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Fish-Benthos Correlations and Effects on Benthos that Reflect Signülcant 
Effects on Flsh Communities in Southern Ontario Stream 

This thesis attempts to determine the types of effects on benthic community composition that can 

be considered to have ecological consequence. The approach was based on the philosophy that 

changes in benthos are of little significance unless they coincide with unacceptable changes in 

fishery resources. The derivation of cntical benthic community effect sizes required four 

components. Fint, a definition of unacceptable change in a fishery resource. Second, selection 

of some aspect of fishery resources that could be considered important to prevent damage to. 

Third, a demonsûation that benthic comrnunity composition was inherently related to relevant 

descripton of the condition of a fishery. And finally, specific relationships between benthic 

community composition and the fishery descriptor, from which critical benthic effect sizes could 

be detemiined. 

To define an unacceptable change in a fishery resource, 1 adopted the use of normal 

ranges which are inherent in most goal-setting forums. Histoncally, two problerns with the use 

of normal ranges has been in the application of nom1 ranges to multivariate descriptors, and 

in the application of appropriate statistical tests for comparing "impact" locations against the 

n o m 1  range. I therefore pmvide an operational definition for the normal range that simplifies 

the use of normal ranges in hypothesis testing. I a h  demonstrate three statistical tests that cm 

be used to detemine when a point observation falls outside of the n o m l  range. The 

consequences of using conventional two-sample contrasts in relation to one-sarnple nonîentral 

equivalence and interval tests are detemined. For sites that are truly outside of the normal range 

of variation for reference locations, equivalence tests will lead to erroneous conclusions of no 

impact at most 5% of the time. Two-sarnple contrasts will lead to erroneous conclusions of no 

impact about 50% of the time with low sample sizes (Le., 10-20 reference locations). b contrast 

to both the two-sample contrast and the equivalence test, interval tests fail to recognize sites as 

being impacted unless impacts are in excess of about 3 a frorn the reference population average 

(with a reference sampie size of 20). Finally, the penalty for using the equivalence test is that 



it will fail up to 26% of sites that are tmly memben of the reference population. Practitioners 

contrasting non-randorn impacted locations against a set of reference locations should consider 

these characteristics of the various potential tests when deriving conclusions of impact- 

Fish community data from 37 strearns, variously affected by agriculture, urbanization and 

impoundments, were used to determine the statistical power of various descriptors of fish 

community composition. In general, single-pass estimates of biomass of al1 species. and using 

a multivariate approach to describing the community, provided more modelling and statistical 

power. In contrasr, measuring only the abundances or biomasses of individual (preferred) species 

like brook trout, was a less powerful method (statistically) for characterizhg the fisheiy of a 

Stream, and was less usehl for modelling purposes. 

To demonstrate consistent associations between fish and benthos, 1 used three independent 

data sets in which fish and benthos were collected across strearn size and temperature gradients. 

These data showed consistent and smng associations between Stream fîsh and benthos 

community composition. The data also suggested that more detailed benthic taxonomy resulted 

in stronger associations between fish and benthos, and provided evidence that the fish-benthos 

association is strongly driven by coincident association of fish and benthos with environmental 

conditions. 

Finally, critical benthic effect sizes were determined for I I  combinations of data sets to 

explore sources of variation in derived critical values. in general, benthic critical values that 

coincided with ecologically relevant effects on fish were less tban the normal range of variation 

for benthic comunities, but varied with factors such as the type of benthic sarnphg apparatus, 

the microhabitat benthos were collected fiom, and the nature of the study design (i-e., whether 

it incorporated regional-reference or site-specific reference locations). Aithough the fish-benthos 

correlations were significant regardless of the level of benthic identification, identiwng benthos 

to species resulted in more accurate prediction of the condition of fish communities. In addition, 

the reliability of benthos was hilher when the reference fish cornmunity was a brook mut 

comunity, or when the assessrnent was site specific. In both situations, changes in fish 

communities From reference to impacted conditions were abrupt. 

