, p<0.05, n=10). Tinodes spp., comprising 55% of the proportional abundance 

of Trichoptera within the traps, correlated positively with HabQA score (r=0.70, 

p<0.05, n=10), but not with any other features.

3.3.4. Sticky trap abundance and taxon richness

Taxon richness on the sticky traps increased with HabQA score (Pearson correlation, 

r=0.50, p=0.14, n=10) (Figure 3.8). Abundance was dominated (>98%) by Diptera, 

with Trichoptera making up 1 %, and Ephemeroptera, Odonata and Megaloptera 

comprising the remainder. Diptera only (comprising 96% Chironomidae abundance) 

were associated with the two lowest scoring Hab-Plots. Sticky trap abundance did 

not, however, correlate with HabQA score overall (Pearson correlation, r=0.31, 

p=0.39, n=10). Global BEST highlighted two HabQA variables as important: 

macrophyte PVl and number of types of macrophyte. However, none of the HabQA 

variables could be considered to be efficiently describing the sticky trap community 

composition, with a maximum rho of 0.203, and a significance level of p=0.86. 

Tinodes spp. were the only Trichoptera which occurred in more than one Hab-Plot, in 

contrast to emergence and littoral samples. Their abundance was correlated 

significantly with HabQA score (Pearson correlation, r=0.75, p^.05, n=10), and 

associated with macrophyte PVI (Spearman Rank, r=0.60, p=0.07, n=10). 

Chironomidae correlated positively with the number of macrophyte types (Spearman 

rank, r=0.83, p<0.01, n=10), but not with macrophyte PVI, or overall score.
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Figure 3.8: Total sticky trap taxa richness compared with HabQA score, with data 
points labelled with Hab-Plot letter (r = 0.50, p = 0.14, n=10).

3.4. Discussion

The lack of standard assessment methods to support judgements of habitat quality of 

lakes led to the development of the LHS (Rowan et al., 2006). Underlying the LHS 

approach is an assumption that parts of the scoring criteria, such as the LHQA, could 

be useful for evaluating lake conservation status. This study has attempted to test the 

link between the LHQA and the littoral benthic macroinvertebrates, but because it 

was confined to one lake, had to adjust the scoring method, which was designed for 

comparison across lakes. Nevertheless, the modified criteria were based firmly on the 

original LHS approach and philosophy. Confining the study to one lake and sampling 

period was a logistical constraint because of time involved in sampling and, 

particularly, processing samples from ten Hab-Plots. However, it was useful for 

testing the relationship between the LHS metrics and macroinvertebrates at the scale 

of the habitat. Although seasonal variation owing to life cycle strategies can be 

significant (Rosenberg and Resh, 1993), previous work on Lough Carra has 

demonstrated that although abundance differs significantly seasonally, the 

proportional abundance of taxa in the major orders remains relatively constant over
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time (Little, 2008). However, seasonality should not alter the underlying relationship 

between macroinvertebrates and HabQA variables.

The work has demonstrated a link between the LHS methodology, which operates at 

the mesohabitat scale, and macroinvertebrate taxon richness, and abundance of 

particular taxa; and has shown the high influence of macrophytes in the assessment. 

Both macrophyte PVl and extent of macrophytes lakewards were found to be 

associated with littoral macroinvertebrate abundance. Dense macrophyte stands 

support many species of macroinvertebrate, probably through increased habitat 

complexity, availability of food and refuge from predation (Weatherhead and James, 

2001; Tolonen et al, 2003; 2005). While not surprising that metrics of littoral 

macroinvertebrate community richness increase with presence and diversity of 

macrophytes, it is important that the use of the LHS is not weighted in such a way 

that it is effectively a surrogate for a survey of macrophytes. HabQA score was 

reduced when devoid of macrophytes, yet many wave washed shores which are 

naturally devoid of macrophytes are still good quality, comprising distinct 

assemblages of macroinvertebrates, albeit with lower taxon richness (White and 

Irvine, 2003). Conversely, features such as rip-rap reduce the HabQA score, but 

recent work found rip-rap provides useful niche space for macroinvertebrates 

(Brauns et ai, 2007). It is also notable that Aranea (comprising just Argyroneta 

aquatica) was absent from the two lowest scoring Hab-Plots, which were the most 

structurally simple. Aranea are known to be associated with structurally complex 

macrophyte habitats (Warren, 1989). The difficulty in disentangling naturalness 

from diversity is not unique to the LHS, but bedevils many conservation monitoring 

programmes. It is, however, noteworthy that the lower scoring Hab-Plots in this 

study comprised fewer, but not essentially different, taxa groups than the higher 

scoring Hab-Plots. This suggests the gradient described by the HabQA is related to 

relative increase, rather than replacement, of taxa.

A general increase in larval, emergence and sticky taxon richness was found with 

increasing HabQA score. Abundance of the Trichopteran Tinodes spp. found in the 

emergence and sticky traps, for example, correlated with HabQA; and sticky trap
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Tinodes spp. abundance was positively associated with Macrophyte PVI. Larval 

Tinodes spp. are generally grazers, feeding predominantly on epilithic algae and 

biofilm (Moog, 1995), which would likely be abundant in complex macrophyte beds 

(Warfe and Barmuta, 2006). However, larval Trichoptera were negatively correlated 

with macrophyte PVI, but were related positively with complex riparian vegetation, 

and extension of macrophytes lakewards. It is intuitive that habitat structure in both 

the littoral and riparian zone influences prevalence of species with both aquatic and 

terrestrial phases. Harrison and Hildrew (2001) found that Tinodes spp. larvae had 

greatest abundance in habitat patches under or near trees, and other studies have 

found significant associations between adult aquatic macroinvertebrates and riparian 

features (Harrison and Hildrew, 1998; Winterboum and Crowe, 2001; Harrison and 

Harris, 2002). Similarly, in our study, emerging Polycentropus spp. correlated with 

semi-natural/natural riparian vegetation across Hab-Plots but were absent from sticky 

traps. Certain Trichoptera have been found to fly over or around traps (Bird and 

Hynes, 1981).

In our study on Lough Carra the dominance of Caenis luctuosa among the 

Ephemeroptera was striking. Ephemeroptera correlated negatively with macrophyte 

PVI, extension of macrophytes lakewards and the number of wetland habitats, 

therefore being found predominantly in the lower scoring Hab-Plots. C. luctuosa are 

found predominantly in silt (Elliott et ai, 1988) and are tolerant of low dissolved 

oxygen concentrations (Thorp and Covich, 2001). Much of the sediment of Lough 

Carra comprises soft marl, which could explain the high proportional abundance of 

C. luctuosa. However, evidence of increased enrichment of the lake (Hobbs et ai, 

2005) and reports of fewer mayfly {Ephemera danica) (C.Huxley, pers com.) are also 

in keeping with the data. With enrichment, sediment structure may become too loose 

to support the burrows of E. danica (Harris, 1952). Ephemeroptera abundance was 

also extremely low in both the emergence and the sticky traps, likely reflecting that 

the majority of the emergence occurs earlier in the year. Diptera, comprising mostly 

Chironomidae, were, overall, the most abundant group found in the suction samples 

and emergence and sticky traps, and was the only group associated with the low 

scoring sites in sticky traps. They occurred across all Hab-Plots regardless of score.
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possibly owing to being less affected by, and sometimes favouring, alteration of 

habitat (Koel and Stevenson, 2002). However, chironomids span a wide range of 

habitat preferences, possibly obscuring any association. Littoral Hemiptera, 

comprising mainly Corixidae, were positively correlated with number of wetland 

habitats and overall HabQA, and positively associated with macrophyte PVI. Many 

Irish corixid species have been found to be associated with sheltered, vegetation rich, 

mud substrates (Tully et al., 1991), although the mechanism behind the correlation 

with number of wetland habitats is not clear

Overall, the HabQA scoring from the single lake used on this study appears a useful 

metric that relates habitat complexity to macroinvertebrate taxon richness, and 

abundance of particular taxa. Although there is noise in the data set, GLOBAL BEST 

indicated that of the three sampling methods used, the HabQA variables are most 

useful for describing emergence abundance, followed by littoral abundance. HabQA 

variables do not seem valid for describing sticky trap abundance assemblage, 

possibly owing to variation in the data set. Sticky abundance may be affected by 

other untested factors such as wind and flight direction.

This is the first test of the relevance of the LHS as a descriptor of ecological quality, 

but it is important to recognise the limitations of a study on one lake. It would be 

highly informative to extend such detailed work across a number of lakes, to enable 

comparison of the relevance of LHS, especially the whole lake score LHQA, to 

macroinvertebrates. The study also highlighted a potential limitation of use of the 

LHQA as a metric of conservation status in areas or lakes where macrophytes are 

naturally sparse. For example, small low alkalinity upland lakes will generally have 

less emergent macrophytes and habitat diversity than large higher alkalinity lakes, 

hence scoring lower for LHQA, despite their naturalness. In order to address this, a 

lake typology approach, similar to that used for the Water Framework Directive, or 

the JNCC lake classification method (Duigan et al, 2007), could be useful for 

calculating the LHS scores, with different habitat features scored differently 

according to lake type. Identification of littoral Chironomidae to a lower taxonomic 

level would also increase overall taxa richness of samples.
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Lough Carra, while under increasing anthropogenic pressures (Hobbs et al., 2005; 

Huxley and Irvine, 2(X)8) does not appear to suffer major problems from alien 

species introductions, although there are reports that roach {Rutilus rutilus) now 

occur in this salmonid dominated lake, and Canadian waterweed {Elodea canadensis) 

occurs in low abundance (C. Huxley, pers com.). Gammarus pulex was also found in 

the lake, but in low abundance. This study could not, therefore, consider the impact 

of invasive species on the Hab-Plot scores. Hence, while the LHS appears useful for 

describing habitat quality and its association with littoral macroinvertebrates in 

Lough Carra, this may not be the case in other lakes with alien species. In particular 

the introduced zebra mussel (Dreissena polymorpha) has become a keystone species 

in many Irish lakes, and there are recent concerns over the spread of African 

waterweed (Lagarosiphon major). The original LHS method (Rowan et al., 2006) 

notes invasive species but does not incorporate these into the overall LHQA scores. 

Incorporating aliens or. conversely notable national or local rarities, into 

conservation assessment of lakes is important. Two methods which do take rarity 

into account are SERCON (Boon et al., 1997), a method for evaluating rivers for 

conservation, and WETSCORE (Foster et al., 1989) which allocates site scores 

according to the average beetle species rarity. Incorporation of such information 

would, furthermore, contribute to the development of conservation assessment based 

on community assemblage (Webb and Lott, 2006).

In summary, the development of a HabQA score for individual Hab-Plot assessment 

provides a supplementary method to the LHS method. In this case it enabled 

assessment of the relevance of the components of the LHS method for littoral 

macroinvertebrates, highlighting the importance of macrophyte structure for 

macroinvertebrate communities. However, while there was generally good 

concordance between the assessment of HabQA variables and littoral taxon richness 

and abundance of some groups, conservation assessment relies on an appreciation of 

the special features of any one site, including its representativeness, naturalness and 

importance for supporting local or regional rarities. Reliance on a single, or overall 

combined, metric score across quality elements, whether based on biotic or structural
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assessment, has some potential limitations. For conservation management, a holistic 

assessment of naturalness, representativeness and species rarity needs to be made in 

conjunction with tested scoring systems.

3.5. Conclusions *

This chapter found:

Lake Habitat Survey (LHS) provides a standard method for characterising the 

physical habitat of lakes and reservoirs, but has not been tested for its relevance 

for the composition and abundance of macroinvertebrates. This study 

investigated the relationship between the metrics used in LHS and components of 

macroinvertebrate communities found in the littoral zone of a shallow calcareous 

lake in the west of Ireland. A scoring system, the Habitat Quality Assessment 

(HabQA), developed from the Lake Habitat Quality Assessment (LHQA) of the 

LHS, was used to assess the relationship between habitat quality based on 

physical structure within ten LHS ‘Hab-Plots’ with metrics of the 

macroinvertebrate community.

Macroinvertebrate taxon richness, of both adults found in the riparian zone and 

larva found in the littoral zone, correlated positively with the HabQA score. 

Macrophytes within the littoral zone, and complexity of riparian vegetation 

within the riparian zone, were particularly important in driving the HabQA score. 

While overall abundance of macroinvertebrates did not vary with HabQA score, 

that of particular genera did. The HabQA score was a useful surrogate of taxon 

richness for adult and larval aquatic macroinvertebrates, suggesting that, in 

general, the LHS provides a useful conservation assessment tool relevant for 

macroinvertebrates. However, in some circumstances, such as wave washed 

stony substrate devoid of macrophytes, the HabQA score may not capture the 

quality of a site for macroinvertebrates, and the importance of natural but low 

diversity sites should not be neglected in conservation assessment of lakes. 

Similarly, while the LHS method notes the presence of alien species, further 

work on how these could be incorporated into the method would be useful.

' Conclusions are taken from the original abstract in the published article
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Reliance on a single, or overall combined, metric score across quality elements, 

whether based on biotic or structural assessment, has some potential limitations. 

It is clear that for conservation management a holistic assessment of naturalness, 

diversity, representativeness and species rarity needs to be made in conjunction 

with scoring systems.
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4. Investigation of ecotone effects on macroinvertebrate 
community structure utilising LHS variables, compared 
with HabQA scores

4.1. Introduction

There is limited knowledge of the conservation and habitat requirements of 

macroinvertebrates, owing to the large numbers of species involved and the 

complexity of their habitat needs (Webb and Lott, 2006). The European Water 

Framework Directive (Directive 2000/60/EC), among other legislation, has led to 

regulators reassessing their information requirements for water bodies. Instead of 

reporting on different aspects of water-bodies in isolation, environmental quality as a 

whole is considered (Raven et ai, 1998). This information then needs to be 

assimilated and communicated in a meaningful way to the relevant bodies (Raven et 

al, 1998). This led to the development of metrics, such as those generated for the 

Lake Habitat Survey (LHS), the Lake Habitat Modification Score (LHMS) and the 

Lake Habitat Quality Assessment (LHQA). The LHQA was developed to describe 

the diversity of a site as a proxy for conservation value (Rowan et ai, 2004). Chapter 

3 outlined the development of the Hab-Plot Quality Assessment (HabQA), based on 

the LHQA, which was found to be useful for describing taxonomic richness of 

macroinvertebrates and abundance of particular species. Habitat quality scoring 

makes significant assumptions about the species’ habitat requirements (Raven et ai, 

1997; 1998). For macroinvertebrates, this habitat classification needs to be at a 

suitably fine scale (Webb and Lott, 2006). Therefore, the question arises: is this 

scoring mechanism the most appropriate for describing the community composition 

of macroinvertebrates within lakes? Green (1979), cited in Cairns and Pratt (1993), 

said in relation to indices that the biggest drawback is that other non-metric based 

statistical methods are capable of retaining more biological information while 

reducing it to a more useful and meaningful form. HabQA is liable to the same 

shortcoming. However, it is possible that the underlying LHS variables are more 

meaningful as drivers of community composition than the HabQA score. This was 

tested, by analysing the full suite of LHS variables, to determine if they were better 

than the HabQA score for predicting components of the invertebrate community.
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The LHS variables surveyed incorporated the littoral, shore and riparian zone. 

Altogether this comprised the ecotone between the land and lake. An ecotone is 

generally defined as the area of transitional land between vegetation types (Risser, 

1990). The effects of the ecotone are many and complex; providing shelter against 

predation and wave action, feeding zones and habitat (Schiemer et al., 1995). 

However, the information available on ecotones at the land-water interface is scarce, 

compared with the wealth of information available for terrestrial and open water 

environments alone (Pieczyhska, 1990). Land-water ecotones cover a diverse range 

of habitats and reflect the range of disturbance and resource patches in various 

successional stages, leading to great diversity within the area (Petts, 1990). It is the 

variation of their component properties which makes ecotones noteworthy (Schiemer 

et al., 1995). The LHS examines these component habitat properties within each of 

the zones.

In Chapter 3, the LHQA metric from the LHS was tested for relevance to 

macroinvertebrate community structure and abundance and a relationship was found. 

This metric only draws on particular parts of the LHS survey, and the full suite of 

LHS variables was untested for their relevance to macroinvertebrate metrics. It is 

hypothesised that with additional LHS features macroinvertebrate community 

structure and abundance could be more accurately predicted, and a clearer signal 

could be attained. Different aspects of the LHS variables were also examined to 

determine if a particular zone was more important for littoral, emergence or sticky 

trap abundance and community structure.

4.2. Methods

4.2.1. HabQA and LHS variables

The HabQA score, based on the LHQA score, was calculated through a selection and 

simplification of LHS variables. The total number of LHS variables was 57; 31 were 

used to calculate the HabQA score (Table 4.1). Only nine of the original thirteen 

HabQA variables varied among Hab-Plots, representing 23 non-redundant LHS 

variables. These individual HabQA variables were scored differently depending on
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the LHS variables they comprised. Each of the numbered categories represent an 

individual score comprising the LHS variables listed (Table 4.1), which when 

combined give an overall HabQA score for the hab-plot.

Habitat variables were scored according to presence, absence, or diversity, or scored 

for increasing amounts of particular features (Table 3.2, Table 4.2 and Appendix II). 

LHS entries can be numerical estimates, dichotomous, categorical or classed into 

percentage bands (Rowan et al, 2006). In order to examine the LHS variables 

individually these were converted as follows: presence/absence was converted to 0/1 

values and categorical data was also converted to presence/absence (0/1) values. 

Percentage band scores remained as given in the LHS sheet (Appendix II), and 

numerical estimates were entered as they appeared on the survey sheet. The LHS 

variables were labelled according to the area from which they were surveyed: RZ for 

riparian zone, LZ for the littoral zone, SZ for the shore zone and HP for human 

pressure (Appendix II). Table 4.2 comprises some of the same variables as those 

utilised for the HabQA score (Table 4.1), but in contrast to Table 4.1 it comprises a 

full list of the non-redundant LHS variables which were scored within each of the 

hab-plots around the lake, not just those variables used to calculate the metric. The 

numbers listed represent original LHS scoring (adjusted to integers as outlined).

The LHS definition of the zones are: the riparian zone is the area from the bank top 

to 15 m landwards. The shore zone, if present, is the area from the current waterline 

to the bank top comprising the beach and bank face. The littoral zone is the area from 

the current waterline to 10 m lakewards (Rowan etai, 2006).