The results from this study have obvious application to aquatic environmental assessments, 

particularly Stream assessments in southem Ontario. Benthic criteria, such as those derived here, 



should be applied in association with relevant statistical procedures, pnmarily non-central interval 

or equivalence tests. These tests will provide exact probabilities that benthic community 

composition in impacted locations exceeds the benthic critical value. 
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CHAPTER 1 

Ceneral introduction 

1 .O Overview of Monitoring with Benthos 

Aquatic Environmental Effects Monitoring (AEEM) programs are now in widespread use in - 

Canada (Hodçon et al., 1996; DFO and EC, 1995a.b) to monitor and assess aquatic environmental 

conditions and their responses to anthropogenic activities. Such AEEM programs typically 

include surveys of fish, benthic and algal cornmunities. as well as any of several abiotic 

measurements of system condition. Benthic rnacroinvertebrates are a preferred monitoring tcml 

for assessing the condition of aquatic resources because they: ( 1 ) are relatively sedentary and thus 

exposed continuously to local conditions (Klernm et al., 1990); (2) have lifespans long enough 

to provide a record of environmental quality (Pratt and Coler, 1976); (3) are differentially 

sensitive to pollutants of various types, react to them relatively quickly (Cook, 1976), and provide 

graded responses to various stressor in tensities (Pratt and Coier, 1 976); (4) are relatively easy to 

collect and can usually be found in large numben (Plafin et al., 1989); taxonomy is well 

established; and (6) expertise in this area is comrnon (Plafkin et al., 1989). Also given the high 

number of taxa that might be found at any one location or time, the probability that at least some 

taxa will respond to a stressor is high (France, 1990). 

Given these considerations, it is not surprising that surveys of benthos are a common 

means of characterizing ecosystem condition in Canadian waters (Rosenberg and Resh, 1993; 

Griffiths, 1993; DFO and EC, 1 995a,b). However, the use of benthos as part of AEEM programs 

is not without some conceptual difficulties. Of primary importance to the objective use of 

surveys of benthos is an understanding of the magnitude of change in benthic comrnunity 

composition that can be tolerated or accepted. In the design of environmental monitoring 

programs, it is difficult to justifi sample allocation unless some specific acceptable effect size 

(i.e., degree of impact) has been specified a prion ( ~ a ~ s t o n e ,  1995). The answer to this 

question of critical effect sizes, can in pan be answered if we know why it is we monitor 

benthos, and what it is about benthos we are really interested in. 



Although benthos are integral in energy flows (and other processes) of aquatic ecological 

systems, it is unclear whether the majonty of practitioners or academics consider impacts on 

benthos to be of concem (e.g., CPPA, 1993). Since surveys of benthos are oflen rationalized on 

the basis that they are sumgate measures for ecosystem health (Kerans and Karr, 1994; DeShon, 

1995; Yoder and Rankin, 1995) or surrogate rneasures for the condition of fish or fish habitat 

(Kreutzweiser, I990; EC and DFO, 1992a,b; Hodson et al., 1996; Stanfield et al., 1996), it is 

apparent that a significant fraction of aquatic scientists do not consider effects on benthos to be 

of p n m q  interest. hstead, the protection of ecosystem health and fish condition appear to be 

of more primary concexn. 

Cairns et al. (1993) recognize two types of environmental indicators and suggest that the 

term cornplùznce indicaror be used to descnbe those ecosystem charactenstics that are of ultimate 

interest, while the tem eurlv-warrzing indiccltor be used to descnbe those characteristics that are 

merely surrogate responses for those ecosystem characteristics that are of ultimate interest. 

Herein, 1 use the term compliance indicator to refer to those characteristics of the aquatic 

ecosystem that are protected by legislation, while 1 use the terni surrogoie to refer to those 

ecosystem characteristics, like benthic communities, that are of secondary interest. but may be 

of significant value in ternis of providing early warning of impending noncornpliance through 

monitoring. In tems of using benthos in AEEM programs, a timely exercise would therefore 

be to detemine how benthos can be related to compliance indicaton and to determine the types 

of effects on benthos that correspond with unacceptable effects on relevant compliance indicators. 

1.1 The Fisheries Act 

As briefly mentioned above, surveys of benthic community composition are often used because 

they are implied surrogate measures of ecosystem health and the condition of fisheries resources, 

with ecosystem health and the condition of a fishery considered the compliance indicaton. If 

this is mie, then calibration of benthic community composition to either descriptors of ecosystem 

health or to measures of the condition of fishenes, would seem a logical step. Doing this would 

confirm that surveys of benthos can be used to monitor either ecosystem health or the condition 

of a fishery. 