48



Table 4.1: Categories comprising the HabQA score, and component LHS 
______ variables. Redundant variables shaded._______________________

1. Complex or simple vegetation 
RZ-Trees > 0.3 m diameter 
RZ-Trees < 0.3 m diameter 
RZ-Woody shrubs & saplings 
RZ-Tall herbs & grasses 
RZ-Woody shrubs & seedlings 
RZ-Herbs, grasses, bryophytes

2. Trees over 5m tall
RZ- > 10% trees over 5m tall

3. Natural/ semi-natural vegetation 
RZ-rough pasture

4. Natural earth sandbank 
SZ-Predominant bank material

5. Is the trash line visible
SZ-Distance from waterline to upper limit of trash-line

6. Does it have natural bank material 
SZ-Boulder

7. Natural beach material 
SZ-Boulder 
SZ-Cobble 
SZ-Mari

8. Natural littoral substrate 
LZ-Marl
LZ-Cobble
LZ-Boulder
LZ-Sand

9. Total macrophyte (PVI)
LZ-Total macrophyte (PVI)

10. Macrophytes extension lakewards 
LZ-Do macrophytes extend lakewards?

11. Number of macrophyte types 
LZ-Liverworts/mosses/lichens 
LZ-Emergent reeds/sedges/rushes 
LZ-Submerged short, stiff-leaved 
LZ-Submerged fine- and dissected-leaved 
LZ- Filamentous algae
LZ- Phytobenthos

12. Littoral habitat diversity 
LZ-Woody debris
LZ-Overhanging vegetation close to water surface

13. Number of wetland habitats in the zones adjacent to each habitat 
Emergent reed-bed
Wet woodland (carr)
Fen or marsh
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Table 4.2: LHS scores for non-redundant variables from each Hab-Plot (RZ=Riparian 
Zone, SZ=Shore Zone, LZ= Littoral Zone and HP= Human Pressure)
Variables A B c D E F G H 1 J

{ Riparian Zone 1 . .
RZ-Trees > 0.3 m 1 0 1 0 0 0 0 0 0 0
RZ- Trees < 0.3 m 0 0 0 0.5 0 1 0 0 0 0
RZ-Woody shrubs & saplings 4 1 1 2 1 4 0 1 0 2
RZ-Tall herbs & grasses 0.5 0 0 0.5 1 1 0 0.5 1 1
RZ-Woody shrubs & seedlings 4 1 0.5 1 1 2 0 0.5 1 1
RZ-Herbs, grasses, bryophytes 1 1 4 3 4 0.5 4 4 1 3
RZ-Bare ground OTHER 1 0 0 0.5 0 0 2 0 0 0
RZ-Artificial 0 4 0 0 0 0 0 0 0 0
RZ-suburban/urban 1 0 0 0 0 0 0 0 0 0
RZ-scrub/shrubs 0 1 0 0 0 1 0 0 0 1
RZ-rough pasture 0 0 1 1 1 0 0 0 0 0
RZ-improved grassland 0 0 0 0 0 0 1 1 0 0
RZ-tall herb 0 0 0 0 0 0 0 0 1 0
RZ-Boulders 1 1 1 1 0 1 0 0 0 1
RZ-other 0 0 0 0 1 0 0 0 0 0

1 More Zone
SZ-BANK FACE 1 1 1 1 0 1 0 0 0 1
SZ-Bank face height (m) 0.5 1 0.5 0.3 0 1 0 0 0 0.5
SZ-Angle 1 2 1 1 0 2 0 0 0 2
SZ-Boulder 1 1 1 1 0 1 0 0 0 1
SZ-Bank face vegetation cover 1 1 1 2 0 0.5 0 0 0 0
SZ-Bank face vegetation structure 1 1 1 1 0 1 0 0 0 0
SZ-Beach present 0 0 0 0 1 0 0 0 0 0
SZ-Beach Width 0 0 0 0 1 0 0 0 0 0
SZ-Boulder 1 0 1 1 0 0 0 1 0 0
SZ-Cobble 0 1 0 0 1 1 0 0 0 0
SZ-Marl 0 0 0 0 0 0 1 0 1 1
SZ-Bedrock 0 0 0 0 1 0 0 0 0 0
SZ-Boulders (> 256 mm) 0 0 0 0 4 0 0 0 0 0
SZ-Cobbles 0 0 0 0 1 0 0 0 0 0
SZ-Beach vegetation cover 0 0 0 0 2 0 0 0 0 0
SZ-Beach vegetation structure 0 0 0 0 2 0 0 0 0 0
SZ-Distance from waterline to 
upper limit of trash-line

0 1 0 0 4 1.5 2 0.5 0.3 1

1 Littoral Zone
LZ-Distance (m) of offshore station 
from waterline

10 10 2 10 10 10 1 5 3 2

LZ-Depth (m) at offshore station 0.75 0.75 1.9 1 1 1.1 0.5 0.6 0.8 1.1
LZ-Marl 1 1 0 0 0 0 1 1 1 1
LZ-Cobble 0 0 0 0 1 0 0 0 0 0
LZ-Boulder 0 0 1 1 0 0 0 0 0 0
LZ-Sand 0 0 0 0 0 1 0 0 0 0
LZ-Boulders 2 1 2 3 1 1 0 2 1 1
LZ-Cobbles 1 1 2 2 2 1 0 1 0.5 0.5
LZ-Pebbles 0.5 1 1 1 1 0.5 0 1 0.5 0.5
LZ-Sand 1 1 1 1 1 4 0 0.5 4 0.5
LZ-Silt/clay 1 1 1 1 1 1 1 1 1 1
LZ-Depth of gravel - fines 
boundary

0 0.4 0 0 5 4 0 5 2 2

LZ-Marl i 1 1 1 1 1 1 1 1 1 1
LZ-Woody debris 0 0 0 0 0 0 0 0.5 0 0
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Table 4.2 continued
LZ-Overhanging vegetation close 
to water surface

1 0 0 0 0 0 0 0.5 0 0

LZ-Liverworts/mosses/lichens 0 0 0.5 0 0 0 0 0 0 0
LZ-Emergent broad-leaved herbs 0 0 0 0 0 0 0 0 0 0
LZ-Emergent reeds/sedges/rushes 1 0.5 0 0 0.5 0.5 0 0.5 2 2
LZ-Submerged short, stiff-leaved 0 0 0 0 1 0 0 0 0 0
LZ-Submerged fine- and 
dissected-leaved

0 4 0.5 0 0 0 0 0 0 1

LZ-Filamentous algae 0 0 0 0 0 0 3 0 0 0
LZ-Phytobenthos 0 0 0 0.5 0.5 0.5 0 0.5 0.5 0
LZ-Total macrophyte (PVI) 1 2 0.5 0 0.5 0.5 0.5 0.5 2 2
LZ-Do macrophytes extend 
lakewards?

I Human Pressure

1 1 0 0 0 0 0 1 1 1

HP-Commercial activities 0 0.5 0 0 0 0 0 0 0 0
HP-Roads or railways 0 0.5 0 0 0 0 0 0 0 0
HP-Docks, marinas, boats, 
moorings or platforms

0 0.5 0 0 0 0 0 0 0 0

HP-Utter, dump or landfill 0 0.5 0 0 0 0 0 0 0 0
HP-Pasture 0 0 0 0 0.5 0 0 0.5 0 0
HP-Other grazed land 0 0 0.5 0.5 0.5 0 0 0 0.5 0

4.2.2. Statistics

The PRIMER programme was used for multivariate cluster, non-metric Multi 

Dimensional Scaling (MDS) and bubble plot analysis. Data were 4"’ root transformed 

prior to analysis to take rarer species into account. The PRIMER BEST method was 

used to search for high rank correlations between matrices. A full search of all 

combinations of variables of one matrix (usually a suite of variables considered to be 

‘driving’ the assemblage structure) was compared against another fixed matrix to 

find a subset which best maximises the rank correlation between the two. Rho, the 

measure of matching, falls in the range of -1 to 1, where values around zero indicate 

no match and a rho of > 0.95 is deemed a ‘near-perfect’ match. Values of 1 indicate a 

perfect match. Values close to -1 indicate complete opposition, although this result is 

unlikely owing to the constraints of the similarity matrix (Clarke and Warwick, 

2001). Rho cannot be referred to standard statistical tables, as the ranks are not 

mutually independent variables and are based on a number of interdependent 

similarity calculations. GLOBAL BEST, a non-parametric form of Mantel test, was 

used to test the statistical significance of the BEST results and to determine how 

frequently the same rho would be reported by chance. This is a permutation test, 

where one set of labels within one of the matrices was randomly permuted relative to 

the other. Rho was recalculated for successive permutations to test the null

51



hypothesis of ‘no agreement in multivariate pattern’ among the matrices. If less than 

5% of these values were greater than the real rho, then the null hypothesis could be 

rejected at p<0.05. The environmental variables were first normalised, as the LHS 

data comprised various scales.

An alternative method, Linktree analysis, was used to determine how the variables 

chosen by the BEST procedure divide up the Hab-Plots. Linkage trees take the subset 

of abiotic variables chosen by BEST and use them to describe how the samples are 

best split into groups. Each split is characterised by a threshold on a single 

environmental variable, e.g. if bank top vegetation is present (1) or absent (0). More 

than one environmental variable may be given to explain each Linktree split, unless 

the data set is drastically pruned before running the analysis. Linktree does not 

attempt a holistic explanation, and the ‘explanation’ of the biotic structure is local, 

and relates just to the split in question. Each successive division on the Linktree is 

chosen to maximise the ANOSIM R statistic, which measures the degree of 

separation of the groups in high dimensional space (Clarke and Warwick, 2001). The 

Anosim R statistic is calculated using the following equation:

R= (fa - fw)/ ‘/2 M
Where fw is the average of all rank similarities among replicates within sites, and tb 

is the average rank similarity arising from all pairs of replicates between different 

sites. M is n(n-l)/2 and n is the total number of samples under consideration. The 

ANOSIM test is not carried out in this case, but the R value is a useful non- 

parametric measure of multivariate difference between groups. A B% value is 

assigned to each split. B% indicates an absolute measure of group difference, 

generated by using the ranks from the original biotic similarity matrix. With a low 

B% value the splitting of samples becomes more uncertain, and corresponds to 

values which are close together on the MDS plot. They are very similar to bubble 

plots, but may be used when the MDS has a high stress value to find concordance in 

high dimensional space. In this case the Linktree was useful owing to the large 

amount of variables to be considered as it deals with several variables at the same 

time. Although SIMPROF analysis in PRIMER tests for significance of the Linktree 

splits, because samples size was only 10, the statistical power was low, thus none of 

the splits could be considered robust.
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4.3. Results

4.3.1. Littoral LHS analysis

An MDS graph (Figure 4.1) of littoral community composition indicated five groups 

at 65% similarity (outlined in section 3.2). BEST analysis found ten LHS variables 

(Table 4.3) to describe the community structure, reporting a rho of 0.92 with a 

significance level of p<0.05. This indicated good agreement in multivariate pattern 

between the abiotic and biotic matrices. Linktree analysis was used to allocate these 

BEST variables to the splits among Hab-Plots (Figure 4.2).

Figure 4.1; MDS of Bray-Curtis similarities from log(x+l) transformed littoral 
macroinvertebrate abundance data with cluster analysis overlaid at 65% similarity 
(stress=0.08). Letters refer to individual Hab-Plots.
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Table 4.3: LHS variables best describing Littoral, Emergence and Sticky trap 
community composition as determined by the BEST analysis (RZ=Riparian Zone, 
SZ=Shore Zone, LZ= Littoral Zone and HP= Human Pressure).
Littoral Emergence Sticky

RZ- Bare ground / other RZ-Herbs, grasses, 
bryophytes

RZ- Woody shrubs and 
saplings

RZ- Artificial RZ-Improved grassland RZ- Bare ground/ other

RZ- Improved grassland LZ-Filamentous algae RZ- Artificial

SZ- Bank Face vegetation 
cover

RZ- Scrub/ shrubs

SZ- Bank face vegetation 
structure

LZ- Sand as predominant 
littoral substrate

SZ- Marl LZ-Sand- as a component of 
the littoral substrate

LZ- Marl LZ- Total macrophyte PVI

LZ- Phytobenthos HP- Commercial activities

LZ-Macrophytes extending 
lakewards

HP- Commercial activities
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Figure 4.2: Linktree of littoral data separating Hab-Plots (A-J) into groups according 
to LHS variables, as listed for each split. In each case the first value of the variable 
refers to the left hand split.

4.3.2. Littoral HabQA compared with LHS variables

BEST reported 5 HabQA variables to describe littoral macroinvertebrate community 

structure, representing 12 individual LHS variables. Only one variable was the same 

between the HabQA and LHS analyses, which was the extension of macrophytes 

lakewards. The HabQA variables selected by BEST had a relatively low matching 

rho between abiotic and biotic data (rho= 0.525), and a 27% probability of being 

found by chance alone. When the full LHS was analysed, the ten BEST variables had 

a high rho of 0.92, with a high significance level (p<0.05), indicating good 

concordance between the abiotic and biotic data.

Hab-Plots B and G are clearly separate from the remainder of Hab-Plots in the MDS 

(Figure 4.1). The Linktree Analysis separated Hab-Plot B owing to RZ artificial 

and/or HP commercial, as the Hab-Plot fell at a docking area for small fishing boats, 

with a small road and parking area. Hab-Plot B was the only Hab-Plot with artificial
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and comnercial activity. The HabQA variables were not clearly dividing Hab-Plot B 

within the bubble plots (Figure 3.5). The separation of Hab-Plot G was attributed to 

RZ bare ground in the Linktree analysis. This was indicative of the state of the Hab- 

Plot, beir.g one of the most hydro morphologically altered of the ten surveyed. The 

HabQA \ariable separating this was absence of riparian vegetation. Both methods 

identified variables highlighting the degraded nature of the Hab-Plot.

The next split on the Linktree separated Hab-Plots C, D, E and F from A, H, I and J, 

into windward and leeward sites respectively. The LHS variables describing this split 

were LZ marl or LZ macrophyte extension lakewards, with the leeward sites having 

greater amounts of marl and macrophytes extending lakewards. The division of Hab- 

Plots into windward and leeward were equally well described by both the HabQA 

and the LHS methods, although the latter gave a choice of two variables which could 

equally well describe the split. The variable in common here was extension of 

macrophvtes lakewards, which only occurred in the leeward Hab-Plots.

Linktree then separated Hab-Plot A from H, I and J. This was attributed to bank face 

vegetation structure, and cover, and the amount of bare ground in the riparian zone. 

A bank Lee, comprising boulders, was present only in Hab-Plots A and J. However, 

the bank face in Hab-Piot J did not have any vegetation cover or structure. The 

HabQA \ariables did noit indicate any difference between Hab-Plot A and the other 

sites, although the MDS indicated that Hab-Plot A was different in terms of 

community composition.. The final split on the Linktree had a low B%, and as such 

was not investigated further.

4.3.3. Emergence trap LHS analysis

The MDS graph indicate:d 4 Hab-Plot groups at 63% similarity (Figure 4.4): group 1 

contained Hab-Plot G, group 2 contained Hab-Plot H, group 3 contained Hab-Plots 

B, A, I and F and group 4 contained Hab-Plots J, C, D and E. BEST analysis found 

three varables describing the macroinvertebrate community structure (Table 4.3), 

with a rho of 0.803 with a significance value of p=0.22. Linktree analysis was used 

to allocate the BEST variiables to the splits among Hab-Plots (Figure 4.3).
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Figure 4.3: Linktree of emergence data separating Hab-Plots (A-J) into groups 
according to LHS variables, as listed for each split. In each case the first value of the 
variable refers to the left hand split.
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Figure 4.4: a) MDS of Bray-Curtis similarities from log(x+l) transformed 
emergence macroinvertebrate abundance data with cluster analysis overlaid at 63% 
similarity (stress=0.11). Letters A-J indicate Hab-Plots. b-d) the same MDS but with 
superimposed circles of b) presence of complex riparian vegetation c) presence of 
semi-natural vegetation, d) amount of littoral habitat diversity.

4.3.4. Emergence HabQA compared with LHS variables

BEST highlighted three HabQA variables, representing nine LHS variables, to 

represent the emergence community composition, with a rho of 0.65, and a 

significance of p=0.09. For the LHS variables BEST reported a rho of 0.80 with a 

significance level of p=0.22. In the MDS graph (Figure 4.4), Hab-Plot G and H were 

separate from the rest of the Hab-Plots, but also remained separate to each other. 

Bubble plot analysis (Figure 4.4) separated Hab-Plot G owing to a lack of riparian 

vegetation, and Hab-Plot H due to having greater littoral habitat diversity. However, 

Linktree analysis separated these at the same time, owing to having greater amounts 

of riparian improved grassland. Linktree analysis then separated the remaining Hab- 

Plots into two groups, group 3 and 4. The separation was attributed to group 3 having
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less riparian herbs, grasses and bryophytes. This separation was not as clear in the 

bubble plots, with only C, D and E separating owing to presence of semi-natural 

vegetation. The LHS variables were more clearly distinguishing the difference 

between the MDS groups in this case, than the HabQA variables were. Any further 

splits on the Linktree had a low B% (<50%) and were not investigated further.

4.3.5. Sticky trap LHS analysis

Macroinvertebrate sticky trap community structure demonstrated the presence of 5 

groups at 65% similarity (Figure 4.5). Group 1 contained Hab-Plots I and G; group 2 

contained Hab-Plot F; group 3 contained Hab-Plot C, E, H and J; group 4 contained 

Hab-Plot D and A; and group 5 contained Hab-Plot B. BEST analysis chose eight 

LHS variables to explain community composition (Table 4.3), with a rho of 0.758

(p=0.22).
a b

Figure 4.5: a) MDS of Bray-Curtis similarities from log(x-(-l) transformed sticky 
trap macroinvertebrate abundance data with cluster analysis overlaid at 65% 
similarity (stress=0.09). Letters A-J indicate Hab-Plots. b-c) the same MDS but with 
superimposed circles of increasing amounts of b) number of types of macrophyte, 
and c) macrophyte PVI.
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Figure 4.6: Linktree of sticky trap data separating Hab-Plots (A-J) into groups 
according to LHS variables, as listed for each split. In each case the first value of the 
variable refers to the left hand split.

4.3.6. Sticky trap community HabQA compared with LHS variables

The HabQA BEST analysis highlighted two HabQA variables, representing 7 LHS 

variables, as best describing sticky trap community compo.sition. However, there was 

no real concordance with a rho of 0.203 (p=0.83). The LHS BEST variables 

highlighted had a reasonable match with the biotic data, albeit not significantly 

(rho=0.758, p=0.22). Linktree analysis (Figure 4.6) separated Hab-Plot B first, 

similar to the situation with the littoral data, attributed to presence of artificial 

substrate and commercial activities. The HabQA bubble plots did not outline clearly 

the difference for this Hab-Plot. Linktree analysis separated Hab-Plot F next, owing 

to being the only Hab-Plot to have sand as the predominant littoral substrate. Again 

this difference was not clear in the HabQA bubble plots. The remaining Hab-Plots 

were then split according to the amount of bare ground. Hab-Plots A, D and G had 

greater amounts of bare ground than the other Hab-Plots. In the HabQA bubble plots 

analysis, Hab-Plots A, D and G separated owing to having less macrophyte diversity 

than the remaining Hab-Plots. Hab-Plot I separated next, having more sand present 

as a component of the littoral substrate than the remainder of the Hab-Plots. This 

split was not clear within the HabQA bubble plots. Hab-Plots C, E, H and J were not
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split further as the B% was only 23 and are therefore 77% similar and cannot be split 

with great confidence. These Hab-Plots appeared as one group with the MDS.

4.3.7. Ecotone analysis

In order to determine which of the zones was the most important for the different 

sampling methods, BEST was used to analyse the variables from the different zones, 

riparian, littoral and shore. This determined which groups had the highest 

concordance with the community composition from each of the sampling methods 

(littoral, emergence and sticky trap). It also highlighted which LHS variables were 

important in each zone. The different levels of significance could then be compared 

(Table 4.4). From this analysis it was clear that riparian zone variables were 

generally the best for explaining the community structure of invertebrates from each 

of the sampling methods, with littoral zone variables being the next best. Shore zone 

variables (Table 4.2) did not appear to be important for structuring community 

composition in any of the macroinvertebrate communities (Table 4.4).
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Table 4.4: Significance values for concordance between LHS variables from 
different zones, and different sampling techniques.

Zone Littoral

BEST

values

Littoral

BEST

Variables

Emergence

BEST

values

Emergence

BEST Variables

Sticky

BEST

values

Sticky

BEST Variables

-Bare ground Rho=0.785 -Herbs, grasses Rho=0.715 -Trees <0.3 m

-Artificial p=0.025 & bryophytes p=0.025 -Woody

-Rough -Improved shrubs/saplings

pasture grassland -Bare ground

-Improved -Artificial

grassland -Scrub/Shrubs

-Tall herb

-Marl Rho=0.761 -Marl Rho=0.617 -Sand as

-Submerged p=0.13 -Woody debris p=0.34 predominant

dissected -Filamentous littoral substrate

leaved algae -Boulders

-Filamentous -Sand as

algae component of

littoral substrate

-Submerged fine

and dissected

leaved

macrophytes

-Bank face Rho=0.158 -Bank face Rho=0.447 -Bank face

height P=0.78 height p=0.18 height

-Bank face -Marl -Angle

veg. cover -Boulder

-Bank face -Cobble

veg. structure

-Marl

Riparian

Littoral

p=0.05

Rho=0.761

p=0.10

Shore Rho=0.336

P=0.41
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4.4 Discussion

4.4.1. Comparing the HabQA method with the LHS

Although the HabQA metric was useful for describing taxon richness and abundance 

of particular genera, the LHS variables, when analysed individually, were generally 

more meaningful for relating to community composition and structure. Previous 

application of landscape metrics to freshwater bodies has indicated difficulties in 

linking pattern with process (Kearns et al, 2005). For the littoral and sticky trap data, 

the LHS variables were more suitable for explaining biotic data, with a greater rho 

and statistical significance than the HabQA. Not all of the MDS groups could be 

explained using the HabQA variables, but were clearly distinguishable with Linktree 

analysis. The littoral rho fell just short of the ‘perfect-match’ level, and had a low 

probability of being a chance match, therefore the LHS variables chosen could be 

considered as highly important for describing the macroinvertebrate littoral 

community structure. The sticky trap analysis demonstrated that although the LHS 

variables were better at explaining community structure, the rho values were still 

lower than perfect match (0.758) and p values were far from significant at the p<0.05 

level.

Emergence trap analysis indicated something slightly different. The HabQA BEST 

variables had a lower rho than the LHS variables, but had a higher significance level. 

This indicates that the match between the HabQA and the biotic data was not as 

strong as with the LHS, but the probability of this being a chance match was lower. 

The LHS BEST analysis incorporated 57 variables, whereas the HabQA had just 9. 

The probability of finding a chance match increases when searching over a larger 

data set, with the increased number of permutations analysed. There is no post hoc 

correction in PRIMER for multiple comparisons. Care must be taken in interpreting 

these results: ideally the environmental data should be reduced to a few pertinent 

variables prior to analysis, thus reducing the number of chance matches (B. Clarke, 

PRIMER, pers. com.). However, there was no a priori reason to remove variables in 

this study, and as such the results must be interpreted with caution. Neither of the 

methods described community composition significantly (p=0.09 and p=0.23 for 

HabQA and LHS, respectively), but the HabQA matching rho was less likely to be
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caused by chance. However, Linktree analysis was more efficient at describing some 

of the MDS group splits, which were not as clear in the bubble plots analysis.

From this study it appears that the analysis of individual LHS variables was generally 

more appropriate for describing community structure. In order to examine this in 

more detail, the LHS was divided into its component zones for analysis in the 

following section (4.4.2).

4.4.2. Ecotone effects on macroinvertebrates

Animal communities show distinct zonal patterning in lake ecotonal habitats 

(Pieczyhska, 1990). This zonation was examined, by determining which of the zones 

best explained community composition for the macroinvertebrates from the various 

sampling methods (littoral, emergence or sticky traps). The shore zone features were 

not a good match for the macroinvertebrate community compositions from any of the 

sampling methods. This contrasts with previous studies which have suggested that 

near shore and bank vegetation had the most influence on the physical features of 

ecotones (Pieczyhska and Zalewski, 1997), and that stream bank stability was 

correlated with macroinvertebrate diversity and abundance (Mazeika et al., 2004). It 

is possible that the heterogeneity among shore habitat types was greater in these 

studies than within Lough Carra, thus leading to a greater influence being detected. It 

is also possible that bank and near shore stability and vegetation structure is more 

important for rivers than it is for lakes, but this would require further testing across 

lakes. However, it must be noted that terminology varies among studies for the same 

habitats and/or zones, and the near shore and bank vegetation of Pieczyhska and 

Zalewski (1997) could incorporate parts of what the LHS deemed riparian and 

littoral zone.