Of these two endpoints, ecosystem health is a more ambiguous tem that has been vanably 



defined (Karr et al., 1986; Rappon, 1990; Schaeffer et al., 1988; Costanza. 1992) and indexed 

(e.g., Karr, 198 1, 1993a,b; Costanza, 1992; DeShon, 1995). Such indices, were they defensible, 

could be used to calibrate the responses of benthic communities. Suter (1993), one of the main 

critics of the use of ecosystem health as an operational terni, however, argues that because 

ecosystem health and associated indices are derived using cucular logic, they are of limited 

practical application. Indices of ecosystem health are usually derived through calibration of the 

index at a series of sites deemed either "healthy" (Le., acceptable) or "unhealthy" (unacceptable). 

Usually such designations of health status of a site are imposed by the investigator rather than 

by having an independent rneasurement of health statu. In addition, the indices themselves are 

usually derived using subjective cnteria (e-p., Karr, 198 1, 1 993a,b; Steedman, 1988). During the 

calibration process, it is inevitable that index scores reflecting good condition will occur at sites 

which are deemed by the investigator to be good sites (and vice verso). 

In contrast, calibrating benthic comrnunity responses to descripton of the condition of 

fishery resources has much more obvious value for two reasons: First, fisheries-related endpoints 

are, in themselves, generally considered to be of at least societal value (Km, 198 1; Scnmgeour 

and Wicklurn, 1996). Second. fisheries-related endpoints have obvious relationship with the 

Canadian Fisheties Act. By calibrating benthic comrnunity responses to relevant fisheries-related 

endpoints, one could effectively use sweys  of benthic community composition to make 

statements regarding the condition of fish or fishery resources, Le., the degree of cornpliance with 

the Fkheries Act. 

The Fkheries Act has a general goal of having "no net loss o f  the productive capacity of 

fZh habitat" (Stoneman et al., 1996). Several endpoints have been proposeci as potential 

monitors of the condition of fishery resources, including: (1)  toxicity tests of potentially 

deletenous cornpounds (Environmen t Canada, 1 992a,b); (2) habitat surveys (Lanno and Wren, 

1992; Stoneman et al., 1996); (3) fish community surveys (Ontario Minisûy of Transportation 

[MOT], 1994); (4) fish population (Le., aduit fish surveys proposed by EC and DFO, 1992a,b); 

and ( 5 )  benthic comrnunity surveys (EC and DFO, 1992a,b). Of these, surveys of fish 

community composition have the most obvious relationship with the FLrheries Act because they 

actually result in characterizations of the condition of fish resources. The other endpoints are 



used primarily as surrogates, with some exceptions. Fish population surveys have obvious 

application to the Firheries A n  when they focus on species of commercial, game or societai 

value. However, most of the applications of fish population sweys  [Le., adult fish sweys)  

focus on species of limited (or no) commercial, game or societal value (e.g., Munkittrick and 

Dixon, 1989; Goede and Barton, 1990; Munkittrick, 1992; Gibbons and Munkittrick, 1994; DFO 

and EC, 1995a). As a result, demonsûating that there has been a change in the demography of 

such non-valued species is often questioned (e.g., CPPA, 1993). To be of general use, such 

surrogate measures require calibration with . fisheries-related compliance indicators (endpoints 

considered more interesting) (Cairns et al., 1993). Such calibration allows one to make 

predictions on the condition of the compliance indicator after obtaining information on the 

surrogate response only. Generally, fish habitat models are used for assessing Fidieries Act 

violations only after it has been dernonstrated that they can reliably predict fish biomass or 

productivity (Lanno and Wren, 1992; Stoneman et al., 1996). Because toxicity testing, and fish 

population and benthos sweys  have been incorporated into FLrhenes Act-related AEEM 

programs (e-g., EC and DFO, 1992atb), they could presumably, on their own, be used to 

demonstrate violations of the act. However, unless these sumgate endpoints are calibrated with 

more specific fish-related endpoints such as fish biomass or production, or fish community 

composition, interpreting changes in such surrogate measures in relation to the goals of the 

Firheries Act becomes problematic (Jones et al., 1996). 

1.2 Fishery Endpoints 

Ln this thesis, my main objective is to determine the types of changes in benthic community 

composition that correspond with unacceptable effects on relevant fishery-related endpoints. 

There are, however, several fish community endpoints that one might choose, including: (1)  

presence/absence, abundance or biomass of selected species (Jones and Stockwell, 1995); or, (2) 

indices of community composition based on presence/absence, abundance, biomass or production 

of al1 members of the community (e.g., Portt, 1980; Karr, 1981; Mahon, 1985, Mahon et al., 

1979; MOT, 1994; Wichert, 1994a,b; Minns et al., 1996; Stanfield et al., 1996). When assessing 

the condition of a fishery, measunhg total fish biomass or production is not very informative 

since two locations could have the same overall fish production while having completely different 



assemblages (i.e., one may be desirable while the other may not). In contrast then, measuring 

the abundances, biomass anaor productivity of valued memben of a fish cornmunity at least 

allows us to assess whether valued species are present in acceptable numben (or 

b iomass/production Ievels). 

Apart from the Firheries Act, being able to predict changes in fish comrnunity 

composition can be considered important because changes in fish communities, or of selected 

valued species, has obvious societal value (Karr, 1981) which can be either economic or 

sociological in nature. Game fish species have economic value because anglers spend money on 

their sport. The loss or gain of a game fishery can, therefore, result in a change in the economic 

value of an aquatic systern (Kreutnveiser, 1984). Changes in the abundance or biomass of 

commercial species have even more obvious consequences. Whether the game or commercial 

fishery is situated in lotic, lentic or marine environments, change in the statu of a fishery is 

nomally a reflection of change in overall fish comrnunity composition (Leach et al., 1977; Mills 

and Schiavone, 1982; Bowlby and Roff, 1986a,b; McQueen et al., 1986; Carpenter et al., 1987; 

Olver et al., 1995; Sherman and Busch, 1995). Consequently, there should be value in 

attempting to relate benthic community composition to the overall composition of fish 

commun ities. 

1.3 Benthos as a Potential Surrogate Measure for Fiibery Endpoints 

Being able to use a surrogate measure of fish comrnunity composition has several advantages 

over the measurement of the fish community itself. First, measurement of a surrogate response 

(i.e., the benthic community) avoids the possibly destructive effects of sampling on the fishery 

resource (cornpliance indicator). All f o m  of fish capture are destructive to fish in some way. 

Seining results in the loss of scales at the least, while gill netting and electrofishing can result 

in significant mortality depending on environmental conditions (Horak and Klein, 1967; Reynolds 

and Koltz, 1995). Secondly, fish can be difficult to collect in some locations, particularly in 

large waters (e.g., Mah et ai., 1989; Hodson et al., 1992; Gibbons et al., 1995; Brown et al., 

19961, whereas surveys of benthos are generally more practical. Thirdly, swogates such as 

benthos that respond more quickly to environmental disturbances c m  provide early waming of 

impending non-cornpliance pnor to degradation of the fishery resource. Finally, the joint use of 



quick responding surrogates and slow responding fish community endpoints cm diagnose the 

nature of a disturbance. For exarnple, if the slow-responding compliance indicator demonstrated 

evidence of a deletenous effect while the faster-responding surrogate did not, then one could infer 

that a pulse-event impact (Underwood, 1989) had occurred in the past Given that the m g a t e  

has obviously recovered from the event, the probability of the compliance indicator recovering 

is high, given enough time. In contrast, if a fast-responding surrogate had demonstrated evidence 

of a deletenous effect while the slower-responding compliance indicator had not, then this would . 

provide evidence that a press (continuous) impact (Llndewood, 1989) had been occurring. If 

allowed to continue, such press impacts would likely affect the compliance indicator. Finally, 

if we know that a system has been unable to support a specific desirable fish community in the 

pst, it could be important to determine whether conditions have improved enough at a site to 

consider stocking of that more desirable fish cornrnwity. in such situations, the use of surrogate 

measures of the condition (or potential condition) of the fish community are required. 