Littoral zone variables were found to have a moderate match with community 

composition of macroinvertebrates sampled from the littoral zone and emergence 

traps (rho=0.761, p=0.1 and p=0.13, respectively). The presence of marl and 

filamentous algae were important for both the littoral and emerging invertebrate 

community structure. These finding are in keeping with those of Brodersen (1995) 

who found that filamentous algae appeared important for littoral macroinvertebrate 

assemblage in Danish lakes. The presence of marl separated the Hab-Plots into
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windward and leeward sites, with the latter containing marl as the predominant 

littoral substrate. A difference in littoral community composition between windward 

and leeward sites has been found in other studies (Tolonen et al., 2001). The other 

factor best describing littoral community composition was submerged dissected 

leaved macrophytes, which in this case were Charophytes, a group of structurally 

complex macro-algae. It is unsurprising that this impacted on community 

composition, as littoral macroinvertebrate community composition has been shown 

to be related to structural complexity of macrophytes in a range of studies (Kornijow, 

1989a; Hanson, 1990; vandenBerg et al., 1997; Tolonen et al., 2005; Warfe and 

Barmuta, 2006).

Within each of the sampling methods, the riparian LHS variables best described 

community composition, with a better matching rho and significance level than 

either littoral zone or shore zone variables. The characteristics of the riparian zone 

have been found to affect abundance, composition, richness and distribution of 

macroinvertebrates owing to habitat availability and the nutritional resources in the 

area (Giudicelli and Bournaud, 1997). Each of the three community compositions 

was related to different riparian zone variables. This was understandable, as adult 

invertebrates have different habitat requirements to littoral ones. The adult stage of 

many aquatic macroinvertebrates use the riparian zone for emergence, feeding, 

mating, pupation, swarm marking, and oviposition in habitats suitable for larval 

development (Kovats et al., 1996; Giudicelli and Bournaud, 1997). The sticky trap 

community composition was only significantly described by riparian variables; 

neither shore nor littoral zone variables robustly explained the community structure. 

Several authors have investigated dispersal by adult aquatic insects, and all concur 

that the majority of adult species do not disperse far from the water from which they 

emerge (Collier and Smith, 1995; Petersen et al., 1999; 2004; Collier et al., 2000; 

Delettre and Morvan, 2000). The relationship of the invertebrates found in the sticky 

traps with habitat features and complexity of the structures present in the riparian 

zone concurs with Harrison and Harris (2002), who found terrestrial adults showed a 

preference for vegetation with high structural complexity and species diversity. 

Harrison and Hildrew (1998) found macroinvertebrates to oviposit preferentially in 

sites with overhanging vegetation.
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Riparian grassland was related in Lough Carra to the structure of both littoral and 

emergence trap communities. Harrison & Harris (2002) found that the type of 

grassland beside a stream had a significant impact on macroinvertebrate communities 

within the stream, with many individual taxa being more abundant within the 

ungrazed habitat. Very few taxa displayed greater abundance within the grazed 

habitat.

Overall, variables of the riparian zone were the most important for describing the 

structure of adult and larval macroinvertebrate community composition. As for the 

HabQA score, it would be instructive to expand this LHS work across a range of 

lakes. This would help to ascertain the effect of LHS variables in a broader habitat 

range, and to determine if the riparian zone would remain the most important across 

this range. Over a broader trophic and habitat range, it is likely that different results 

may be found. Communities are structured by biotic and abiotic factors, ne.sted in 

spatial and temporal scales. Knowledge of these scales, and the strength of the 

community interaction with them, are essential for understanding the variability 

(Johnson and Goedkoop, 2002). Schindler and Scheurell (2002) concluded that 

ecologists should incorporate the riparian zone and habitats within their studies, as 

many of the interactions which are critical for the lake ecosystems occur at the land- 

water interface. This work provides a clear message that lake management should 

incorporate riparian habitats in order to promote biological integrity. In the EU Water 

Framework Directive (WFD; 2000/60/EC) there is no explicit requirement to 

conserve such habitat. The closest is the need to maintain hydromorphological 

integrity, but even this does not make direct reference to the riparian zone. While the 

WFD promotes a catchment wide approach to management, the absence of specific 

management techniques for near shore habitats appears an unfortunate omission.
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4.5. Conclusions

This chapter has shown that:

The HabQA is useful for describing taxon richness and abundance of particular 

genera, but a better concordance could be achieved with the inclusion of more LHS 

variables, as indicated when the LHS variables were analysed individually. However, 

LHQA was developed as a proxy for conservation value of lakes (Rowan et ai, 

2004), not specifically for macroinvertebrates. Altering the HabQA or LHQA to 

specifically reflect macroinvertebrate community structure may unduly bias or 

complicate the broader conservation approach. It may be instructive to develop an 

additional score from the LHS variables specifically for macroinvertebrates. 

Variables from each of the zones explained community composition. A combination 

of these pertinent variables would likely give the strongest match for an additional 

metric, but this would require further investigation and testing across lakes.

In the ecotone analysis, riparian zone features were most important for each of the 

macroinvertebrate life stages. Riparian zone assessment for lake conservation and 

management is currently lacking, but inclusion of this would allow for better 

assessment and conservation of the biological integrity of a lake. This work should 

be expanded over a range of lakes to ascertain if the riparian zone remains the most 

important in different trophic and habitat conditions. A lake typology approach may 

also be necessary, as suggested for the HabQA score, to avoid bias towards different 

types of lakes, for example towards upland lakes which are naturally devoid of both 

macrophytes and complex riparian vegetation.
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5. The effect of habitat structural complexity and potential 
refuge from fish predation on diversity, abundance and 
body size of macroinvertebrates

5.1. Introduction

5.1.1. Importance of habitat complexity

Habitat complexity plays an important role in shaping the community composition of 

macroinvertebrates in freshwater systems, and can have major effects on ecological 

interactions (Crowder and Cooper, 1982; Tolonen el ai, 2003; Meissner and Muotka, 

2006). The plants can act as sites for attachment of eggs, larvae and pupae, provide 

visual protection for predators and prey, and attached algae to feed invertebrate 

grazers (Gerrish and Bistrow, 1979). Dense macrophyte stands increase the number 

of niche spaces and abundance of food available for macroinvertebrates and fish 

(Tolonen et ai, 2003). In more complex environments there is often a decrease in 

pressure from fish, depending on the species (Diehl, 1992). Several studies have 

demonstrated that macroinvertebrate abundance increases with macrophyte density 

and complexity (Gerking, 1957; Crowder and Cooper, 1982; Watkins et al., 1983; 

Gilinsky, 1984; Hanson, 1990). This suggests that these macrophytes act as refugia 

(Crowder and Cooper, 1982; Hanson, 1990; Diehl, 1992).

Many studies have examined the effect of one type of macrophytes compared with 

unvegetated areas, i.e. structural complexity versus open areas (Mittelbach, 1981; 

Diehl, 1988, 1992; Carlisle and Hawkins, 1998; Tolonen et ai, 2003); others 

examined similar stands of macrophytes but at different densities (Crowder and 

Cooper, 1982; Komijow et al., 2005). There has also been some detailed work on 

species composition at different fractal complexity in mixed stands of macrophytes 

(McAbendroth et ai, 2005; Thomaz et ai, 2008), and some detailed work on 

individual plant species (Krecker, 1939; Kornijow, 1989a, b). However, there has 

been little work done on the effect of different macrophyte stands on 

macroinvertebrate community composition, diversity, abundance and biomass within 

the same lake, and how predation impacts on these metrics. Habitat complexity is an
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important variable to include when attempting to explain the structure of invertebrate 

communities inhabiting macrophytes (Thomaz et ai, 2008)

5.1.2. Macroinvertebrate size structure

The biomass size structure concept was first introduced by Sheldon et al. (1972), 

who hypothesised that if all animals were organised into logarithmically increasing 

size classes, the biomass in each of the size classes would be approximately constant. 

A size spectrum is a simple two dimensional representation of a complex community 

(Strayer, 1991). The rate of many physiological processes are dependant on body 

size (Peters, 1983), and size distributions are thought to reveal energy flow through a 

community (Stead et al, 2005). Macroinvertebrates are a crucial link in the transfer 

of energy from primary producers to fish, and understanding the factors that affect 

their abundance and size structure helps understanding of the trophic dynamics of a 

lake (Hanson, 1990). Fish predation may impact on the size structure of 

macroinvertebrates. Predatory invertebrates, being among the largest prey source, are 

a prime target for trout or other fish. Chironomids and other small invertebrates 

remain largely unaffected by trout and other fish predation (Rader, 1997; Meissner 

and Muotka, 2006). Several studies have demonstrated that brown and rainbow trout 

are size selective predators on macroinvertebrates (Nystrom et al, 2001; Rowe et al, 

2003; Meissner and Muotka, 2006). Hanson (1990) found that macroinvertebrates 

within Cham beds had significantly greater biomass than within weedbeds 

dominated by rooted plants, and that the size mass distribution differed among 

weedbeds. Tolonen et al (2(X)3), in a study on body size and substrate association of 

littoral invertebrates to vegetation structure, found that maximum size and substrate 

association changed along a gradient of vegetation density. Smaller, more inactive, 

invertebrates were generally found in locations with sparse vegetation.

5.1.3. Length-mass regressions

Length mass regressions are a widely accepted form of converting a linear body 

dimension into a biomass estimate; it is fast, simple, accurate and non-destructive 

(Meyer, 1989; Burgherr and Meyer, 1997; Benke et al, 1999; Sabo et al, 2002; 

Baumgartner and Rothhaupt, 2003; Stoffels et al, 2003). Body length measurements 

are often preferable to head width, as in smaller animals inaccuracies in measuring 

the head width can lead to large errors in predicting mass (Baumgartner and
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Rothhaupt, 2003). However, there are discrepancies among studies in the regressions 

developed. Johnson and Cunjak (1999) compared published length mass regressions 

on the same families but from different geographical areas, and found that the 

predicted mass was extremely variable among studies. This variability was attributed 

to different methods and spatio-temporal factors. When using published length mass 

regressions, these should ideally be comparable in terms of location, vegetation and 

other spatio-temporal factors (Meyer, 1989; Baumgartner and Rothhaupt, 2003).

5.1.4. Hypotheses

Whether fish predation has any significant impact on biomass, abundance and size 

structure of macroinvertebrates remains contested (Thorp and Bergey, 1981; 

Crowder and Cooper, 1982; Butler, 1989). This study examines the effect of 

structural complexity on macroinvertebrate community structure and biomass, while 

investigating the predation refuge offered by the habitats. This should clarify whether 

the macroinvertebrate community composition and biomass is owing to predation 

refuge or some other abiotic/biotic factor. The hypotheses are: 1) that the diversity, 

abundance and biomass of macroinvertebrates will increase along a gradient from 

least vegetated to most vegetated; 2) that cages, which act as fish exclusion areas, 

will support larger macroinvertebrates, owing to predation refuge, and this effect 

would be most noticeable in the less vegetated habitats; and 3) large predatory and 

small grazing macroinvertebrates will alter in different ways, with predatory 

macroinvertebrates being more common in more structurally complex habitats, and 

small grazing macroinvertebrates remaining unaffected by habitat refuge owing to 

preferential predation.

5.2. Materials and methods

5.2.1. Habitat, and site selection

Benthic macroinvertebrates were sampled within the upper two basins of Lough 

Carra. Four habitats were chosen, to represent a scale of structural complexity: 

Cobble, Phragmites, Cladium and Chara. These habitats are common within the 

lake, occurring in relatively large patches. Each habitat treatment was replicated four 

times around the lake. Cobble habitats were devoid of macrophytes, predominantly 

comprising cobble substrate, interspersed with pebbles, generally overlaid with marl
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sedimentation. Cobbles were between 64-256 mm in size, and pebbles were between 

2-63 mm (Rowan et al., 2005); sites were chosen to be as visually comparable to 

each other as possible. Phragmites occurred in large fringing beds, which although 

extensive within Lough Carra, contained notable large spaces between the individual 

plants. The sedge, Cladium, occurs in large beds, albeit less frequent than 

Phragmites. These plants form dense clumps, with more complex structure than 

Phragmites. Chara is a submerged macroalgae, dominating the submerged 

macrophyte community. It was both the densest and the most complex of the 

vegetation types in the lake. Therefore, the habitats followed a gradient of increasing 

density and complexity from cobble, to Phragmites, to Cladium, to Chara.

All the sites were chosen to be wind sheltered, in order to minimise the effect of 

wave wash. Site location was constrained to the locations of particular accessible 

areas of habitat, and there were sixteen sites in total (Figure 5.1). Within each of the 

sites a cage and a partial cage were put in place. Cages comprised a wood structure 

0.8 m ^ and 4 mm polythene mesh, attached to the wood. Mesh surrounded the 

perimeter of the cage, but the top and bottom were left open. Cages were lowered 

over the vegetation, secured in place with weights on all four corners, and the bottom 

sealed by pushing the mesh into the sediment and securing it with boulders. Cage 

controls also comprised wood and partial mesh (a triangle of mesh on each square 

panel) to allow fish access, and were also weighted down at all four comers. To 

minimise interference, these treatments were separated from each other by at least 

three metres in each site. The partial cages were used to determine any cage effect on 

the macroinvertebrates. The exclosures were put in place and left for 10 weeks, from 

the lb'” June 2007-26'*’ August 2007.
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Figure 5.1: Map of upper two basins of Lx)ugh Carra showing sites of the different 
habitat patches

5.2.2. Macroinvertebrate sampling

Macroinvertebrates were sampled at the end of the ten week period. Before 

sampling, the cage was surrounded by a perimeter of very fine mesh (<1 mm), to 

prevent smaller invertebrates from escaping. Where macrophytes were present they 

were removed in their entirety just above the root and washed in buckets of water to
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remove clinging invertebrates. The cage area was then sampled exhaustively utilising 

a combination of sweep net sampling with a standard Freshwater Biological 

Association (FBA) 1 mm kick net, and suction sampling using a bilge pump suction 

sampler (Whale® Gusher 30) with a stiff 38 mm bore tube after Tolonen et al. (2001; 

2005). This was repeated within the cage control, after surrounding it with the fine 

mesh. Open areas were sampled by plaeing a cage structure in another unsampled 

area of the habitat, and weighting it down for sampling, and the same sampling 

protocol was carried out within the delineated area.

Each of the samples was preserved in industrial methylated spirits on site, and were 

later sorted and identified within the laboratory. All individuals sampled by each 

method were identified to the lowest practicable level, generally species. Littoral 

larval macroinvertebrates were identified to family level for Diptera, Coleoptera and 

Odonata larvae. Oligochaeta and Diptera pupae were not identified further. Adult 

macroinvertebrates were identified to species in most cases and to family for Diptera. 

Identification was carried out using an Olympus binocular microscope x40 

magnification.

Macrophytes within each sampled cage area were removed from the root, air dried, 

and placed in bags. These were later oven dried to constant weight and weighed to 

determine dry mass of macrophytes per sampled area.

5.2.3. Statistical analysis

A three way ANOVA model was used, with treatment, habitat and site as the factors. 

Site was nested within habitat. DATADESK was used for the ANOVA analysis. The 

post hoc analysis used was Scheffe. Community composition was analysed using 

PERMANOVA in the PRIMER statistical package. PERMANOVA tests for the 

simultaneous response of one or more variables to one or more factors in an ANOVA 

design, on the basis of any resemblance measure, using permutation methods 

(Anderson et al., 2008). PERMANOVA takes a geometrical approach to MANOVA, 

by calculating the distance among points within a group, and then calculating the 

distance among groups, and using these as the sum of squares, similar to the 

ANOVA measures. A pseudo E statistic is calculated, which is analogous to the F 

statistic in ANOVA, but it does not have a known distribution under the tme null
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hypothesis. The p value is calculated by permutation (or randomization) technique. 

For these data, the community composition was first 4'^ root transformed to down

weight the importance of abundant species, and allow rarer species to exert some 

influence, and a Bray Curtis similarity matrix was generated. A posteriori pair wise 

comparisons were carried out on factors found to be significant within the 

PERMANOVA routine. This is calculated by taking the pairs to be compared and 

calculating the pseudo t as the square root of pseudo-F, similar to an F test in 

univariate analysis. Non-metric Multi Dimensional Scaling (MDS), based on the 

transformed Bray-Curtis resemblance matrix, was used to visualise the community 

composition. PRIMER BEST was used to highlight important taxonomic groups for 

overall community composition. This method is further outlined in the methods 

section of Chapters 3 and 4.

5.2.4. Size mass regressions and size, and Shannon-Weiner diversity

Shannon Weiner diversity was calculated for each of the habitats using the equation

Hs = -Z (Pi) (lnPi)-[(S-l)/2N]
i =1

Where: Hs= diversity index

Pi= relative abundance of the ith species 

N= total number of all individuals 

S= number of species

Length mass regressions were used to calculate macroinvertebrate dry biomass from 

length. Where possible length mass regressions calculated from Irish lakes were 

utilised (Ni Ainin, unpublished data), and where these were not available, 

comparable regressions from the literature were used. For Trichoptera, Hydracarina, 

Isopoda, Amphipoda, Coleoptera, Hirudinea, Chironomids, Oligochaets, Diptera 

pupa, Hemiptera, Heptagenidae, Caenidae and Gastropoda regressions from Irish 

lakes were used. For Arachnids Sabo et al. (2002) was used, for Turbellaria and 

Baetidae Meyer (1989) was used, for general Diptera, Ceraptogonidae, Odonata and 

Ephemera danica regressions were taken from Benke el al. (1999). Neuroptera 

regressions were taken from Smock (1980) and Lymnea regressions were taken from 

Baumgartner and Rothhaupt (2003).
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Size diversity was calculated after Quintana et al. (2008). This is a non-parametric 

method which utilises the Shannon diversity, adapted for continuous variables such 

as size. It integrates the amplitude of the size range, and the evenness similar to the 

way that Shannon-Wiener diversity integrates species composition and relative 

abundance. The method takes the form of an integral involving probability density 

function of the size of individuals, and uses Kernel estimation of size diversity, after 

standardising the data by division of sample geometric mean. An index of size 

diversity was calculated for all habitats.

5.3. Results

5.3.1. Macroinvertebrate abundance

A three way ANOVA, with site as a factor nested within habitat, was used to 

determine the effect of treatments on the total abundance of macroinvertebrates 

(Table 5.1). Treatment and habitat were fixed factors, and site was a random factor 

nested within habitat as the site was randomly chosen from a much larger habitat 

patch. Site was nested within habitat as the three sites within each habitat were not 

independent of each other. Habitat and site were found to be significant (F=3.87, 

p<0.05; F=2.93, p<0.05 respectively) (Table 5.1). There was a significant interaction 

between treatment and habitat (F=2.73, p<0.()5) (Table 5.1), indicating that although 

treatment was not significant overall, it was significant within certain habitats. 

Scheffe post hoc analysis found no significant differences among treatments within 

any of the habitats, although, when graphed, cage treatments in Chara habitats 

appeared to have greater abundance than control or open treatments. In the Cladium 

habitat, the control treatments appeared to have greater abundance than the other 

treatments (Figure 5.2). More detailed abundance bar graphs per site were produced 

for Cladium and Chara to investigate whether this pattern held across all sites. 

However, it was not found to be consistent (Figure 5.3).
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Table 5.1: ANOVA table for total abundance of animals.
Source Type d.f SS MS F P

Treatment Fixed 2 112247 56123 1.85 0.180

Habitat Fixed 3 1033740 344581 3.87 0.038

Site Random 12 1069080 89089 2.93 0.012

Treatment * Habitat Fixed 6 498070 83011 1.12, 0.036

Error Random 24 729737 30405

Total 47 3442870
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Figure 5.2: Mean of total abundance m'^ in each habitat +/- SE (n=4).
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Figure 5.3: Macroinvertebrate abundance m^ in Cladium and Chara treatments.

Post hoc (Scheffe) analysis indicated that the abundance of animals within the Chara 

treatment was different to both cobble and Phragmites habitats, albeit non- 

significantly (p^.l). No other habitats were found to be different to each other.

5.3.2. Multivariate community abundance analysis

PERMANOVA was used to analyse the entire community abundance matrix against 

the three factor model. All three factors were found to be significant for describing 

community composition, with no interaction (Table 5.2). Post hoc pairwise analysis
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indicated that all the habitats were significantly different from each other (p<0.05), 

and that the control treatments were significantly different to both open and cage 

treatments (p^.05), but cage and open treatments were not significantly different to 

each other. Overall community composition was visualised using MDS graphs for 

both treatment and habitat (Figure 5.4, 5.5, 5.6 and 5.7).

Table 5.2: PERMANOVA results for community composition, significance

Factor df SS MS Pseudo

F

P

(perm)

Treatment 2 2609 1304 2.266 0.0006

Habitat 3 18762 6254 2.513 0.0001

Site 12 29864 2488 4.322 0.0001

Treatment*habitat 6 3673 612 1.063 0.3472

Residual 24 13820 575

Total 47 68730

X
X □

A □

^ A A ^ □
A ^ ^

A

Treatment 
A Control 
X Open 
□ Cage

Figure 5.4: MDS of community composition divided according to treatment, 4‘" root 
transformed, Bray Curtis similarity (Stress=0.21).
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Figure 5.5: 3-D MDS of community composition divided according to treatment, 4'*’ 
root transformed, Bray Curtis similarity (stress 0.16)
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Figure 5.6: MDS of community composition divided according to habitat, 4“ root 
transformed, Bray Curtis similarity (Stress=0.21).
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Figure 5.7: 3-D MDS of community composition divided according to habitat, 4‘" 
root transformed, Bray Curtis similarity (stress= 0.16).