13.1 Known Linkages Between Benthos and Fish 

Benthic macroinvertebrates are often rationalized as components of AEEM pro- because of 

a preçumed relationship between fish and benthic invertebrates (EC and DFO, 1992a,b; DFO and 

EC, 199Sb, Hocison et al, 1996). Because most fish eat benthic organisms during at least part 

of their life cycle, it is sensible to assume that changes in benthic production will affect 

production of fish through bonom-up effects. Waters ( 1988) and others have demonstrated 

relationships between benthic and fish production for stream ecosystems, while similar 

relationships have been demonstrated for lake (Northcote and Larkin, 1956; Hayes, 1957; 

Rawson, 1960; Matuszek, 1978; Boisclair and Leggett, 1989; Pierce et al., 1994) and marine 

systems (MacKinnon, 1973; Diaz and Schafher, 1990). tn contrast, fish can have influences on 

benthic community composition through "topdown" feeding effects in relatively controlled 

(closed) systems like lakes (Bal1 and Hayne, 1952; Anderson et al., 1978; Chess et al., 1993), 

expenmental cages (Gilinsky, l984), or modified stream sections (Allan, 1982; Elliott, 1986; 

Morgan and Ringler, 1994). ihese findings provide consid&ablc evidence that benthos and fish 

are linked at least energetically. However, as suggested earlier, total fish biomass or productivity 

can be the same at two locations that have different fish faunas. Consequently, being able to 



predict total fish biomass (or production) at a site may tell us littie about the condition of the 

fishery, whereas being able to predict the -fish assemblage at a site provides much more 

information (e-g., Jackson and Harvey, 1993). Unfortunately, none of the fish-benthos models 

currentl y available allow for such predictions. 

1.4 Overview of Thesis Objectives 

As specified earlier, the main objectives of this thesis are to: 

establish the relationship between descripton of benthic cornmunity composition and 

relevant fishery-related descriptors, and, 

determine the types of effects in benthic comrnunity descriptors that correspond with 

unacceptable effects on relevant fishery-related endpoints. 

The first objective is addressed using surveys of benthos and fish in first- to fourth-order streams 

in southem Ontario. The studies are limited to stream fisheries for several reasons. First, there 

are currently several monitorhg programs in southem Ontario which have the objective of 

determining the effects of anthropogenic activities on smaller, wadeable stream systems. These 

monitoring activities are being conducted by various govemment agencies, including the Ontario 

Ministry of Environment & Energy (Griffith, 1993; K. Somers, pers. comm.), the Ontario 

Minisq of Transport (W. Snodgrass, pers. comm.), the Ontario Ministry of Nahiral Resources 

(Stoneman et al., 1996; M. Jones, pers. cornm.), Credit Valley Conservation Authority (H. Breton, 

pers. comm.), and the Metro Toronto and Region Conservation Authority (S. Meek, pers. comrn.). 

Each of these programs incorporates surveys of benthic comrnunity composition, while most 

(except the MOEE) have the objective of protecting fish and fish habitat. Consequently, there 

is a substantial need to understand the fish-benthos relationship in small, wadeable streams. 

Second, the relationships between fish and invertebrates can be expected to be stronger in smaller 

streams than in larger rivers because larger systems support larger fish species with larger home 

ranges (Minns, 1995). Larger home ranges for fish would result in fish integrating environmental 

conditions over a broader spatial scale. Due to the more limited spatial movement of benthos 



in either small or larger river systems, it seems likely that any fish-benthos association would be 

stronger in smaller rivers/streams. Future work on fish-benthos associations in larger systems 

may be warranted if associations are strong in smaller streams. A final consideration for 

conducting this work in small lotic systerns is because associations betwem fish and benthos 

communities have already been fairly well documented in lentic systems (Jackson and Harvey, 

1993; Pierce et al., 1994), although the derived models require refinernent before they can be 

used in the setting of AEEM. 

Both the first and second objectives require that the fishery resource is described in a 

fashion that has relevance to the goals of the Fisheries Acr. Although the federal Fkheries Act 

has a guiding policy of maintaining the productive capacity of fish habitat, several approaches 

to characterizing fish communities have been used (Wichert, 1994a,b. Jones and Stockwell, 

1995). Surveys that result in the quantification of the production or biomass of al1 community 

members is most time consuming, but logically most closely related to the goals of the act 

(Randall et al., 1995; Minns et al., 1996). There is however, little work demonstrating the effect 

of choice of community descriptor on our ability to demonstrate an impact (Minns et al., 1996). 

Consequently, a third objective of this thesis is to examine the relationships among strearn-fish 

cornrnunity descriptors. 

The second objective also requires an understanding of the types of effects on relevant 

fishery-related endpoints that are unacceptable. As before, the Canadian federal Fisheties Act 

provides little advice on what should be considered a significant impact on fisheries-related 

endpoints. Several jurisdictions, have however, attempted to develop crite& for fish 

communities based on various indices of composition, and on various definitions of normal or 

acceptable reference conditions (see references in Woodley et al., 1993, and Davis and Simon. 

1995). The approaches taken so far generally involve the characterization of a number of 

acceptable reference locations, derivation of an index, and calculation of critical index values that 

denote acceptable and unacceptable conditions. There are hvo general di fficulties with this 

approach to developing cnteria. Firsf there is the impression that a very large nurnber of 

reference locations must be described in order to characterize the reference conditions (e-g., 

Yoder and Rankin, 1995). Secondly, since most indices are developed for specific regional 

applications (cg.. the [BI, Karr, 198 1; Steedman, 1988), they are difficult to apply in other 



locations. This became apparent during development of the Canadian EEM program for the pulp 

and paper industry. Each across the country was required to conduct an assessment of the 

effects of their miIl effluent on receiving water quality. There were over 120 mills at the time, 

discharging effluent into a wide variety of lotic, lentic and marine habitats. The application of 

conventional bio-criteria for adult fish swey,  fish community collections, and benthic 

community collections was not possible because none of the conventional cnteria was appropriate 

to al1 sites. This presented an obvious requirement for the development of a generic critenon that 

could be applied to any parameter, regardless of the units of measurement or the scale at which 

the assessment was being conducted (Le., regional or site-specific assessment). 

1.5 Thesis Outhe 

Each of the objectives listed above is addressed in a separate chapter. Chapter 2 develops the 

argument for use of normal ranges as a generic decision criterion for cornpliance parameters. 

The chapter also outlines univariate and multivanate analyses of variance that can be used to 

determine the probability that effects truly fa11 outside of the normal range. The concepts 

presented in this chapter have obvious application in environmental assessments, but can also be 

applied to more pure. academic, research. 

Chapter 3 evaluates the relationships among descripton of fish community composition. 

I evaluate single- and three-pass electrofishing data as multivxiate descriptors of composition 

based on presence/absence, abundance and biornass data. In addition, I contrast al1 of these 

descriptors with estimates of abundance and biomass of brook trout and brook + brown trout 

abundances and biomass to detemine which series of descripton would be most protective if the 

goal was to detect impacts on stream-fish cornmunities dorninated by bmok and brown trout. 

The correlations among benthos, fish and environmental descriptors are evaluated in 

Chapter 4. For this exercise, 1 relied on data h m  three independent studies: (1) Barton et a1.k 

(1985) buffer strip study with added benthic data; Farrara and Reid's (1995) fish and benthic 

survey for the City of London, Ontario; and (3) a survey 1 conducted during the surnrner of 1995 

in conjunction with the Ontario Minisûy of Natural Resources. Each shidy had somewhat 

different objectives, and therefore a moderately different suite of environmentai variables against 

which to test for fish-environment and benthos-environment correlations. These snidies also 



employed different collection methods for fish and benthos. Consequently, these three 

independent data sets provided an opportunity to estabiish the robustness of fish-benthos- 

environment correlations. With these data. I was specifically interested in demonstrating that fish 

and benthic communities are correlated, (Le., changes in one correspond with changes in the 

other), as well as demonstrating that fish and benthos are controlled by (correlated with) similar 

suites of environmental variables. 

Chapter 5 examines in more detail the fish-benthos correlation. More specifically, this 

chapter establishes relationships between descripton of the two groups that allow us to predict 

the degree of impact on a fish community given the degree of impact on a benthic community. 

I assessed such relationships for studies that encompasseci what I consider to be two scales of 

sampling. First, I examine the fish-benthos relationship across large spatial scales where 

investigators compared regional-reference (Hughes, 1995) stream sites against a number of test 

stream sites. In such studies, investigators are usually more interested in knowing if a stream site 

is impacted, but not necessarily the cause. For this spatial scale, i used the same three data sets 

that were used in Chapter 3. After selecting a set of strearns which I considered to be relevant 

target reference streams, 1 established the relationship between degree of difference of non- 

reference fish communities and the degree of difference of non-nference benthos cornmwities. 