Treatment did not clearly separate out the community composition, in either 2-D or 

3-D visualisations, with all of the treatments mixed together in the MDS (Figure 5.4 

and 5.5). Habitat does separate out into different groups, with Cobble, Cladium and 

Chara treatments forming decipherable groups, but with Phragmites treatment 

appearing mixed within these other habitats (Figure 5.6). The stress value of these 

MDS graphs is slightly high at 0.21. A general rule of thumb, given by Clarke and 

Warwick (2001), is that stress values between 2 and 3 must be treated with caution, 

as they are close to being arbitrarily placed in a 2 dimensional space. This ordination 

is also presented in 3-D (Figure 5.7), which has a lower stress value (0.16), but still 

does not clearly separate Phragmites treatment from the others. BEST analysis 

indicated that two groups, Neuroptera and Aranea, were best describing the overall 

community structure in the MDS, with a Rho of 0.851. Further significance testing 

was not possible owing to the non-independence of the two matrices. The abundance 

of these species across habitats is examined further in section 5.3.6.
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In order to examine the effect of treatment in more detail, MDS graphs were created 

for each habitat individually, for clarity (Figure 5.8, Figure 5.9, Figure 5.10 and 

Figure 5.11). Cluster graphs were overlaid on these indicating 60% similarity. It is 

clear from these graphs that site is important, with most of the samples from a site 

grouping together. This indicates that treatments within a site were more similar to 

each other, than to the same treatment within another site of the same habitat type. 

Phragmites and Cham mostly group together by site, but with some exceptions with 

one treatment from a site being individually clustered for Phragmites and Chara 

(Figure 5.9 and 5.11), and Chara had one treatment of another site being clustered in 

with a different site (Figure 5.11). However, the general overall pattern is that 

treatments from one site all clustered together. Post hoc analysis indicated that 

control treatments were significantly different to the cage or open, but this is not 

clear within the MDS graphs. The variation among the treatments, and the post hoc 

analysis indicated that cage was not significantly different from open treatments, 

suggests no significant effect of treatment.

Figure 5.8: MDS of cobble community composition, 4'" root transformed, with Bray 
Curtis similarity (stress=0.14).
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Bray Curtis similarity (stress=0.15).

Figure 5.10: MDS of Cladium community composition, 4‘" root transformed, with 
Bray Curtis similarity (stress=0.1).
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Figure 5.11: MDS of Chara community composition, 4‘" root transformed, with 
Bray Curtis similarity (stress=0.1).

5.3.3. Macroinvertebrate biomass

Total macroinvertebrate biomass was found to significantly alter among habitats and 

sites (Table 5.3). Post hoc analysis indicated that the habitats were dividing into two 

groups; cobble and Phragmites treatments in the first group, and Chara and Cladium 

in the second. Cobble and Phragmites treatments had similar total biomass to each 

other, but both had significantly different abundance and biomass to Cladium and 

Chara treatments (p^.05), which were not significantly different from each other 

(p>0.05) (Figure 5.12).

Table 5.3: ANOVA for total biomass of animals, significance indicated by bold.
Source d.f SS MS F P

Treatment 2 0.096 0.0479 0.690 0.511

Habitat 3 6.875 2.292 11.879 0.0007

Site 12 2.315 0.193 2.780 0.0159

Treatment*Habitat 6 0.438 0.073 1.053 0.4170

Error 24 1.665 0.069

Total 47 11.390
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Figure 5.12; Mean of total macroinvertebrate biomass (mg/rn ) from each habitat 
and treatment +/- SE (n=4).

Dry macrophyte mass was found to follow an increasing gradient from cobble to 

Phragmites to Cladium to Chara treatment. Mean individual animal dry biomass was 

also found to follow this gradient, and was significantly positively correlated with 

macrophyte dry weight (Spearman Rank, r=0.80, p<0.01, n=16) (Table 5.4 and 

Figure 5.13).
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Table 5.4: Mean dry mass of macrophytes per metre squared from different habitats 
and mean individual macroinvertebrate biomass (mg) +/- SE among sites (n=4).

Habitat Mean dry weight of 
macrophytes (g m ")

S.E. Mean individual 
macroinvertebrate 

biomass (mg) (Total 
biomass/total abundance)

S.E.

Cobble - - 1.1 0.6

Phragmites 283.4 86 1.4 0.6

Cladium 660.8 58 2.9 0.9

Chara 956.2 198 3.0 1.6

85



5.3.4. Multivariate macroinvertebrate community biomass analysis

PERMANOVA was used to analyse the community biomass structure (Table 5.5).

Factor df SS MS Pseudo

F

P

(penn)

Treatment 2 2527 1264 1.6922 0.0348

Habitat 3 21459 7153 2.4424 0.0004

Site (Habitat) 12 35144 2929 3.9218 0.0001

Treatment*habitat 6 4350 725 0.9709 0.5454

Residual 24 17923 747

Total 47 81404

Treatment, habitat and site were all found to significantly affect macroinvertebrate 

community biomass. Post hoc analysis indicated that for treatment, the difference in 

macroinvertebrate biomass only existed between control and cage treatments 

(p<0.05), but not between control and open, or cage and open treatments. Post hoc 

analysis on habitat indicated that macroinvertebrate community biomass between 

Cladium and Chara treatments, or between cobble and Phragmites treatments were 

not significantly different. All other combinations of habitats were found to have 

significantly different macroinvertebrate community biomass to each other (p^.05) 

(Table 5.6), similar to what was found for the overall biomass values. Community 

biomass from treatments within a site were found to cluster together, similar to the 

pattern seen for the abundance data.

Table 5.6: Summary table of Post hoc pairwise PERMANOVA results. Yes

Cobble Phragmites Cladium

Cobble -
Phragmites No -
Cladium Yes Yes -
Chara Yes Yes No
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5.3.5. Macroinvertebrate taxon richness and diversity

When macroinvertebrate taxon richness was examined using the full ANOVA model, 

it was found to alter significantly with treatment (F=5.65, p<0.01) and with site 

(F=5.14, p<0.01) but not with habitat (Table 5.7). However, post hoc Sheffe analysis 

on the treatment effect again indicated that the difference may have been owing to a 

cage effect, with no significant difference found between cage and control 

treatments, and with open and control cages being significantly different, and open 

and cage also being significantly different (p<0.05).

Table 5.7: ANOVA for taxa richness of animals, significance indicated by bold.

Source df. SS MS F P

Treatment 2 127.54 63.77 5.651 0.0097

Habitat 3 400.73 133.57 2.30 0.1291

Site 12 696.42 58.03 5.14 0.0003
Treatment*Habitat 6 130.96 21.826 1.93 0.1161

Error 24 270.83 11.28

Total 47 11.390 1626.48

Open treatments of each of the habitats were then examined to determine the ambient 

macroinvertebrate taxon richness in each habitat, and it was found to significantly 

differ among habitats (ANOVA F3,i2 4.79, p^.05), and post hoc Sheffe analysis 

indicated that the Cladium treatment was different to cobble treatment, albeit non- 

significantly (p=0.06). A trend of general increase in macroinvertebrate taxon 

richness from cobble to Cladium treatment was found, with a decrease again in 

Chara habitats (Figure 5.14). No significant differences were found for Shannon- 

Wiener indices among habitats. However, trends were discernible, with diversity 

increasing in Cladium habitats, but not differing among the remaining habitats 

(Figure 5.14).
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5.3.6. Predatory macroinvertebrates

The large predatory macroinvertebrates found within this study fell into three 

taxonomic groups; Neuroptera, which comprised just Sialis lutaria, Aranea, which 

comprised just Argyroneta aquatica, and Odonata which comprised 10 different 

species. The biomass and abundance of these groups in open treatments were 

compared (Figure 5.15).
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A general trend of increasing abundance of predatory invertebrates from cobble to 

Cladium was evident, but dropping in Chara habitats. However, there was a large 

amount of variation around the mean, indicating high intra site variability. A one way 

ANOVA with habitat as a factor found Aranea and Neuroptera abundance to 

significantly differ among habitats (F3,i2 5.99, p^.05 and F3J2 6.07, p<0.05 

respectively). Post hoc Scheffe analysis found different abundance in Cladium
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habitats compared with Chara for Aranea abundance (p^.05), and Cladium was 

significantly different to Cobble and Chara habitats (p<0.05). Aranea had a trend of 

increasing mean total biomass from cobble all the way to Chara, albeit non- 

significantly (p>0.05). This corresponded to a decrease in mean total abundance in 

Chara habitats, indicating that although there were fewer Aranea individuals, the 

animals present had a large mean individual biomass. Neuroptera total biomass was 

significantly different among habitats (Fa.n 3.93, p<0.05) and Odonata total biomass 

was just outside the significance range (F3,i2 3.078, p=0.068). Post hoc analysis 

indicated Neuroptera total biomass was significantly different in Cladium habitats 

compared with cobble (p<0.05) (Figure 5.15). Spearman rank correlation analysis 

between group total abundance and total biomass and macrophyte dry weight found 

that only Aranea total biomass correlated positively with the dry mass of vegetation 

(R=0.686, p<0.0001,n=16).

5.3.7. Other macroinvertebrate groups

Other taxonomic groups examined indicated that Gastropoda and Amphipoda total 

abundance differed significantly with habitat (Table 5.8). Post hoc (Sheffe) analysis 

indicated that Amphipoda abundance differed in Cladium habitats compared with 

Chara (p<0.05), and that Gastropoda had different abundances in Cladium and 

Chara treatments compared with cobble and Phragmites treatments (p<0.05). Total 

biomass differed among habitats for Gastropoda and Trichoptera (Table 5.9).
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Table 5.8: ANOVA of log total abundance among habitat types, significance

Sum of 
Squares

df Mean
Square

F P

Amphipoda Between Groups 0.858 3 0.286 5.995 0.010
Within Groups 0.572 12 0.048
Total 1.430 15

Coleoptera Between Groups 0.439 3 0.146 1.022 0.417
Within Groups 1.719 12 0.143
Total 2.158 15

Diptera Between Groups 0.322 3 0.107 0.611 0.621
Within Groups 2.107 12 0.176
Total 2.429 15

Ephemeroptera Between Groups 0.503 3 0.168 0.381 0.769
Within Groups 5.279 12 0.440
Total 5.782 15

Gastropoda Between Groups 4.227 3 1.409 8.179 0.003
Within Groups 2.067 12 0.172
Total 6.295 15

Hemiptera Between Groups 0.695 3 0.232 1.060 0.402
Within Groups 2.624 12 0.219
Total 3.320 15

Hirudinea Between Groups 0.081 3 0.027 0.196 0.897
Within Groups 1.663 12 0.139
Total 1.745 15

Hydracarina Between Groups 0.577 3 0.192 2.586 0.102
Within Groups 0.892 12 0.074
Total 1.469 15

Isopoda Between Groups 2.719 3 0.906 1.799 0.201
Within Groups 6.047 12 0.504
Total 8.767 15

Oligochaeta Between Groups 0.401 3 0.134 0.587 0.635
Within Groups 2.728 12 0.227
Total 3.128 15

Trichoptera Between Groups 0.231 3 0.077 0.503 0.687
Within Groups 1.836 12 0.153
Total 2.066 15

Tricladida Between Groups 0.192 3 0.064 0.502 0.688
Within Groups 1.531 12 0.128
Total 1.723 15
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Table 5.9: ANOVA of log total biomass of different groups among habitat types.

Sum of 
Squares

df Mean
Square

F P

Amphipoda Between Groups 0.105 3 0.035 0.201 0.894
Within Groups 2.097 12 0.175
Total 2.202 15

Coleoptera Between Groups 0.074 3 0.025 0.249 0.860
Within Groups 1.192 12 0.099
Total 1.266 15

Diptera Between Groups 1.567 3 0.522 1.610 0.239
Within Groups 3.894 12 0.324
Total 5.461 15

Ephemeroptera Between Groups 0.260 3 0.087 0.518 0.678
Within Groups 2.004 12 0.167
Total 2.263 15

Gastropoda Between Groups 6.142 3 2.047 4.985 0.018
Within Groups 4.929 12 0.411
Total 11.070 15

Hemiptera Between Groups 1.305 3 0.435 1.203 0.351
Within Groups 4.341 12 0.362
Total 5.646 15

Hirudinea Between Groups 0.739 3 0.246 0.764 0.536
Within Groups 3.871 12 0.323
Total 4.610 15

Hydracarina Between Groups 0.372 3 0.124 0.847 0.494
Within Groups 1.756 12 0.146
Total 2.127 15

Isopoda Between Groups 2.170 3 0.723 1.816 0.198
Within Groups 4.779 12 0.398
Total 6.949 15

Oligochaeta Between Groups 0.030 3 0.010 0.098 0.959
Within Groups 1.214 12 0.101
Total 1.244 15

Trichoptera Between Groups 2.106 3 0.702 7.473 0.004
Within Groups 1.128 12 0.094
Total 3.234 15

Tricladida Between Groups 0.108 3 0.036 0.304 0.822
Within Groups 1.425 12 0.119
Total 1.533 15

Post hoc analysis again indicated that Gastropoda biomass was significantly greater 

in Cladium and Chara treatments compared with cobble treatments (p<0.05), and 

that Trichoptera biomass was significantly higher in Cladium habitats compared with 

Phragmites and Chara, and just outside the significance range for cobble (p=0.09) 

(Table 5.10). Gastropoda increased steadily from cobble to Chara in both abundance
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and biomass (Figure 5.16). Trichoptera increased in abundance within the vegetated 

sites, albeit with large variation around the mean; Amphipoda had greatest 

abundance in Cladium and least in Chara (Figure 5.16). Trichoptera biomass was 

highest in Cladium, although again with large amounts of variation, and Amphipoda 

biomass was greatest within emergent vegetation (Figure 5.16).
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Table 5.10: Post hoc (Scheffe) table of results for Gastropoda and Amphipoda total 
abundance, and Gastropoda and Trichoptera total biomass. Yes indicates significant

Cobble Phragmites Cladium

Gastropoda abundance

Cobble -

Phragmites No -

Cladium Yes No -

Chara Yes Yes No

Amphipoda abundance

Cobble -

Phragmites No -

Cladium No No -

Chara Yes No Yes

Gastropoda biomass

Cobble -

Phragmites No -

Cladium Yes No -

Chara Yes No No

Trichoptera biomass

Cobble -

Phragmites No -

Cladium No Yes -

Chara No No Yes

When Trichoptera were broken down into groups of caseless and cased animals, the 

caseless caddis animals were found to be driving the trend of greater biomass in 

Cladium habitats, with higher abundances and biomass of within the Cladium 

compared with the other habitats (Figure 5.17), although non-significantly (ANOVA; 

p^0.05). Holocentropus sp. comprised the majority (>78%) of the caseless caddis 

abundance and biomass in Cladium habitats. Cased caddis abundance comprised four 

main genera, Sericostoma spp., Athriposodes spp., Mystacides spp. and Oecetis spp., 

making up over 93% of the total cased caddis abundance.
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5.3.8. Overall size structure, and size diversity

The habitats increased in dry weight of macrophytes in the following order: cobble, 

Phragmites, Cladium and Chara. As the dry mass of vegetation increased from 

cobble to Phragmites, the biomass peak shifted to larger size class, but the peak 

remained the same for Cladium. The macroinvertebrate biomass size structure for 

three of the habitats was unimodal, with a peak in the size class midpoint 0.06 mg 

and 0.18 mg dry biomass (Figure 5.18). Invertebrates in Chara had a bimodal 

distribution, with two peaks in biomass, one at midpoint 0.06 mg, and one at 0.56 

mg, although there was large variation around the mean. Chara and Cladium had 

similar size mass distribution in the larger size classes. From the size mass 

distributions, it is clear that as vegetation mass increased, the number of larger 

animals also increased; conversely the cobble habitat had higher abundance of 

smaller animals. There was greater variation in biomass among Chara habitats 

compared with any of the other habitats. Gastropoda comprised the majority (>55%) 

of the animals in the bigger size classes (midpoint 5.62 upwards) in all of the 

habitats.
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Size diversity calculated using the program generated by Quintana et al. (2008) was 

consistently higher in Cladium habitats, followed by Cham habitats, and was very 

similar within Phragmites and Cobble (Figure 5.19). This diversity takes evenness 

and abundance into account, similar to Shannon-Wiener diversity, and from this it 

appears that animal size is more equally spread within the Cladium habitat. ANOVA 

found differences among habitats (F 3,12 3.7, p < 0.05, n=16); post hoc tests found 

Cladium was significantly greater in size diversity than Phragmites and cobble 

habitats (p<0.05), but was not significantly different to Chara (p>0.05).
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Figure 5.19: Size diversity per habitat -I-/-SE (n=4).

5.4. Discussion

5.4.1. Fish predation

Habitat structure complexity can have a significant effect on ecological interactions 

(Crowder and Cooper, 1982) and habitat complexity correlates with increasing 

abundance of macroinvertebrates in the littoral zone (Tolonen et al., 2003). This 

habitat complexity may then ameliorate the impacts of predation through acting as a 

refuge for macroinvertebrates, as fish cannot forage as effectively in more complex 

habitats (Crowder and Cooper, 1982; Diehl, 1988, 1992; Hanson, 1990; Carlisle and 

Hawkins, 1998). It was hypothesised that fish exclusion cages placed along a 

gradient of habitat complexity would allow for predation effects to be elucidated, 

particularly in the more simple habitats where natural refuge was lacking. However,
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no predation effect can be inferred, for overall abundance and biomass, or for 

community composition.

Initial analysis indicated that treatment was having an effect, but this was not found 

to be owing to cage treatments, but to control treatment. This was possibly owing to 

some untested cage effect. Thorp and Bergey (1981) found that mean density of total 

macroinvertebrates did not alter with predator exclusion. Crowder and Cooper (1982) 

hypothesised that this result was owing to light predation pressure within the open 

cages, as the authors did not document predation pressure in their study. This may 

also be the case in our study. Fish data were not taken in the course of the study, but 

the most recent fish data available, from 2001, from the Central Fisheries Board 

indicates that Catch Per Unit Effort (CPUE) for trout was 6.167, Pike was 0.667 and 

Perch was 0.067. This was a relatively large CPUE, compared with other similar 

trout lakes in the area, which all had smaller CPUEs than Lough Carra (Central 

Fisheries Board, 1996), which may imply a relatively high level of fish predation. 

However, this is not directly comparable with other experimental studies, which 

stocked a particular density of fish within enclosures, thereby attempting to provide a 

steady predation pressure (Hall et al., 1970; Crowder and Cooper, 1982; Diehl, 1988, 

1992; Butler, 1989; Blumenshine et al., 2(X)0; Warfe and Barmuta, 2006). It was not 

possible to tell from this study, what the actual predation pressure was within the 

open treatments throughout the course of the experiment, as it was just inferential, 

similar to Tolonen et al. (2003). Carlisle and Hawkins (1998) found no difference in 

fish predation with increasing structural complexity, but this was likely owing to the 

sparse density of the macrophytes in their study, which was not the case in Lough 

Carra. Butler (1989) found that although fish predation altered community 

composition and size range of some species, it did not alter the overall abundance. 

He found units treated with variable predation had more similar community 

compositions to natural systems, compared with units undergoing constant predation. 

Therefore constant predation treatments like those used in many studies may not be 

the best way of testing for the actual situation within a lake.

It is also possible that the experimental set up was not sufficient to capture the 

differences among treatments, as logistical restraints limited the size of the 

experimental units, and the duration of the experiment. However, the duration of the
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experiment was comparable to other similar experiments (Crowder and Cooper, 

1982; Diehl, 1992) and the cage size and design was also comparable with other 

studies (Thorp and Bergey, 1981; Butler, 1989; Meissner and Muotka, 2006; Warfe 

and Barmuta, 2006). Use of a more complex experimental design may better 

elucidate the role of predation in the lake; such as that used by Warfe and Barmuta 

(2006), which had four levels: control, predator access, predator enclosure and 

predator exclosure. Alternatively, use of underwater cinematography such as that 

employed by Butler (1989) could be useful to monitor actual foraging activity.

5.4.2. Habitat complexity

5.4.2.1. Total abundance, biomass and community composition 

Abundance of macroinvertebrates on vegetation depends on several factors including 

plant morphology, surface texture, nutrient content of plant tissues and algal growth 

on the plant (Cyr and Downing, 1988a). Habitat complexity correlates positively 

with an increase in the abundance of macrophytes within the littoral zone (Tolonen et 

al., 2003), and the importance of these macrophytes is demonstrated by much higher 

abundances of macroinvertebrates in these areas compared with unvegetated areas 

(Heck and Crowder, 1991). Although predation was not found to impact on the 

macroinvertebrate community in Lough Carra, macroinvertebrate metrics did alter 

with macrophyte complexity and density.

Habitat type significantly related to overall abundance and biomass of 

macroinvertebrates in this study. The habitats split into two groups, the heavily 

vegetated groups of Chara and Cladium, and the sparse or absent vegetation groups 

of cobble and Phragmites. Further description of fine scale habitat characteristics 

would likely have further portioned the data among habitats, and father minimized 

noise in the data set. Community composition was significantly different in each of 

the different habitats, and this community structure was best described by Aranea 

and Neuroptera (addressed in section 3.4.2.2). Mean total abundance generally 

increased from cobble to Chara, although the cobble mean abundance was increased 

owing to a large population of Caenidae in one of the cobble sites. Biomass also 

demonstrated an even clearer trend of increase from cobble to Chara. Biomass and 

abundance of macroinvertebrates have been found by several other studies to
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increase with increased macrophyte density or complexity (Gerking, 1957; Crowder 

and Cooper, 1982; Watkins et ah, 1983; Gilinsky, 1984; Hanson, 1990; Tolonen et 

ai, 2003), but the distinct community composition in each of the habitat types is 

interesting. Associations between specific plants and macroinvertebrates have been 

found previously (Sheldon, 1987; Cyr and Downing, 1988a, b; Colon-Gaud et ai, 

2004), but these generally focused on individual plants in mixed stands and epiphytic 

macroinvertebrates, as opposed to examining community composition in whole 

relatively uniform stands of vegetation. Similar work on different habitats within one 

lake also found distinct community compositions for specific mesohabitats (White 

and Irvine, 2003), with vegetated habitats separating clearly from non-vegetated 

habitats, and with filamentous or non-filamentous macrophytes each having a 

characteristic community composition. However, the plants surveyed by White and 

Irvine (2003) were not scored for vegetation complexity or density. Differing 

community composition within macrophyte stands has important implications for 

conservation, and the problem of invasive species. The among macrophyte 

differences in community composition of macroinvertebrates would suggest that the 

introduction of invasive alien plant species to a lake would result in changes to 

community assemblages, with possible important consequences for the overall 

ecology of the lake; possibly impacting on fish and other wildlife who depend on the 

macroinvertebrates as a food source (Hanson, 1990).

5.4.2.2. Taxon richness and diversity

Although studies have found higher numbers of species with increasing complexity 

of vegetation (Jeffries, 1993; Thomaz et ai, 2008), woody debris (O'Connor, 1991) 

and streambed complexity (Taniguchi and Tokeshi, 2(K)4), this was not found in this 

study. Both taxon richness and Shannon-Wiener Index was highest within Cladium 

habitats, which were less complex than Chara habitats, with Chara having more 

dissected leaves. Habitat complexity was, however, also found by McAbendroth et 

al. (2005) to be unrelated to species richness, and Cyr and Downing (1988a) found 

that plant dissectedness was not the determinant of macrophyte habitat suitability for 

macroinvertebrates. It appears in Lough Carra that habitat impacted on taxon 

richness, and diversity, only in particular types of habitat. There was a trend of 

increasing taxon richness from cobble to Phragmites and Cladium, and then a 

corresponding decrease within Chara beds. For Shannon-Wiener indices the greatest
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Jiversity was also found in Cladium, with the other three habitats being relatively 

iimilar. This may be owing to vegetation area. Krecker (1939) suggested that plants 

tvith more dissected leaves supported more invertebrates than plants with broad 

leaves, owing to increased predation refuge, food and niche availability. However, 

:his theory is based on the assumption that plant surface area increases with 

increasing leaf dissection, which is not always the case (Cyr and Downing, 1988a). 

The leaf area available for macroinvertebrates may have been greater in the Cladium 

aabitat compared with the Chara habitat, and as such supported higher species 

diversity (although it must be noted that Cladium is generally a very tough 

consistenecy and may be difficult for macroinvertebrates to effectively graze). 

Charophytes are also known to produce alleopathic chemicals which have possible 

herbicidal and insecticidal effects (Berger and Schagerl, 2004). This possibly 

decreased taxon richness through direct affects on invertebrates, or through a lack of 

food resources owing to reduced periphyton growth (Mulderij et ai, 2003), although 

the effects of alleopathy at ecosystem level are still unclear (Sondergaard and Moss, 

1997).

5.4.2.3. Predatory and grazing macroinvertebrates

The abundance and biomass of large predatory macroinvertebrates increased in 

abundance from cobble to Cladium, but generally decreased again in Chara, despite 

Chara having the highest macrophyte dry mass. The only exception to this was 

Aranea biomass which increased steadily from cobble to Phragmites, Cladium and 

Chara. This increase was in keeping with previous studies, such as Tolonen et al. 

(2003), who found an increase in maximum invertebrate size along a gradient of 

emergent vegetation density, and Hanson (1990) who found 10 times the amount of 

larger animals within Chara, than rooted plant beds. Grazing invertebrates, 

Amphipoda, Gastropoda and Trichoptera, differed significantly in biomass and/or 

abundance among habitat in Lough Carra. Amphipoda and Trichoptera increased in 

total abundance from cobble to Cladium, and then decreased again in Chara. Total 

biomass did not follow such a clear trend, but was greatest in Cladium habitats. 

Gastropoda increased in both total abundance and total biomass from cobble to 

Chara.
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Crowder and Cooper (1982) found that along a gradient of vegetation complexity, 

invertebrate biomass correlated with the macrophyte density. While it is not 

surprising then that large predatory macroinvertebrates and grazing 

macroinvertebrates generally increased in biomass and abundance from cobble to 

Cladium, it is surprising that they were in such low numbers in Chara habitat. This is 

in contrast to findings by Hanson (1990), who found that rooted macrophytes had 

much lower abundance than charophyte, particularly of bigger animals. Krecker 

(1939) suggested that more dissected leaved species would support greater 

abundance of macroinvertebrates, which is much debated in the literature, and was 

contradicted by several studies including Cyr and Downing (1988a), whose findings 

suggested that broad-leaved submerged plants support a significantly greater 

abundance of macroinvertebrates than more dissected leaved plants. Broad-leaved 

emergent macrophytes in the form of Cladium appeared to be most important for 

macroinvertebrates in Lough Carra, supporting significantly greater abundances and 

biomass of particular taxonomic groups. However, as expected, macrophyte density 

was also important for macroinvertebrates. Cladium and Phragmites are relatively 

similar in structure, both emergent in structure, but Cladium was much denser, and 

supported greater biomass and abundance of macroinvertebrates. Phragmites habitat 

was not significantly different to cobble in terms of overall abundance or biomass of 

macroinvertebrates. Okun and Mehner (2005) found no difference in community 

composition between open areas and reed beds within their study, and this was 

previously hypothesised by Schriver et al. (1995) to have been owing to the sparse 

nature of the reeds. Phragmites has been previously observed to have lower 

abundances of macro invertebrates than other types of vegetation (Kurashov et al., 

1996). Plants also differ in palatability and chemical composition, which may 

contribute to different preferences by macroinvertebrates (Thomaz et al., 2008).

The reasons for the lower densities and biomass of the predatory macroinvertebrates 

in Chara beds remain unclear. Aranea and Neuroptera were best describing overall 

community composition among habitats. Aranea biomass positively correlated with 

macrophyte biomass, and they have been found by previous studies to be associated 

with complex habitat structure owing to their web building (Fitter and Manuel, 1986; 

Warren, 1989). Aranea had highest biomass in Chara, but highest abundance in 

Cladium. This indicates that there are fewer larger individuals occupying the Chara
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habitat. Argyroneta aquatica is a solitary, territorial spider (Heinzberger, 1974 cited 

in Schiitz and Taborsky (2003)), and this result may be owing to territory size, prey 

availability, refuge from predation or some other abiotic/biotic factor. The males of 

Argyroneta are active hunters, although still clinging to submerged structures (Schiitz 

and Taborsky, 2003). It is possible that predation pressure was greater in Chara 

habitat for some species, as fish may swim directly over it and preferentially pick off 

invertebrates near the top of the vegetation surface, such as hunting male water 

spiders. Emergent macrophytes offer continuous predation refuge throughout the 

water column, and as such may make it more difficult for foraging fish.

Neuroptera, comprising only Sialis lutaria, was found to have significantly greater 

abundance and biomass in Cladium habitats. This species is frequently found in mud, 

and in decaying vegetation (Elliott, 1977b; Fitter and Manuel, 1986), and their 

abundance has been found to positively relate to areal plant biomass (Cyr and 

Downing, 1988b). This pattern is likely attributable to the predation refuge offered 

by the habitat, or some other untested abiotic/biotic factor.

Odonata followed a similar trend in biomass and abundance to Neuroptera. Female 

Odonata preferentially oviposit within weed beds (Fitter and Manuel, 1986; Nelson 

and Thompson, 2(X)4), which probably led to the pattern seen in Lough Carra. Chara 

beds may have been avoided by females when ovipositing, owing to the submerged 

nature of the vegetation, despite being more complex and having greater macrophyte 

mass. However, this finding contradicts findings by Hanson (1990), who found 

larger abundances and biomass of Odonata in Chara compared with rooted 

weedbeds. The weedbeds in Hanson’s 1990 study comprised Potamogeton and 

Myriophyllum species, which were not emergent, and were sparse in growth, 

therefore possibly failing to provide a more favourable habitat to Chara beds. In 

Lough Carra, both types of emergent macrophytes, Phragmites and Cladium, had 

highest Odonata mean abundance and biomass compared with cobble or Chara 

habitats. The Lough Carra/Mask SAC is an important site for Odonata diversity, with 

14 species of dragonfly and damselfly recorded on the Lough Carra shoreline 

(Huxley and Huxley, 2004), and 18 species, one of the highest Odonata diversities in 

Ireland, recorded at another area within the SAC (Nelson and Thompson, 2004). 

Therefore, Lough Carra is important for Odonata conservation, and this study

104



suggests that the emergent reed and sedge were particularly important for 

maintaining larval Odonata species diversity and abundance. However, these habitats 

may be under threat. Recent work indicates increasing nutrient enrichment of the 

lake (Hobbs et ai, 2(K)5), and with increasing eutrophication Phragmites reed beds 

have been found to die back (van der Putten, 1997). Cladium fen, an Annex I priority 

habitat under the EU Habitats Directive, is also threatened by agricultural land use 

practices, overgrazing and land drainage. The Lough Carra catchment has undergone, 

and continues to undergo, significant changes in land use. This is predominantly 

owing to agricultural practices (Huxley and Thornton, 2004), likely having a 

negative impact on sensitive habitats such as Cladium fen. Therefore, continuing 

nutrient enrichment and habitat degradation within and around Lough Carra may lead 

to much fewer species and numbers of Odonata being supported within the lake and 

its catchment.

Grazing macroinvertebrates which differed significantly among habitats generally 

favoured Cladium habitat over Cham. Amphipod abundance was greatest within 

Cladium habitats, and least within Cham habitats, and biomass followed a similar 

trend. Hanson (1990) found that amphipod biomass and abundance was much greater 

in rooted plant beds than in charophytes, and differences in amphipod density among 

weedbeds have been found in other studies (Cyr and Downing, 1988a). Amphipod 

abundance was least within the Cham habitats in this study, and biomass was also 

lower within these sites. Hanson (1990) suggested that amphipods actively avoided 

pure stands of charophyte, but the reasons for this were not determined. Abundance 

of amphipods was greater in Cladium than in Phragmites, possibly owing to an 

increase in macrophyte dry weight, but biomass was similar for both.

Gastropoda had highest abundance and biomass in Chara habitats, with a clear trend 

of increase from cobble to Chara. This agrees with Hanson (1990) and Sheldon 

(1987) who found that snails showed a strong preference for Chara, and were in 

greater abundance in Chara beds. Previous studies found molluscs comprised 

approximately 10% of trout diets in Lough Carra (Central Fisheries Board, 1996), 

and Chara would afford high refuge potential for sedentary animals, providing 

further possible explanation for the patterns found.
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Trichoptera had significantly greater biomass in Cladium habitats, and lowest 

biomass in Chara habitats. Abundance increased within Cladium and Chara, but not 

significantly. The higher biomass in Cladium habitats was found to be driven by 

caseless caddis flies. The predominant species was Holocentropus spp., which has 

been found to be associated with structurally complex habitats owing to their net 

building, which they attach to aquatic vegetation (Warren, 1989; Edington and 

Hildrew, 1995). Interestingly Holocentropus spp. were mainly found in Cladium 

habitats, with only one animal found in cobble habitats, and none in the others, 

indicating that other vegetated habitats were not suitable for their ecology. This may 

be owing to female oviposition bias, similar to female Odonata, or some other 

untested factor. Cased caddis made up 100% of the caddis abundance in Chara 

habitats; the most abundant species found were Athripsodes aterrimus, Oecetis 

ochracea and Mystacides longicronis which are all generally found on muddy and 

sandy substrata, often among vegetation (Wallace et al., 2003). Therefore, although 

Chara did not appear to be a suitable habitat for Holocentropus spp., it did support 

comparable abundances of cased caddis to Cladium, and higher abundances than the 

other two habitats.

5.4.3. Size mass structure

Size mass structure is a useful tool to evaluate and compare the structure of aquatic 

communities (Hanson, 1990). Animals of different size utilise habitat space 

differently (Schmid et al., 2002). In this study, the size mass structure was found to 

alter along a gradient of increasing vegetation complexity. Within each habitat the 

size distribution of macroinvertebrates were found to follow the lognormal curve, 

with large prey being rarer than small prey (Mittelbach, 1981). From cobble to 

Phragmites and then Cladium, the biomass peak shifted to gradually larger size 

classes with an increase in the density of macrophytes. In Chara, a slight bimodal 

pattern emerged, although there was high variation around the mean. This sampling 

was, however, a snap shot image of community size structure at one particular point 

in time, and previous studies have found size structure to alter seasonally (Hanson, 

1990) owing to emergence and other life cycle traits. For drawing inferences for 

predation pressure on the whole system, a single season may give an overly 

simplistic view of the patterns and community structure (Butler, 1989). However, all
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of these habitats were sampled within days of each other, and as such are comparable 

with one another.

Hanson (1990) found that the size structure of macroinvertebrates in Chara beds and 

rooted plants differed significantly. The biomass peaks in the Chara bed were much 

less pronounced than those in the rooted plant bed. This pattern was also found in 

this study, with the biomass peaks being less pronounced with increasing macrophyte 

mass. In Chara beds a single size class did not comprise more than 25% of the total, 

whereas this was greater in all the other habitats. The size mass structure for Cladium 

and Chara were relatively similar for larger animals, although size diversity 

indicated that Cladium provided for greater macroinvertebrate size diversity, with 

Chara being the next most diverse. Mittlebach (1981) found that the range of 

invertebrate size was greater in vegetated habitats compared with bare habitats, and 

this was also true in this study. The range was smallest within the cobble habitats, 

and increased with increasing macrophyte dry mass. These differences in relative 

biomass in the different habitats can have marked effects on the feeding preferences 

of fish (Mittelbach, 1981), and the way in which prey size are distributed is 

important for fish foraging and growth, with particular sizes of fish preferentially 

preying on different size classes (Wankowski and Thorpe, 1979). From the size 

diversity results, Cladium could be considered a better habitat to the other habitats 

sampled. In both Cladium and Chara, the number of animals in the larger size 

classes (> midpoint 1.78 mg dry biomass) was higher than in Phragmites or in 

cobble. This is similar to findings by Schmid et al. (2002), who found that the 

number of intermediate sized animals increased with an increase in habitat 

complexity. However, this contrasts with McAbendroth et al. (2005) who 

hypothesised that plants with more complex structure would support greater numbers 

of small animals than simpler habitats, owing to there being more space for smaller 

animals in more complex habitat. This was found in Lough Carra, where a greater 

number of smaller animals were found in the cobble habitat compared with vegetated 

habitats, although size diversity did increase in the more heavily vegetated habitats. 

This was possibly a scale issue, as the size range of species within Lough Carra was 

much narrower than the other studies on which this hypothesis was based, which also 

examined smaller animals such as nematoda and ostrocods e.g. Raffaelli et al. (2000) 

and Schmid et al. (2002)
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Between weedbed differences in macroinvertebrate size spectra may be as great as 

among lake differences, and the proportion of different macrophyte types within a 

lake can have important consequences for the overall size structure within a lake 

(Hanson, 1990). However, it is important to note that although there were 

proportionately greater numbers of larger animals within more vegetated habitats, 

these invertebrates are not all readily available to fish predators, owing to the refuge 

potential offered by the plants. The ability of a fish to perceive, attack and capture 

prey within eomplex habitats is limited (Diehl, 1988). Fish species differ in their 

ability to forage in dense macrophytes. Diehl (1988) found that Perch {Perea sp.) 

were more efficient predators within denser vegetation compared with Bream 

{Abramis hrama) and Roach {Rutilis rutilis). The main species in Lough Carra was 

trout, which are size selective predators (Nystrom et al., 2001; Rowe et al., 2003; 

Meissner and Muotka, 2006). However, visual impairment has been found to reduce 

their ability to selectively choose some prey (Rowe et al., 2003) and, as such, it could 

be expected that their ability to forage within dense macrophytes may be impacted 

owing to lack of visual cues.

Although effects of predators have been found in previous studies to affect targe 

mobile species (Crowder and Cooper, 1982; Nystrom et al., 2001; Meissner and 

Muotka, 2006), habitat complexity has been found to affect the entire benthic 

community, with abundance and species richness being higher in more dense 

macrophytes, regardless of the presence of predators (Crowder and Cooper, 1982; 

Gilinsky, 1984). Therefore, it appears that habitat complexity may be more 

important than predation pressure for structuring community composition of 

macroinvertebrates in this lake, similar to that found by Carlisle and Hawkins (1998), 

and Thorp and Bergey (1981); possibly owing to increased food resources and high 

heterogeneity within more complex habitats (Diehl, 1992).

5.4.4. Conservation and monitoring implications

Lough Carra is one of the best examples of a hard water marl lake in Ireland (NPWS, 

undated) and one of the few remaining examples of a high quality shallow calcareous 

lakes in Europe (Irvine et al., 2004). It has six habitat types listed in Annex I of the 

Habitats Directive: lowland oligotrophic lakes, marl lakes, limestone pavement.

108



Cladium fen, alkaline fen and dry heath. Some of these are the best examples of these 

habitats in Ireland (NPWS, undated). However, this has done little to prevent or 

slow down the destruction of many of these habitats for agricultural purposes, with 

natural or semi-natural habitats being converted into improved grassland, requiring 

additional applications of fertiliser to augment grass growth (Huxley and Thornton, 

2004). This results in homogenisation of riparian habitats, and the resulting nutrient 

run off from these habitats provides a pressure on macrophyte communities, and 

likely homogenisation of benthic assemblages (Donohue et ai. In press). This study 

indicated that each of the macrophyte stands comprised a distinct assemblage of 

macroinvertebrates, with different macrophyte stands supporting different 

abundances of macroinvertebrates. Littoral heterogeneity, in the form of diversity 

and complexity of macrophyte beds, was important for maintaining diversity and 

abundance of littoral macroinvertebrate community compositions, and, as outlined by 

Brauns et al. (2007), lake management should focus on promoting and maintaining 

littoral habitat heterogeneity within takes.

Littoral hydromorphological monitoring could be achieved through lake habitat 

survey methods such as the LHS, which surveys littoral habitat heterogeneity and 

macrophytes as part of the Hab-Plot assessment (see Chapter 3). Currently the Irish 

Environmental Protection Agency (EPA) carry out monitoring of lakes, collecting 

annual macroinvertebrate samples from hard substrates on windward shores, and 

carrying out an LHS survey on each of the lakes. This LHS data could be drawn 

upon to guide management policy, and to focus conservation efforts on maintaining 

and promoting habitat heterogeneity, both within the littoral and the riparian zone of 

lakes. This habitat-focused management would best maximise the ecological 

integrity of lakes, both under the Habitats Directive and the Water Framework 

Directive, and could help to ensure that Lough Carra retains its high ecological 

status.

5.5. Conclusions

The results of this chapter found:
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There was no evidence of a hypothesised predation effect on macroinvertebrate 

metrics, or community composition in experimental fish exclosures. The cage 

structure was found to affect the abundance and diversity of macroinvertebrates, with 

the control treatment often eliciting a different response in macroinvertebrate 

abundance, biomass and taxon richness to the other treatments. The mechanism 

causing this was unclear, and may have been owing to some unobserved cage effect.

Site was found to have a significant effect on overall abundance, biomass and 

community composition of macroinvertebrates, with samples from the same site 

being more similar to each other in terms of these metrics than to their corresponding 

treatment in another site of the same habitat type. This was likely owing to spatial 

scale, with microhabitat differences and patchiness among the sites of a particular 

habitat type leading to differences in macroinvertebrate metrics among sites. Habitat, 

in the form of macrophyte complexity, was found to be important for 

macroinvertebrate metrics. Overall biomass and abundance increased with increased 

dry mass of macrophytes, and particular groups altered in various habitats according 

to their ecology. Chara was not the optimum habitat for many of the groups 

examined, despite being the most complex and dense.

Taxon richness and diversity was not greatest in the most complex habitat, Chara, 

with Cladium habitats having greatest taxon richness and diversity. This was 

possibly owing to surface area, as opposed to dissectedness of the vegetation. 

However, general trends indicated an increase in taxon richness and diversity from 

cobble to Phragmites and Cladium, with cobble being the least taxon rich habitat 

type. Community composition was distinctive within each of the habitats, and the 

overall lake wide community structure could best be described by Aranea and 

Neuroptera, which were most common in the dense vegetation.

Size structure altered within the different habitats, with greater range and number of 

larger species within denser vegetation. Cladium was found to support the greatest 

size diversity of the habitats. Habitat was concluded to be more important for 

macroinvertebrates than predation, likely owing to food availability or niche space in 

the more complex macrophytes. The Lough Carra/Mask SAC is an extremely 

important site for Odonata diversity in Ireland. Odonata abundance was greatest in
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emergent macrophyte Phragmites and Cladium habitats. Both of these habitats are 

impacted by ongoing agricultural practices such as land clearing and nutrient 

enrichment, thus threatening the future diversity and abundance of Odonata within 

this lake, and hence lake conservation status.

The results have important implications for conservation and monitoring, as in order 

to maintain species diversity and abundance, macrophyte diversity, health and 

complexity must be conserved. LHS metrics could be used for management purposes 

to monitor and promote habitat heterogeneity in the land-lake ecotone.
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6. The influence of habitat complexity on emergence success 
of adult macroinvertebrates

6.1. Introduction

6.1.1. Invertebrate emergence

Fitness can be measured by the product of survival to adulthood and the expected 

reproduction capability, which is usually an increasing function of size at maturity 

(Abrams and Rowe, 1996). Size is a vital attribute of any organism and generally 

variation among individuals of a species is large (Forrest, 1987). Animals with 

terrestrial adults and aquatic larvae often show considerable size variation at 

emergence (Taylor et al, 1998). Reproductive success of invertebrates is almost 

always governed by size (Peters, 1983), and generally there is a positive relationship 

between insect female size and the number of eggs produced (Hinton, 1981). Size 

advantage is not solely restricted to females and larger size is considered to lead to a 

fitness advantage for both sexes of many insects (Forrest, 1987). Flecker et al. (1988) 

found that in the mayfly Epeorus longimanus the males collected in mating pairs 

were always larger than males collected randomly from the swarm. The authors 

postulated that larger male body size allowed for greater success in pursuing female 

mates. Most studies on the importance of freshwater macroinvertebrate size have 

focused on the larval phases rather than on the effect of adult size as a measure of 

reproductive success (Taylor et al., 1998).

Insect growth occurs almost exclusively in the juvenile stages, with adulthood spent 

primarily in dispersion, reproduction and oviposition (Forrest, 1987). Therefore, 

adult size is limited by the size of the juvenile and individuals have evolved to 

maximise fitness by varying time of metamorphosis according to differing conditions 

(Forrest, 1987). Cues for metamorphosis include population density, food, mate 

availability, competition, temperature and predation. There are evolutionary costs 

and benefits of becoming an adult. By prolonging the larval stage, the individual 

increases the size at emergence and thereby reproductive fitness. The costs of 

delayed emergence are increased larval predation risk and possibly reduced mating 

and oviposition opportunities (Forrest, 1987).
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As outlined in Chapter 5, dense macrophyte stands can increase the niche space and 

availability of food for macroinvertebrates and fish (Tolonen et al., 2003) leading to 

greater biomasses of larval macroinvertebrates with increasing habitat density 

(Hanson, 1990; Tolonen et al, 2003). This larval size can then directly impact on 

the size at emergence or timing of emergence. Changes in nymphal activity owing to 

predation risk, such as foraging and feeding rate, or changing food resources, can 

lead to reduced size and condition of the larvae (Feltmate and Williams, 1991). This 

will impact on the condition of the adults (McPeek and Peckarsky, 1998). The most 

prevalent trade-offs in nature are trade offs between foraging, habitat use and 

predation risk (Dill, 1987)

6.1.2. Hypotheses

Littoral habitat complexity is hypothesised to impact on the reproductive success and 

abundance of emerging macroinvertebrates. Survival to, and size at, adulthood is a 

good measure of the reproductive success within a particular habitat. The effect of 

habitat complexity on adult fitness was examined by sampling in the same habitat 

types as examined in Chapter 5. These followed an increasing gradient of habitat 

complexity, from cobble to Phragmites, Cladium and Chara habitats. Insect 

emergence was examined in each of these habitats over the course of one month, 

from May to June of 2007. It was hypothesised that with increasing habitat 

complexity abundance of emerging insects would increase, owing to increased niche 

space, predation refuge and food resources. Adult size was also expected to increase 

with increasing habitat complexity, as larvae should reach larger sizes in the more 

complex habitats, as discussed in Chapter 5. Emergence timing may also differ 

among the habitats, with later emergence occurring within the sparsely vegetated 

habitats owing to reduced feeding opportunity and higher predation risk. Larvae may 

delay emergence in order to increase their size at emergence and thus increase their 

reproductive success.
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6.2. Methods

6.2.1. Habitat, site selection and macroinvertebrate sampling

The habitat and sites used were the same as for the cage experiment in Chapter 5, 

although the experiments were run months apart. The emergence traps comprised a 

frame made from electrical PVC piping, covered with polythene, which sloped up to 

a collecting head containing alcohol (Plate 6.1). The base of the trap enclosed an area 

of 0.5 m^. They stood 1 m tall, and were in water approximately 50 cm deep in most 

sites. Traps were put in place on the 16"’ May 2007, and were left until the 16'" June 

2007. They were weighed down on the lake bottom using bricks and the trap design 

funnelled emerging insects towards the collecting head of the trap. Where tall 

vegetation, such as Phragmites, was present, the traps were lifted and lowered into 

place over a section of that vegetation. The traps were emptied on four occasions, 

approximately weekly. Insects caught within the collecting head, and/or visible 

inside the trap were removed and stored in Industrial Methylated Spirits (>90%) for 

later laboratory identification. Once emptied the traps were reset in another area 

within the same habitat patch.

Plate 6.1: Photograph of emergence traps in situ in Lough Carra.
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All individuals captured were later identified to the lowest practicable taxonomic 

level using an Olympus binocular microscope x40 magnification. Body length was 

measured using a graticule. Diptera were identified to family level. Ephemeroptera, 

Trichoptera, Odonata and Neuroptera were identified to species level where possible.

6.2.2. Size mass regressions and diversity indices

Length mass regressions for the adult insects were used to calculate emerging insect 

dry biomass from body length (Table 6.1). Very little work has been done on aquatic 

adult size length regressions (Sabo et al., 2002). Almost all of the regressions for all 

of the groups were taken from Sabo et al. (2002), apart from the regression of 

Zygoptera, as Sabo et al. (2002) used just one regression for all of the Odonata and 

as such this may over estimate the biomass of the smaller Zygoptera. Instead a 

regression for larval Zygoptera was utilised from Benke et al. (1999). Neuroptera 

were calculated from Sample et al. (1993), which provides the only published 

regression found for this group. Size diversity was calculated using the method by 

Quintana et al. (2008) as outlined in Chapter 5.

Table 6.1: Regressions used for calculating dry mass from length. In each case a 
power equation was used in the form y=a*x''b, where x is the body length measured

Author Group a b

Sabo Ephemeroptera 0.014 2.49 0.89

Sabo Trichoptera 0.01 2.9 0.92

Sabo Diptera 0.04 2.26 0.67

Sample Neuroptera 0.01 2.57 0.97

Benke Zygoptera 0.002 2.9 0.96

6.2.3. Statistical analysis

A two way ANOVA was used, with date and habitat as factors, and analysed with 

DATADESK. The post hoc analysis was by Scheffe. Community composition was 

analysed using PERMANOVA in the PRIMER statistical package, as outlined in 

Chapter 5. The community composition was visualised using Multi Dimensional 

Scaling (MDS) which was based on the transformed Bray-Curtis resemblance matrix. 

PRIMER BEST was used to highlight species/families which were important for 

structuring the overall community composition.
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6.3. Results

6.3.1. Summary statistics

A two way ANOVA tested the effect of habitat and date on total log abundance, log 

biomass and taxon richness of emerged macroinvertebrates. Although designed as a 

balanced experiment some traps did not function every week, owing to inclement 

weather and component malfunction, leading to some holes in the data set (Table 

6.2). Date was not a significant factor for biomass or taxon richness. Total abundance 

was significantly different among Hab-Plots (F3 35 18.3, p^.OOl, n=51) (Table 6.3). 

Scheffe post hoc analysis found total abundance from Chara habitats to be 

significantly different from all other habitats (p<0.(X)l). Date was not found to 

significantly affect the overall daily emergence abundance, although it generally 

appears higher in the final sampling period (Figure 6.1). Total dry biomass of 

invertebrates (mg m'^) differed significantly among habitats (F3 35 7.39, p^.Ol, 

n=51) (Table 6.3). Post hoc analysis again found that total emergence biomass from 

Chara habitats was significantly different to all other habitats (p<0.05), apart from 

Phragmites which was just outside the significance range (p=0.057).

Table 6.2: Number of traps intact in each sampling date (max of 4 per habitat*date).

Cobble
Phragmites
Cladium
Chara

23 May 30 May 5 June 16 June
2
3
3
3

2
3 
2
4
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Table 6.3: ANOVA table for log abundance, log biomass and taxa richness, with

Log abundance d.f. SS MS F P

Habitat 3 3.73 1.24 18.29 <0.001

Date 3 0.099 0.03 0.49 0.69

Habitat *Date 9 0.48 0.05 0.79 0.62

Error 35 2.38 0.07

Total 50 7.04

Log biomass d.f. SS MS F P

Habitat 3 3.25 1.09 7.39 0.0006

Date 3 0.07 0.024 0.16 0.92

Habitat*Date 9 1.28 0.14 0.96 0.49

Error 35 5.18 0.15

Total 50 10.1

Taxa richness d.f. SS MS F P

Habitat 3 10.71 3.58 1.01 0.397

Date 3 7.99 2.66 0.76 0.53

Habitat*Date 9 26.67 2.96 0.84 0.58

Error 35 123.17

Total 50 173.3
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Figure 6.1: Mean daily emergence abundance m^ +/- SE in each sampling date and 
habitat (variable n, see Table 6.2)
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Figure 6.2: Mean dry weight invertebrate biomass (mg m'^) +/- SE averaged over 
dates among sites (n=4).
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Littoral larval abundance and biomass for the same families as found in the 

emergence traps were also examined (data from open treatments in Chapter 5) 

(Figure 6.3). The littoral samples were taken three months later in the season, but the 

data were used for comparing the different habitats with each other. The general 

ratios of abundance and biomass are not expected to alter over the three months. 

Abundance patterns were similar for both the adults and larvae, with highest mean 

abundance per site in Chara habitats. However, the larvae also had high mean 

abundance per site in cobble habitats, which was not the case for the adults (Figure 

6.2). There was large variability in the larval mean abundance per site within 

habitats, and none of the habitats were significantly different to each other (p>0.05). 

Biomass of larval invertebrates also had large variation around the mean with no 

significant differences among habitats (p=0.58). A similar non significant trend was 

found for emerged adults, with the largest mean biomass occurring in Chara habitats, 

followed by Phragmites habitats (Figure 6.3).
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Figure 6.3: Mean larval abundance and biomass m’^ +/- SE from August 2007 of 
fttord invertebrates corresponding to the taxonomic groups also found in the 
emergence traps (n=4).

6.3.2. Multivariate analysis

PERMANOVA found significant community composition differences among all 

fabiuts (Table 6.4). Post hoc pairwise comparisons found all habitats were different 

to each other (p^.05).
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When an MDS of the community composition was created, the habitats do not 

clearly separate from each other. This is likely owing to the high stress value of 0.26, 

indicating that the data were not well represented in a two dimensional plot (Figure 

6.4). This was then investigated using a 3-D plot (Figure 6.5) but habitats still do not 

clearly separate from each other, despite the lower stress value of 0.19.

Table 6.4: PERMANOVA table of results with bold indicating significance.
Factor df SS MS Pseudo

F

P

(perm)

Habitat 3 11450 3816 4.09 0.001

Date 3 4359 1453 1.56 0.091

Habitat*Date 9 8093 899 0.96 0.537

Residual 36 33613 933

Total 51 58493
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Figure 6.4: MDS of emerging community composition, 4‘" root transformed, with 
Bray Curtis similarity (stress=0.26).
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Figure 6.5: 3-D MDS of emerging community composition, 4*'’ root transformed, 
with Bray Curtis similarity (stress=0.19).
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PRIMER BEST found that of the 33 taxa occurring within each of the habitats, 13 

best described the community composition of the emergence traps. These are listed 

in Table 6.5. The Rho was 0.952, almost a perfect match and the significance level 

was also very high at 0.1%. This is unsurprising as these 13 species/groups 

comprised over 99% of the overall emergence abundance. These species/groups 

cover all the taxonomic groups, apart from Neuroptera. The differences among 

habitats for the most common species are examined in Section 6.3.2.

Table 6.5: Species/families which are most important for structuring the emerging 
community composition, as given by BEST analysis.
BEST 13 variables
Chironomidae 
Caenis luctuosa 
Cloeon simile
Polycentropus flavomaculatus
Tinodes maculicomis
Enallagma cyathigerum
Holocentropus dubius
Sepsidae
Hymenoptera
Dolichopodidae
Empididae
Cecidomyiidae
Scatopsidae

6.3.3. Chironomidae and Caenidae analysis

The emergence abundance comprised mostly Diptera (>60% Chironomidae in all 

traps) and Ephemeroptera (>50% Caenidae). Together they made up over 97% of 

total abundance in each of the habitats (Table 6.6).

Table 6.6: Proportional abundance (%) of the main taxonomic groups in each of the 
habitats.

Cobble Phragmites Cladium Chara
Diptera 68.5 88.5 87.7 90.2
Ephemeroptera 29.1 8.8 11.4 9.3
Neuroptera 0.0 0.0 0.1 0.0
Trichoptera 1.0 1.1 0.6 0.2
Odonata 1.5 1.6 0.2 0.3
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Total emergence abundance per site and date of the two most dominant families, 

Chironomidae and Caenidae was examined. Chironomidae differed significantly 

among habitats (ANOVA: F3 35 17.64, p< 0.001), but Caenidae fell outside the 

significance level (Table 6.7). For Chironomidae post hoc analysis found that 

emergence abundance in Chara habitats were significantly greater to all other 

habitats (p<0.001) (Figure 6.6). Chironimidae emergence abundance also differed 

significantly among dates (F3 35 4.65, p<0.05) (Table 6.7). Post hoc analysis 

indicated that the last sampling period differed significantly to the other sampling 

periods, generally having lower Chironomidae abundance (Figure 6.6).

Table 6.7: ANOVA table for log Chironomidae and Caenidae abundance, with bold

Log

Chironomidae

abundance

df SS MS F P

Date 3 1.291 0.430 4.65 0.007

Habitat 3 4.893 163 17.638 <0.0001
Date*Habitat 9 0.793 0.088 0.953 0.4937

Error 35 3.267 0.092

Total 50 10.85

Log Caenidae df SS MS F P

abundance

Date 3 0.152 0.051 0.722 0.545

Habitat 3 0.534 0.178 2.531 0.072

Date*Habitat 9 0.319 0.035 0.503 0.862

Error 35 2.462 0.07

Total 50 3.488
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There was a general non-significant declining trend of Caenidae emergence 

abundance from cobble to Phragmites and Cladium habitats. Chara habitats were not 

included in this trend, with relatively high Caenidae abundance in these habitats 

(Figure 6.7). Caenidae emergence abundance did not alter with date.
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Figure 6.7: Mean number of emerging Caenidae, averaged over date, m'^ day ' +/- 
SE among sites (n=4).
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No statistical differences were found among any of the habitats or dates for mean dry 

biomass of Caenidae or Chironimidae. Chironomid mean dry biomass of emerged 

animals was generally greater in cobble habitats (Figure 6.8).
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Figure 6.8: Mean individual animal dry biomass (mg) of emerged Caenidae and 
Chironomidae averaged over date (16*'’ May- 16'’’ June) for each habitat +/- SE 
among sites (n=4).
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6.3.4. Abundance by date

The emergence abundance patterns of Chironomidae were examined by date and 

compared among habitats. Phragmites was the only habitat with significant 

differences in Chironomid emergence abundance among dates (F 3 10 6.24, p^.05). 

The first sampling period, 23'^‘’ May, had significantly different chironomid 

emergence abundance compared with the 30"’ May and 16"’ June sampling (p<0.05) 

(Figure 6.9). Although there were no statistically significant differences in 

emergence abundance between dates in other habitats, there were visible trends. 

Chironomidae emergence abundance sampled from Cladium habitats also had 

greatest chironomid emergence abundance in the first sampling period, reducing with 

successive sampling periods. Cobble and Cladium habitats had very similar trends to 

each other, with greatest chironomid emergence abundance in 5‘" June sampling, 

indicating a later peak in emergence than in Phragmites or Cladium habitats (Figure 

6.9).
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Caenidae emergence abundance did not show any trend with date. There was large 

variability among sites from the same habitat type (Figure 6.10).
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6.2).
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6.3.5. Other Common Species

Very few species were found in emergence traps in more than one habitat, and only 

in low numbers. This made analysis and interpretation challenging and not 

statistically robust. However, general trends were investigated for four species. Two 

species of Trichoptera occurred in more than one habitat: Tinodes maculicomis and 

Polycentropus flavomaculatus. Just thirteen T. maculicomis, and five P. 

flavomaculatus animals were found over the sampling period. T. maculicomis was 

not found in cobble habitats and only one animal was found in Cham habitats. 

However, there was an indication that animal dry biomass was greater in Phragmites 

and Cladium habitats than in Cham (Figure 6.11), although this was based on only 

one animal in Cham hence being statistically inconclusive. P. flavomaculatus were 

not found in Cladium habitats, and only occurred once in Phragmites and Chara 

habitats. However, of the three animals found in cobble habitats, none had a dry 

biomass as large as that of the two animals found in Phragmites and Chara habitats.
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The Ephemeroptera, Cloeon simile, was found only in Phragmites and Chara 

habitats. Mean animal size did not alter greatly among the two habitats (Figure 6.12).
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Enallagma cyathigerum, a Zygoptera, was found in all habitats. Size did not differ 

significantly among habitats (Figure 6.13).
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6.3.6. Size Structure and Diversity

The size mass spectrum was calculated for each of the habitats, to determine if the 

biomass size spectrum differed among habitats. The size spectrum of animals 

emerging from the cobble habitats was more spread among size classes than from 

other habitats (Figure 6.14).
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Figure 6.14: Size mass distribution indicating mean number of animals in each size 
class in each of the habitats +/- SE among sites (n=4).

Size diversity of emerging animals, calculated using the program generated by 

Quintana et al. (2008), was consistently higher in cobble habitats, followed by Chara 

habitats, and was very similar within Phragmites and Cladium habitats (Figure 6.15). 

ANOVA found significant differences in the emerging size diversity index among 

habitats (F 3 12 3.98, p<0.05). Post hoc tests indicated that cobble habitats had 

significantly different emerging size diversity to Phragmites and Cladium habitats 

(p^.05), with greater emerging size diversity in cobble habitats compared with the 

other two (Figure 6.15). Chara emerging size diversity was not significantly different 

to cobble size diversity (p=0.09), albeit just outside the significance range.
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6.4. Discussion

6.4.1. Total abundance, biomass and diversity

One of the main objectives of ecology is to determine how population dynamics are 

shaped by interactions with the physical environment (McPeek and Peckarsky, 

1998). Fitness can be measured by the survival of macroinvertebrates to the adult 

stage (Abrams and Rowe, 1996), and their reproductive capability. In the Lough 

Carra sampling, mean abundance of emerging insects differed among habitat, with 

greatest mean emerged abundance found from Chara habitats. The other three 

habitats, cobble, Phragmites and Cladium, had similar mean emerged abundance.

The link between larval abundance and size with their adult counterparts has been 

well established (Forrest, 1987; Feltmate and Williams, 1991; Ball and Baker, 1996; 

McPeek and Peckarsky, 1998; Peckarsky and McIntosh, 1998; Taylor et al, 1998; 

Peckarsky et al., 2001). However, patterns of mean adult abundances in the 

emergence traps often did not concur with those estimated from the larval littoral 

sampling. The cobble habitats had a greater mean larval abundance than Phragmites 

or Cladium habitats, but this was not so for adult abundance. The high mean larval 

abundance in cobble (Section 6.3.1) was attributable to one site which had
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disproportionately high abundance of Caenidae larvae. However, if this one site is 

treated as an outlier, then the mean larval abundance from cobble sites is more in 

keeping with the pattern seen for the mean adult emergence abundance. The high 

mean larval abundance in Cham is likely owing to the increased habitat complexity 

(Gerking, 1957; Crowder and Cooper, 1982; Watkins et al, 1983; Gilinsky, 1984; 

Hanson, 1990; Tolonen et al, 2003), which in turn led to an increase in the mean 

adult abundance.

The similar mean larval abundances in each of the other three habitats were 

unexpected. Cobble habitat was hypothesised to have the least abundance owing to 

lack of predation refuge and habitat complexity. This was not found, possibly owing 

to larval Chironomidae making up the majority of the abundance. Chironomids are 

largely unaffected by trout predation (Rader, 1997; Meissner and Muotka, 2006), and 

so the refuge potential of a habitat would not impact as greatly on them. 

Additionally, as Chironomidae comprise a number of different species which were 

not determined within this study, it is possible that each habitat supported different 

species of Chironomidae. For example, some species of chironomids have been 

found in previous studies to favour disturbed habitats (Koel and Stevenson, 2002).

It is likely that Cham habitats offered greater niche space and feeding opportunity to 

the larval Chironomidae than other habitats in this study, thus leading to greater 

emergence abundance. Similarly, mean emergence biomass per site was also greatest 

in Cham habitats. Phragmites habitats had the next greatest biomass, which was 

similar to the larval biomass pattern.

6.4.2. Community composition, size structure and diversity

Similar to results for Chapter 5, each of the habitats sampled for emerging animals 

was found to have statistically significant different community composition from 

each other. However, this was not clear from the MDS. This indicated that although 

differences existed among habitats, the community compositions of the habitats were 

not distinctly different, or differentiated in a two dimensional plot. Thirteen 

species/groups were found to best describe the community structure and the most 

common of these are discussed further in section 6.4.3 and 6.4.4.
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Size mass spectrum of emerging animals from cobble habitats was spread over more 

size classes than in other habitats. Larger species were not more common from more 

complex habitats, as occurred for larval samples (Chapter 5). The size mass peak was 

the same in each of the habitats likely owing to the majority of emergence 

comprising Chironomidae. These did not vary hugely in their biomass at emergence 

among habitats and thus all fell mostly within the same size class regardless of 

habitat type.

Size diversity from emergence traps was significantly higher from cobble habitats 

than in other habitats, which corroborated the size mass spectrum results. Cobble had 

a more even distribution of dry mass amongst emerged size classes than other 

habitats. This increased the diversity index which took evenness into account, similar 

to how Shannon Weiner Diversity works. The greater size diversity in cobble 

habitats, and more even distribution across size classes, was likely owing to the 

greater abundance of Caenidae within these habitats. Cobble habitats had greater 

proportional abundance of emerging Caenidae than any other habitat type. Caenidae 

emergence biomass differed slightly to that of emerging Chironimidae, increasing the 

size mass spectrum spread over size classes and, hence, size diversity.

Size analysis of emerging invertebrates was not as instructive as for larval 

invertebrates (see Chapter 5). The sample size from emergence traps was much more 

limited than for larvae. It was based only on the animals which were emerging within 

that specific sampling window, acting effectively like a temporal subsample of the 

available species. The emerging groups were generally the same across habitats and 

were dominated by just two families (Caenidae and Chironomidae). In the larval 

analysis, a much greater number of species and broader differences in community 

composition were incorporated into the analysis, allowing for clearer differences to 

be elucidated.

6.4.3. Chironomidae and Caenidae emergence

Caenidae and Chironomidae were the two most abundant families found in the 

emergence traps. Mean individual emerged dry biomass of Caenidae did not differ 

among habitats. This indicated that in this study habitat complexity had no effect on 

individual emerging Caenidae biomass. Mean abundance of emerged Caenidae (per 

m ") did, however, vary significantly with habitat. Emerged Caenis luctuosa was
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found in greatest abundance in cobble and Chara habitats. Larval C. luctuosa is 

predominantly found in silt (Elliott et ai, 1988), is tolerant of low dissolved oxygen 

concentrations (Thorp and Covich, 2001) and favours habitats with abundant detritus 

(Reran et al., 1999). Lough Carra is a marl lake, and large accumulations of marl 

sediment build up in the Cham beds (Blindow et al, 2002). This sedimentation may 

have led to a favourable habitat for C. luctuosa, or their numbers may be promoted 

by recent moderate increases in production reported from the lake (Hobbs et ai, 

2005). Cobble habitats also had large amounts of marl sedimentation. Date did not 

appear to affect the individual dry biomass of emerging C. luctuosa. This indicated 

that although cobble and Cham supported greater mean emerging abundances of 

Caenidae, all habitats were equally suitable for C. luctuosa fitness. No difference in 

individual mean biomass at emergence or date of emergence among habitats were 

found. This finding does not support the hypothesis of increasing animal dry biomass 

with increasing habitat complexity.

Larval Caenidae are detritivores (Moog, 1995) and live in silt-rich habitats (Thorp 

and Covich, 2001). They are, therefore, unlikely to benefit greatly from increased 

macrophyte density in regard to either niche space or feeding resources. Silt was 

abundant within cobble habitats. Other Ephemeroptera species only occurred in very 

low numbers across habitats. This dominance by Caenidae was already discussed for 

the larval samples in Chapter 3. Occurrence of other larger and more mobile 

Ephemeroptera would likely have shown a clearer signal of increasing emergence 

fitness with habitat complexity.

Chironomidae mean emergence abundance (per m ) increased with increasing 

habitat complexity, from cobble to Cham habitats. This was possibly owing to better 

feeding opportunities for the chironomids in the Cham habitat, similar to that found 

for snag habitats in a study of riverine chironomids (Stites and Benke, 1989). Several 

factors can affect the development of larval Chironomidae, such as temperature, food 

and biotic interactions (Tokeshi, 1995). Highest abundance of both littoral and adult 

Chironomidae were found among the Cham beds. It was hypothesised that cobble 

habitats would be least suitable for adult emergence fitness, owing to the lack of 

predation refuge, niche space and feeding opportunity offered by the vegetation in 

the other habitats. However, there was no difference in the average dry weight
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biomass of the adults at emergence among habitats, which as already outlined in 

Section 6.4.1. may be owing to the different species of Chironomidae present but 

unidentified to species level.

When timing of Chironomidae emergence was investigated there were significant 

differences in the Chironomidae mean emergence abundance (per m^ day ') among 

dates, and among habitats. Phragmites and Cladium habitats had the same patterns of 

chironomid emergence abundance. Emergence abundance decreased from the first to 

the last sampling date. Only abundance from Phragmites habitats differed 

significantly by date. The patterns indicated that in Phragmites and Cladium habitats, 

the peak in mean chironomid emergence abundance was earlier than in cobble and 

Chara habitats.

Chara and cobble habitats had a similar pattern of abundance among dates, with a 

peak in the third sampling date (5*'’ June). Although the overall numbers of emerging 

Chironomidae in Chara were much greater than in cobble, the ratios of one date to 

another were very similar in Chara and cobble habitats. Previous studies have 

reported a reduced development rate of larvae, as delayed emergence was utilised to 

compensate for the predator-induced cost of slower larval growth, and smaller size 

throughout the longer growth period (Ball and Baker, 1996). However, it is unlikely 

that delayed emergence was owing to predation pressure in this study. Chara habitats 

which had greatest habitat complexity also had later emerging Chironomidae. Habitat 

complexity has been found by several studies to act as refugia from fish foraging 

(Crowder and Cooper, 1982; Hanson, 1990; Diehl, 1992). Predation pressure was not 

deduced to have a strong effect on larval macroinvertebrates in Chapter 5. It is more 

likely that if Chironomidae were identified to a lower taxonomic level, they would 

comprise several species with different development times (Tokeshi, 1995), with 

later emerging species in cobble and Chara habitats than Phragmites and Cladium.

Similar to the findings for Caenidae, mean dry biomass of individual Chironomidae 

at emergence did not differ among habitats. However, again without species specific 

information it is difficult to draw conclusions from this. Chironomid species may be 

small, medium or large bodied, and represent a range of functional feeding guilds
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(Tokeshi, 1995), depending on the species examined. Without further species 

specific Chironomidae data these emergence results are inconclusive.

6.4.4. Other Common Species

Four other species were found to occur in more than one habitat and although 

numbers were too low to find statistically significant differences among habitats, 

some differences were discernible. As species often did not occur across all four 

habitats and had very low emergence abundance trends must be interpreted with 

caution. Our hypothesis was that with increasing habitat complexity, mean emerging 

individual dry biomass would increase. Polycentropus flavoinaculatus and Cloeon 

simile had slightly greater dry biomass in more complex habitats. Larval 

Polycentropus are predatory, capturing prey in nets. They are cryptic in their habits 

and usually co-exist with fish (Edington and Hildrew, 1995). This species is known 

to wait much longer than other net spinning caddis for prey. This longer waiting 

period is likely a cost of sharing habitat with fish (Edington and Hildrew, 1995). Prey 

abundance is likely higher in the more complex habitats (Tolonen et ai, 2003) and as 

such may have led to higher prey capture rates and the larger adult biomass in these 

habitats. Larval Cloeon simile is a collector gatherer (Elliott et al., 1988) and the 

lives on organic bottoms among macrophytes (Sowa, 1980). The larger emerging 

mean individual dry biomass in Chara habitats possibly indicates that the larvae 

could forage more freely in this habitat than in Phragmites habitats leading to greater 

adult size (Feltmate and Williams, 1991; Peckarsky and McIntosh, 1998). This larger 

dry biomass at emergence of Baetidae directly translates into adult fecundity 

(McPeek and Peckarsky, 1998).

Tinodes maculicomis was not found in emergence traps in cobble habitats. Larval 

Tinodes spp. are generally grazers feeding predominantly on epilithic algae and 

biofilm (Moog, 1995). This food source would likely be abundant in complex 

macrophyte beds (Warfe and Barmuta, 2006). However, charophytes are known to 

sometimes produce allelopathic substances which have herbicidal effects (Berger and 

Schagerl, 2004) limiting the growth of algae (Mulderij et ai, 2003). Therefore the 

quality of the algae available for foraging within Chara beds may have been less 

than in the other macrophyte beds, possibly resulting in delayed larval development 

and over-riding the benefits of predation refuge and niche space offered by the 

complex habitat.
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Enallagma cyathigemm mean individual dry biomass at emergence did not alter 

significantly among habitats. However, Odonata size at emergence does not 

influence adult female fecundity (McPeek and Peckarsky, 1998) owing to adult 

feeding determining reproductive success. Emerging E. cyathigemm abundance in 

cobble habitats was unexpectedly comparable to the other more vegetated habitats. 

Enallagma larvae are known to be claspers living amongst aquatic weeds and rely on 

refuge and passivity to avoid predation by fish (Nelson and Thompson, 2004). In 

general female Odonata preferentially oviposit within weed beds (Fitter and Manuel, 

1986), although this can be species specific. However, during emergence the larvae 

move to shallow water and choose a suitable support, often a plant stem, where 

emergence will take place (Nelson and Thompson, 2004). It is possible that the 

emergence trap itself led to biased results from the cobble habitats by providing a 

necessary support for Enallagma emerging from the general area, or for larvae 

moving into shallower water from deeper reed beds. The outside of the emergence 

traps and of the cages used for Chapter 5 were frequently found to be covered in 

Zygoptera exuviae within cobble habitats. As such the Zygoptera found in the 

emergence trap in cobble habitats may not be representative of that area.

Although these data are suggestive of certain trends, and correspond to some similar 

findings in the literature, the low numbers of animals in each of these species makes 

interpretation inconclusive and it is impossible to say with the current data whether 

the results are indicative of real trends. Greater numbers of emerging animals 

through increased sampling would be necessary to determine the validity of these 

initial findings. This could help to fully elucidate the impact of habitat complexity on 

adult emergence dry biomass.

6.5. Conclusions

The main findings of this chapter are:

Habitats of higher complexity did support greater total abundances of emerging 

macroinvertebrates, with greatest complexity and total emergence abundance in 

Chara habitats. This emergence abundance comprised mainly Chironomidae. Larval 

abundance was also greatest in Chara habitats. This greater abundance of both larvae
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and adults in Chara concurs with increased niche space and feeding opportunities 

available to the larvae, which in turn leads to greater abundances of emerging 

animals. Individual mean size of the emerging insects of the two most common 

families, Caenidae and Chironomidae, did not differ among habitats. For Caenidae 

this was likely owing to habitat requirements, with increased macrophyte complexity 

not increasing niche space or feeding opportunity for the larvae. For Chironomidae, 

species specific information was not available and as such patterns of individual dry 

biomass were obscured by the low taxonomic resolution.

Emergence timing did not alter for Caenidae among habitats, with no discernible 

patterns among habitats. Chironomidae did differ in emergence patterns among 

habitats, but this may be owing to species specific responses which could not be 

further elucidated from this study. Identification of Chironomidae to species level 

would have allowed for a clearer explanation of the data among habitats, both for 

individual biomass and emergence timing data.

Other species of emerging macroinvertebrates occurred in very low numbers in the 

emergence traps, and with such low n values the results are difficult to interpret. It is 

possible that the emergence trap itself may have biased the results for some species, 

such as Odonata. No clear differences among habitats for either individual 

emergence size, or timing of emergence were found in this study. Further species 

specific work, encompassing a larger number of individuals, would likely lead to 

more conclusive results.
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7. Discussion

7.1. Lake Hydromorphology

7.1.1. The Need for Habitat Assessment

Assessment of lake habitat structure is particularly relevant to supporting the 

implementation of two European Directives: the Water Framework Directive (WFD) 

and the Habitats Directive. The WFD requires that hydromorphological integrity of 

a lake is assessed under two broad categories: 1) hydrological elements, comprising 

water flow, residence time, levels and connection to groundwater; and 2) 

morphological elements, comprising depth, quantity and structure of the substrate, 

and quality and structure of the lake shore zone (Annex V). The hydromorphological 

alteration should exhibit no more than ‘slight change’ from reference condition in 

these categories.

The Habitats Directive requires frequent monitoring of Special Areas of 

Conservation (SACs) to ensure they are achieving ‘favourable conservation status’. 

The conservation status of a habitat is presumed to be favourable when its natural 

range is stable or increasing; the structure and functions necessary for its long term 

maintenance exist and will continue to exist for the foreseeable future; and the 

conservation status of its typical species is favourable. Each of the Member States 

must report on the conservation status of designated habitats and species every six 

years. Hydromorphological assessment would appear to be an inherent attribute of 

lake SAC conservation status.

LHS (Rowan et ai, 2(X)6) was developed in response to the WFD needs for 

hydromorphological assessment of lakes. It is designed to systematically characterise 

and assesses the physical habitat structure of lakes. The method was envisaged to be 

comprehensive enough to be useful for monitoring SACs, in addition to monitoring 

for the WFD. However, the method had not been tested for relevance to biotic 

indices, such as macroinvertebrates. This study was the first test of the relevance of 

LHS for macroinvertebrate community composition and metrics. In Chapter 3, a 

score for an individual Hab-Plot, the HabQA, was developed from the LHQA score. 

Taxon richness of both littoral and adult macroinvertebrates was found to correlate

142



positively with this score, indicating it was a useful surrogate for macroinvertebrate 

taxon richness. Particular species were also found to correlate both positively and 

negatively with the overall score, or parts of the score. Chapter 4 involved assessing 

individual LHS variables to determine if a better relationship with 

macroinvertebrates could be seen compared with just the metric. A better 

concordance was found between the individual LHS variables and macroinvertebrate 

community structure than for the HabQA metric. This indicated that although the 

HabQA score was useful as a proxy for taxon richness, it could be improved with 

additional pertinent LHS variables.

7.1.2. Comparison to other survey methods

Hydromorphological assessment measures for rivers have tried to link habitat 

structure with macroinvertebrates. River Invertebrate Prediction and Classification 

System (RIVPACS) (Armitage et al., 1983) was originally proposed to test whether a 

macroinvertebrate assemblage at a particular river site could be predicted using 

chemical and physical data (Wright et al., 1998). The rationale behind this was that if 

this could be achieved then a macroinvertebrate species assemblage could be 

predicted for any given site. Any deviation from this could be attributed to 

anthropogenic impact. RIVPACS gives site specific predictions of the 

macroinvertebrate fauna expected based on environmental features in tbe absence of 

major environmental stress (Wright et al., 1997). This was developed by gathering 

macroinvertebrate data from a series of high quality reference sites for different 

habitats. A reference macroinvertebrate community composition was then noted for 

each habitat type, feeding into a predictive model. The difference in the 

macroinvertebrate composition between what was observed at a particular site can 

then be compared with the predicted composition for a given habitat type and a score 

is given to reflect this. RIVPACS has been widely tested and accepted as an 

assessment method for rivers and adapted for use in other European countries, 

Australia (Davies, 2000) and North America (Hawkins et al., 2000a).

RIVPACS assessment can be used to feed into a broader river conservation 

assessment called System for Evaluating Rivers for Conservation (SERCON) (Boon 

et al., 1997). SERCON utilises river assessment methods already in place in the UK. 

The information gathered from these methods is collated and scored in SERCON to
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give a conservation assessment for river sites. The main output of SERCON are 

indices for each of six main criteria: physical diversity, naturalness, 

representativeness, rarity, species richness and special features. The scores are 

derived from specific information on each attribute. RIVPACS feeds into SERCON 

by providing a measure of naturalness (observed versus expected taxa), presence of 

alien and rare species, and species richness of a site. The River Habitat Survey 

(RHS) (Raven et ai, 1997) is the method for assessing river hydromorphology in the 

UK under the WED, although developed many years before the adoption of the 

WED. The RHS is similar in scope to the LHS; some of the attributes are channel 

substrate type, presence of key habitat features, aquatic vegetation, bank vegetation 

complexity and structure, and presence of artificial modification. This is done at ten 

equidistant spot checks along one 500 m reach, along with a sweep up assessment 

over the whole 500 m reach (Raven et ai, 1997). The RHS also feeds into the 

SERCON assessment by providing information to assess habitat diversity, special 

features and impacts. An additional method for river habitat assessment called the 

Rapid Hydromorphological Assessment Technique (RHAT) method is under 

development for use in Northern Ireland and the Republic of Ireland. This method is 

quicker to carry out than the full RHS survey and gives an overall metric for the 

morphological alteration of a particular stretch of river. It has been adopted as a 

hydromorphological assessment technique for rivers under the WED for Northern 

Ireland and the Republic of Ireland.

The majority of the work done on relating hydromorphology to macroinvertebrates 

has been done for rivers (RIVPACS, SERCON). There are various 

hydromorphological assessment measures in place for lakes such as the LHS in the 

UK and Ireland, and the US EPA Field Operations Manual for Lakes (FOML) 

(Kaufmann and Whittier, 1997). However, these are based on habitat variables of a 

lake, not on the biotic elements. A similar method to RIVPACS was developed for 

ponds and canals in the UK called the Predictive SYstem for Mulitmetrics (PYSM) 

(Williams et ai, 1998) but to date there is no equivalent to RIVPACS for lakes. 

However, a similar method to SERCON is being developed for lakes in the UK 

called Lake Assessment for Conservation (LACON) (Palmer, 2008). SERCON relies 

on RIVPACS for macroinvertebrate information to assess naturalness, species 

richness, aliens and rarity for rivers. However, LACON is based predominantly on
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macrophyte data, as there were no other comparable data of sufficient quality or 

quantity available for lakes in the development phase. It is envisaged that additional 

data would be incorporated in the future. This step is essential in the development of 

this lake assessment, as some environmental factors which are of no significance to 

macrophytes may be essential to macroinvertebrate communities (Wright et al., 

1998). A conservation approach based only on macrophytes may lead to insufficient 

conservation classifications.

An additional method has been developed from the LHS project called lake 

Morphological Impact Assessment System (MImAS) (Rowan, 2008). It is used to 

measure the extent of morphological alterations in or adjoining a lake. It assesses if 

existing, or proposed alteration, will put the waterbody at risk of failing to achieve 

good ecological status under the WFD. The ecological impact of these 

hydromorphological impacts on the biotic elements are inferred within the method 

but are not directly tested. Chapter 3 and 4 found that habitat metrics were useful for 

relating to taxon richness, community composition and abundance of particular 

species. This clearly indicates the potential to develop a lake hydromorphological 

scoring system from the LHS which is relevant for macroinvertebrates.

7.1.3. Limitations of habitat assessment and typology approach

The need for habitat assessment is clear but, as outlined, the scope of this assessment 

needs to do more than just fulfil the needs of the WFD. Conservation assessment is 

also necessary for designated SAC lakes, such as Lough Carra. Habitat assessment 

metrics, such as the LHQA or the LHMS, are an easy way to simplify a range of 

different habitat measures, particularly for communicating with different interest and 

management groups. They allow for comparison of potentially complex data sets 

among different lakes or sites and give an approximation of quality, modification, or 

whatever the specific metric is designed to measure. However, metrics are by nature 

a simplification of a more complex data set. Therefore, there is a certain degree of 

information lost in their generation. As outlined in Chapter 3, dependence on an 

overall metric for conservation assessment has its limitations, as distilling habitat and 

biotic heterogeneity and importance down to a single metric is fraught with difficulty 

and may provide insufficient information for conservation assessment. In this study, 

although an overall habitat quality metric was useful, a more accurate
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macroinvertebrate-focused metric could be generated and would be more instructive. 

However, the development of such a metric would require extensive work across a 

range of lakes.

Another drawback of habitat assessment techniques is that, used alone, these 

landscape classifications can lead to inaccurate classifications of water bodies and 

the setting of unsound biological targets (Neale and Rippey, 2008). Classification is a 

critical component in many bioassessment programmes designed to assess the health 

of streams, small rivers, lakes, and some estuaries (Hawkins et al., 2000b). 

Categorising takes into lake types has been a feature of limnology since the early 

1900s (Moss et al., 1996). The classification of waterbodies using environmental 

variables as a proxy for biological assessment was prevalent in North America 

(Reynoldson et al, 1997), before being introduced in Europe under the WED. The 

assumption of these methods is that an a priori classification of sites based on 

environmental variables can meaningfully partition the biological data (Neale and 

Rippey, 2008). For example, the WED requires that waterbodies are divided initially 

into types based on environmental factors and then the biological data within these 

types is assessed.

In Chapter 3 and 4, the HabQA, and thus the LHQA metrics, were found to be 

weighted towards habitat diversity. This means that all lakes, irrespective of type, are 

assessed and scored using the same criteria. This leads to a bias as, for example, a 

shallow lowland high alkalinity lake will be consistently and distinctly different to a 

deep, acidic upland lake. The former are likely to have much more extensive 

macrophyte cover and habitat diversity both within the littoral zone and the riparian 

zone. The latter may be naturally devoid of this habitat heterogeneity. In order to 

allow for a fair assessment of the habitat quality of the lake using an LHS metric, or 

indeed likely any metric for hydromorphological assessment, a typology approach is 

necessary. Different lake types should be scored according to different criteria.

Interestingly, a priori approaches have been found to have a low level of precision 

for predicting macroinvertebrate assemblages (Hawkins and Vinson, 2000). This was 

attributed to macroinvertebrates altering along a continuum of environmental 

gradients and not clustering into discrete groups. Hence, methods which attempt to
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classify them into discrete groups are limited (Hawkins and Vinson, 2(X)0). Neale 

and Rippey (2008) investigated this in regard to the WFD lake typology approach for 

predicting macroinvertebrate assemblages in Northern Irish lakes. They found that 

the WFD typologies did not efficiently partition the biological variation, and when 

the biological data were used in an a posteriori RIVPACS type model, a much better 

prediction value was found. This casts doubt on the reliability of using only an a 

priori habitat classification for describing typologies under the WFD (Neale and 

Rippey, 2008).

A RIVPACS type model for lakes would be a much more effective approach for 

dividing lakes in types under the WFD. If a RIVPACS type model was developed for 

lakes, the pertinent environmental variables could likely be assessed by use of the 

LHS survey. Once a lake had been determined as a particular ‘type’ then the 

biological elements could be predicted and compared with the observed. Both the 

LHS data and the RIVPACS type data could then feed into an overall method such as 

LACON. This could give a measure of the conservation value for the lake, in a range 

of clearly defined and separate metrics. This would potentially fulfil the needs of 

both the WFD and the Habitats Directive. Other biotic typology approaches have 

also been suggested for lakes, such as the JNCC lake classification scheme (Duigan 

et ai, 2001). They proposed a lake typology approach based on macrophyte species 

assemblages in lakes. This is a revised version of an original scheme proposed by 

Palmer et al. (1992). Eleven distinct lake type groups were suggested (Duigan et ai, 

2007). However, as already outlined, the needs of macrophytes and 

macroinvertebrates can differ greatly (Wright et al., 1998) and a classification based 

on macrophytes may not be entirely appropriate for macroinvertebrates.

It must be recognised, however, that there are difficulties in assigning lakes within a 

typology. Lakes represent a continuum, not discrete types, and deciding where the 

boundaries between these lake types should lie can be very problematic (Irvine, 

2009). In particular the types chosen for lakes and rivers under the Habitats Directive 

for Ecoregion 17 and 18 are widely acknowledged as being inadequate. The 

descriptions provided for the lake habitat types under the Habitats Directive are 

insufficient and lead to difficulties in distinguishing the habitats listed (Evans, 2006). 

These habitats are classified predominantly by trophic status and vegetation types.
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When these Habitat Directive habitats were compared with the JNCC classification 

scheme (Duigan et ai, 2007) for the UK there was large overlap between the eleven 

habitat types suggested. One of the Habitats Directive types was so broad it was 

found to concur with five of the eleven different lake types descriptions proposed by 

the JNCC (Irvine, 2009). If a typology approach is to be adopted for 

hydromorphological assessment, it is important that it allows for clear differentiation 

among the lake types and is adaptable for a given ecoregion.

7.1.4. Naturalness

One of the problems encountered when testing the HabQA score in Chapter 3, and 

again for LHS variables in chapter 4, was that the naturalness of the lake was not 

fully accounted for. This resulted in sites which were devoid of particular features 

scoring lower, despite being natural. Naturalness is difficult to define (Margules and 

Usher, 1981; Anderson, 1991) but is nonetheless a desirable commodity in habitat 

conservation. Ideally, naturalness should indicate a habitat which has been 

completely unimpacted by anthropogenic influence, but while this is desirable, it is 

unlikely to still exist for most habitats (Margules and Usher, 1981). The distinction 

between natural, semi-natural and artificial is difficult to delineate and arbitrary 

separation is required. This has been achieved by SERCON for river habitats. This 

method divided naturalness into two categories. The first was naturalness of the 

physical habitat: plants and physical structure of the habitat were assessed against a 

perceived pristine state. The second assesses naturalness based on the presence or 

absence of alien species (Boon et ai, 1997).

For lakes this problem of determining naturalness may be partly resolved by utilising 

a typology approach but in addition a specific naturalness score would be instructive. 

This has been proposed for lakes using the lake equivalent of SERCON, LACON. 

This method assesses the conservation value of standing waters and is based on the 

calculation of different metrics. The author (Palmer, 2008) acknowledged the need 

for separate independent scores for the different criteria. A nutrient poor upland lake 

may have a low score for taxon richness but a high score for naturalness, whereas an 

inundated gravel pit would have a low naturalness score but may have relatively high 

species diversity score. The naturalness index computed from LACON is based on
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three different factors: the physical structure, aquatic vegetation (presence of alien 

species) and adjacent habitat.

Naturalness assessment metrics would also be useful in regard to assessing the 

impact of alien species. Alien species threaten ecological quality both under the 

WFD and the Habitats Directive. There is currently no coherence among member 

states for how best to assess the impact of alien species on water bodies under the 

WFD (Irvine, 2009). The LHQA also fails to take invasive aliens into account, 

although their presence is noted in the overall LHS assessment. Macrophyte aliens 

would have an obvious impact on the macroinvertebrate community in Lough Carra, 

as the importance of macrophyte diversity and complexity for macroinvertebrates 

was noted throughout this study. Certain invasive macrophytes, such as 

Lagorasiphon major, have been spreading recently in Irish lakes. This species forms 

dense stands and out-competes native macrophytes, forming a vegetative 

monoculture within lakes. Macrophyte metrics contributed to a high HabQA score in 

chapter 3 and macrophyte diversity was found to be important for maintaining lake 

wide macroinvertebrate diversity in Chapters 5 and 6. Different community 

compositions were present in each habitat type and particular groups, such as 

Odonata, favoured one macrophyte type over another. Hence, an infestation by an 

alien such as Lagorasiphon major would reduce macroinvertebrate diversity in the 

lake and impact on species with specific habitat needs, such as Odonata. It is 

essential that aliens such as this are highlighted in a habitat assessment and 

negatively scored in conservation assessment. These aliens may be detrimental to 

native species and lake ecological integrity. While it is generally acknowledged that 

alien species should be accounted for in habitat assessment under the WFD and the 

Habitats Directive, the mechanisms for this need to be further developed (Irvine, 

2009). The method proposed by LACON could be a useful starting point.

7.2. Habitat complexity

Habitat complexity plays an important role in shaping the community composition of 

macroinvertebrates in freshwater systems and can have major effects on ecological 

interactions (Crowder and Cooper, 1982; Tolonen et ai, 2003; Meissner and Muotka,
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2006). Habitat complexity was found to be important for macroinvertebrate metrics 

throughout this study and to affect them in different ways. In Chapter 3, the HabQA 

score increased with increasing complexity of riparian and littoral habitats, and taxon 

richness correlated positively with the score. In Chapters 5 and 6 increasing habitat 

complexity in the form of macrophyte diversity was found to increase the abundance 

of both larval and adult macroinvertebrates. The overall size structure of larval 

macroinvertebrates was larger in more complex macrophytes. Significantly different 

macroinvertebrate community compositions were found in each of the different 

habitat types.

7.2.1. Importance of site

The experimental work in Chapter 5 highlighted the importance of site for 

macroinvertebrate abundance, biomass and community composition. Three 

treatments were put in place within one site and this was replicated in different 

stands of the same habitat. The findings indicated that although the samples collected 

came from differing treatments, the community composition of samples within one 

stand of a particular habitat were more similar to each other, than to a corresponding 

treatment in another habitat replicate. This is likely a scale issue, reflecting the 

spatial pattern of macroinvertebrate communities in a lake. Although the habitats in 

this study were broadly categorised as being of the same habitat type, they likely 

differed in small scale microhabitat features. This is similar to previous results found 

for Irish lakes (Little, 2008), who found significant differences in macroinvertebrate 

abundance and taxa richness among stony sites within lakes. The findings of Chapter 

3 and 4 would also suggest that these differences may also be at least partly 

attributed to the riparian habitat, which was not assessed for this particular study.

7.2.2. Taxonomic resolution

The topic of taxonomic resolution has been a contentious one in the field of 

bioassessment. Many scoring systems such as RIVPACS only utilise family level 

data. Some researchers defend the need for high taxonomic resolution, i.e. 

identification to ‘lowest practicable level’, while others find little effect of varying 

taxonomic resolution (Bailey et al., 2001). However, the necessary level of 

taxonomic resolution depends on the study question. This study utilised both 

genus/species and family level resolution for macroinvertebrates. In Chapter 3,
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particular families were found to correlate with the HabQA score. Caenidae had a 

negative relationship with the overall score, and Polycentropidae correlated with 

natural/semi-natural riparian vegetation. In this case, the grouping of 

macroinvertebrates into their family level resolution was sufficient for determining 

the overall trends, although it must be recognised that Caenidae only comprised one 

species. Although species level data were available for most taxonomic groups, it 

was not necessary in this case. However, conversely Chapter 6 highlighted the 

limitations of family level identification. Chironomids were not identified to a higher 

taxonomic level and owing to this the possible differences among habitats in 

emergence timing and fitness of Chironomidae were obscured. This family level 

resolution was also a limitation in Chapter 3, where taxon richness correlated with 

HabQA score. Had Chironomidae, Oligochaeta and Diptera larva been identified to 

species level, greater taxon richness would have been found and the trends seen may 

have altered.

Ideally, for this study, species level identification for all animals would have been 

preferable and would have likely allowed for clearer trends to be highlighted. 

However, the time and expertise needed to identify Chironomidae and Oligochaeta to 

species level is substantial and was not possible for this research. One method for 

simplifying chironomid identification is the Chironomid Pupal Exuvial Technique 

(CPET) (Ruse, 2002; Wilson and Ruse, 2005), which provides a key to genus level 

based on chironomid exuviae. This method is based on the principle that as 

Chironomidae emerge their pupal skins float on the surface of the water and will 

gather together at the windward side of the lake. These exuviae may then be 

collected and a composite sample for the whole lake can be identified. While this 

method is useful for comparing among lakes and would overcome any habitat or site 

sampling effects, it was not suitable in this study where individual sites within one 

lake were compared with each other.

In general the taxonomic resolution for bioassessment must be at a resolution high 

enough that impacts are discernible. For example, in regard to nutrient enrichment, 

Donohue (2008) found that although Ephemeroptera as a group are assumed to be 

sensitive to nutrient enrichment, different species within this group differed in their 

tolerance of nutrient enrichment. Some were extremely tolerant, such as Caenis
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horaria. Therefore, family level resolution may not be enough to highlight particular 

impacts on lakes and the needs of the study must be carefully considered.

7.2.3. Value of field experiments

In this study, both observational and experimental approaches were utilised. Chapters 

3, 4 were based on just observational data, and Chapter 5 was based on field 

experiments. Chapter 6 was observational but with the use of emergence traps. Some 

ecologists feel that experimental approaches are more direct and provide more 

compelling evidence than observational studies (Morin, 1999). Experimental 

approaches allow discrimination among alternative explanations for observed results 

(Underwood, 1997).

In this study, the field experiments were found to have some drawbacks, one of 

which was the unexpected effect of the experimental unit itself on the 

macroinvertebrates. The control cages were found to effect macroinvertebrates, 

eliciting a different response in abundance, taxon richness and community 

composition compared with the full cages or the open treatments. This finding 

highlights the importance of a control, as several different processes may be acting 

on the experimental unit and causing any change seen (Underwood, 1997). For both 

the cages and the emergence traps in Chapter 6, the structures themselves were found 

to have a possible behavioural effect on emerging Odonata. The emerging Odonata 

likely were drawn to these upright structures for aiding their emergence process. This 

may have led to higher abundances in the cobble habitats than would be expected 

compared with the macrophyte rich habitats they generally favour (Nelson and 

Thompson, 2004).

Field experimental design can be difficult, and although guidance can be drawn from 

previous successful studies, it does not necessarily guarantee their success in other 

field conditions. In this study, although the cages were designed to be similar to 

those used in other studies, they failed to elicit a response in macroinvertebrate 

metrics. This may have been owing to a genuine result of no difference in predation 

pressure among the experimental units, or may have been owing to an insufficient r 

inappropriate experimental setup. It is possible that the duration of the experiment or 

the size of the cages was not long enough or big enough, respectively. A more
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complex experimental design, such as that used by Warfe and Barmuta (2006), may 

have deciphered the mechanisms behind this result but logistical restraints limited the 

complexity of the experimental setup used.

An additional draw back of field experimental units is the risk of failure of the 

experimental unit. The emergence traps used in Chapter 6 were left in situ for a 

month. Wind damage led to missing data when the traps were blown over. There was 

also mechanical failure of the trap itself, with the collecting head becoming detached 

from the body of the trap. This led to missing data which was not a risk with the 

empirical work for the other Chapters. Field experiments are useful for elucidating 

definite cause and effect, but they need to be meticulously designed and their 

possible effect on the behaviour of the test subject needs to be carefully considered.

7.3. Conservation monitoring and management

Lough Carra is of great local, national and international importance. It is one of the 

best examples of a hard water marl lake in Ireland (NPWS, undated) and one of the 

few remaining examples of a high quality shallow calcareous lakes in Europe (Irvine 

et ai, 2004). It is protected under the Habitats Directive as an SAC and requires 

management to maintain and improve its conservation status. However, despite this 

designation, there are clear signs of change in lake quality in Lough Carra. Hobbs 

(2(X)5) found that the pressures within the catchment and increased agricultural 

intensification around that lake would inevitably lead to loss of ecological quality 

unless effective measures were introduced to reduce those pressures. However, this 

had not happened and the most recent EPA assessment shows that the lake is being 

downgraded from ‘good’ to ‘moderate’ status under the WED classification. This is 

owing to the colonisation depth of charophytes in the lake being less than previously 

recorded (C. Plant, EPA, Pers. comm.). This indicates that the current management 

of this lake and catchment is not sufficient.

Under the WED, the monitoring carried out by the Irish EPA limits 

macroinvertebrate sampling to just ‘hard’ habitats. Hard habitats are those which are 

composed of pebble, gravel or bedrock. This single habitat monitoring is done in an
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effort to minimise environmental variability among samples. It is prevalent in river 

sampling, i.e. RIVPACS and the Irish Q-Value system which collect samples from 

riffle areas of rivers. A riffle is a shallow, well aerated, fast flowing section of a 

river. However, while resources are scarce and minimising noise among samples is 

important, this single habitat sampling also has its limitations. It suffices for 

providing a pressure-response signal, but fails, for example in this case, where 

aspects of conservation importance are prevalent in other habitats. The results of 

Chapter 5 and 6 highlight the heterogeneity of macroinvertebrates not just among 

habitat types, but even within replicates of the same habitat. Therefore, the EPA lake 

monitoring protocol is unlikely to be sufficient for conservation assessment needs. 

Multi-habitat sampling, where habitat types are sampled in proportion to their 

percentage representation after Tolonen et al. (2001), would likely give a much 

clearer signal and incorporate much more of the macroinvertebrate diversity among 

habitats.

Results from Chapter 3 and 4 provided a clear message that, in order to promote and 

maintain biological integrity of a lake, riparian habitats should be targeted for 

monitoring and management. Under the WFD there is no explicit requirement to 

conserve such habitat. Although the WFD does outline the need to maintain 

hydromorphological integrity, there is no direct reference to the riparian zone. This 

omission, unless rectified, may lead to ill founded management protocols for lakes, 

with the resulting loss of biological integrity.

An additional concern for monitoring is the disparity between the Habitats Directive 

and the WFD. As outlined in Irvine (2009), the standard monitoring protocols under 

the WFD may not provide sufficient information for the conservation of protected 

sites. Good ecological status under the WFD does not necessarily directly compare to 

favourable conservation status under the Habitats Directive. Sites designated under 

the Habitats Directive are designated for being the best representatives of a given 

habitat type. However, these designated sites may not compare to the WFD reference 

conditions. Combined monitoring for the Habitats Directive and WFD is possible, 

but only with clear communication among the respective agencies charged with the 

monitoring, and with clear conservation criteria (Irvine, 2009).
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LACON (Palmer, 2(X)8) is one of the only comprehensive conservation assessment 

frameworks proposed for lakes. It is based on the assessment of four attributes of 

conservation value: naturalness, representativeness (typicalness), rarity and diversity. 

Currently LACON draws on botanical data, as the JNCC database had a wealth of 

macrophyte data for the UK, but was lacking other comprehensive data sets. It is 

hoped that in the future this could be expanded, so that, similar to SERCON, several 

different biotic datasets could be used in the assessment such as invertebrates, birds, 

mammals and fish. With both the LHS and macroinvertebrate data feeding into this 

method, a much clearer picture of the conservation status of the lake could be 

formed. This would also allow for the fulfilment of the WED monitoring 

requirements at the same time.

7.4. Conclusions

Overall conclusions from this study are:

Macroinvertebrates correlated positively with the HabQA score, with taxon richness 

increasing and the abundance of particular species varying in different ways with 

different aspects of the score. This demonstrated the usefulness of the LHS survey 

method as a proxy for macroinvertebrates. While the HabQA was useful, the results 

from Chapter 4 indicated that a better concordance could be achieved with inclusion 

of additional LHS variables, which would efficiently describe the macroinvertebrate 

community composition. The results indicated that the important variables differed 

depending on whether the littoral, emergence or sticky trap community was 

considered, and these would likely differ among lakes. A further large scale study 

would be necessary to determine which the most important variables were across 

lakes. These results indicated that a separate metric for macroinvertebrates could be 

created from the LHS variables. However, as outlined in Neale and Rippey (2008), 

this would be more accurate if it was based on an a posteriori approach, using the 

macroinvertebrate data to determine the important habitat variables among lakes. 

This metric would have to encompass a typology approach. These lake types would 

likely be best classified using the same a posteriori approach, as opposed to the 

WED a priori classifications.
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Chapters 3 and 4 also highlighted the importance of the riparian zone variables for 

macroinvertebrates. To date there is no specific requirement under the WFD to 

manage riparian habitats, despite their widely recognised importance for 

heterogeneity. However, this work has demonstrated their conservation and 

management importance for maintaining ecological integrity of a lake.

Habitat complexity significantly affected the abundance, dry biomass and 

community composition of macroinvertebrates. Generally, as habitat complexity 

increased, the abundance and dry biomass also increased. Each habitat type in 

Chapter 5 and 6 had a distinct community composition. Particular groups had 

affinities for particular stands of macrophytes. Odonata were most abundant in 

Phragmites, indicating the conservation importance of maintaining different stands 

of macrophytes within a lake for particular species. These results highlight the 

limitations of single site monitoring carried out by the EPA for accurately assessing 

the full range of macroinvertebrate diversity in a lake. A multi-habitat approach, 

although more time consuming and costly to implement, would allow a more 

accurate assessment of the macroinvertebrate diversity.

Habitat complexity was not found to affect the emergence fitness of adult 

macroinvertebrates, although this may be a result of low taxonomic resolution. For 

studies of this type, species level resolution would allow for a clearer signal to be 

seen. For overall lake conservation assessment and to fulfil the needs of both the 

Habitats Directive and the WFD, a range of methods should be utilised. The LACON 

framework could be sufficient for this, if it encompassed a RIVPACS predictive type 

model for macroinvertebrates, combined with the LHS survey for describing the 

hydromorphology.
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Appendix I

Table I: Species list of invertebrates found in Lough Carra from 2006

Taxomonic
Group

Family/ Species Taxomonic
Group

Fam ily/ Species

Diptera Ceratopogonidae
Chironomidae
Tabanidae
Tipulidae

Trichoptera Polycentropus kingi/flavomaculatus 
Sericostoma personatum
Stenophylax permistus
Tinodes maculicornis

Oligochaeta Oligochaeta Tinodes waeneri
Amphipoda Gammarus duebeni Aranea Argyroneta aquatica

Gammarus lacustris Megaloptera Sialis lutaria
Gammarus pulex Hydroacarina Acari sp.

Isopoda Asellus aquaticus
Asellus meridianus

Hemiptera Corixa iberica
Corixa iberica/punctata

Coleoptera Cercyon littoralis
Elmidae larvae
Haliplus confinis
Haliplidae larvae
Hydrophilidae larvae
Hydroporus erythrocephalus 
Hydroporus palustris

Corixa panzeri
Glaenocorisa propinqua
Notonecta marmorea viridis
Sigara distincta
Sigara dorsalis
Sigara falleni
Sigara nigrolineata

Hygrotus quinquelineatus 
Hygrotus sp. larvae
Hyphydrus ovatus

Odonata Coenagrionidae sp.
Enallagma cyathigerum
Sympetrum danae

Laccohius biguttatus
Laccophilus minutus
Limnius volckmari
Noterus clavicornis
Ochthebius nanus
Oulimnius tuberculatus 
Potamonectes depressus 
Potamonectes sp. larvae

Gastropoda Bithynia leachi
Bithynia tentaculata
Radix labiata
Stagnicola palustris
Limnaea stagnalis
Galba truncatula
Physa fontinalis
Planorbis carinatus

Trichoptera Athripsodes
albifrons/bilineatus/commutatus 
Cyrnus insolutus
Cyrnus trimaculatus

Segmentina complanata

Sphaerium/ Pisidium spp.
Valvata studeri

Halesus radiatus
Holocentropus picicornis 
Limnephilus binotatus

Hirudinea Erpobdella testacea
Glossiphonia complanata
Helobdella stagnalis

Micropterna lateralis
Mystacides azurea
Mystacides longicornis 
Neureclipsis bimaculata

Tricladida Dugesia lugubris/polychroa
Planaria torva
Polycelis felina
Polycelis nigra/ tenuis

Oecetis furva
Oecetis lacustris
Oecetis ochracea
Phryganea bipunctata

Ephemeroptera Baetidae sp.
Caenis luctuosa
Centroptilum luteolum
Ephemera danica
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