Second, I examined the fish-benthos relationship acmss srnall-spatial scales where investigators 

use site-specific (Hodson et al.. 1996) reference sites to determine whether a specific point source 

has significantly altered the condition of a fish community. For this spatial scale, I used fish and 

benthos data that I collected from Laurel and Canagagigue Creeks in 1994, each of which had 

fish communities impacted by impoundments. I used stream stations upstream of these 

impoundments as re ference locations again st which to compare downstrearn stations. Again. with 

these data sets, 1 exarnined the correlation between impacts measured by fish and impacts 

rneasured by benthos. Finally, Chapter 6 presents an oveMew of the findings of the thesis and 

presents a view for future endeavour. 
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CHAPTER 2 

Using the normal range as a criterion for ecological significance in 

environmental monitoring and assessrnent 

2.0 Abstract 

Environmental monitoring programs typically measure some component of the environment 

considered worth protecting. Data h m  monitoring programs are ofien used to compare 

potentially impacted locations with unimpacted reference locations. The use of normal ranges 

to define (or set) ecological cntena has logical and precedented use. In this Chapter, 1 define 

ecologically relevant effects as being observations at impact locations that fa11 outside the normal 

range of variation at reference locations as determineci by the region enclosing 95% of reference 

observations. Simple ways to calculate n o m l  ranges (95% regions) for univariate and 

multivariate responses are demonstrated. 1 also demonstrate three statistical tests that cm be used 

to determine when a point observation falls outside of the normal range. The consequences of 

using conventional two-sarnple contrasts in relation to one-sample non-central equivalence and 

interval tests are detemiined. For sites that are üuly outside of the normal range of variation for 

reference locations, equivalence tests will lead to erroneous conclusions of no impact at most 5% 

of the time. Two-sample contrasts will lead to emneous conclusions of no impact about 50% 

of the time with low sample sizes (i.e., 10-20 reference locations). in contrast to both the two- 

sample conûast and the equivalence test, interval tests fail to recognize sites as being impacted 

unless impacts are in excess of about 3 G h m  the reference population average (with a reference 

sample size of 20). Finally, the penalty for using the equivalence test is that it will fail up to 

26% of sites that are tmly members of the reference population. Practitioners contrasting non- 

randorn impacted locations against a set of reference locations should consider these 

characteristics of the various potential tests when deriving conclusions of impact. 



2.1 Introduction 

Ecological monitoring programs are commonly incorporatecl into regulatoiy programs to monitor 

the impacts of industrial or other anthropogenic activities on natural resources (Rees et al., 1990; 

USEPA, 1990; Environment Canada and Department of Fisheries and Oceans, 1992; Davis and 

Simon, 1995). The currencies of these programs are biological measures that describe some 

aspect of the ecosystem considered worth protecting (Schindler, 1 98 7; Courtemanch, 1 989; 

Courtemanch et al.. 1989; Karr, 1991; Suter, 1993; Department of Fisheries and Oceans and 

Environment Canada, 1 995). Generally, observations h m  presurnably impacted locations are 

compared with observations frorn either regional-reference or site-specific unirnpacted locations 

(Hughes. 1985, 1995; Hughes et al., 1986, 1990; USEPA, 1990). 

Regardless of the particular design, biologists are increasingly being asked to interpret the 

importance of observed effects on measured biological endpoints (Yoder, 1989; Bode and Novak, 

1995; Counemanch, 1995; Department of Fisheries and Oceans, and Environment Canada, 1995; 

Mapstone, 1995; Power et al., 1995; Southerland and Stribling, 1995; Skalski, 1995; Yoder and 

Rankin, 1995). Consequently, the development of biocriterb to denote what is, or is not, an 

acceptable value for an impacted location, has become an important issue. in most goal-setting 

(biocriteria development) forums. the use of normal ranges of variation in unimpacted locations 

to denote what is an acceptable or unacceptable value for a biological entity is common (e-g., 

Yoder and Rankin, 1995). Observations outside that nomial range are considered evidence that 

a stressor is having undue influence on the environment. The use of normal ranges is particularly 

commonly used in the medical industry, to determine when individuals are sick. Anyone with 

a measured physical condition that is outside of the normal range of variation for a healthy 

population is usually considered sick. The use of normal ranges in biological applications is also 

precedented (e.g., Kenting, 1984, 1988, 1991; Bloom, 1980; Yan et al., 1996; Findlay and 

Kasian, 1996). 

Typically, the normal range of variation is considered to be the range of values enclosing 

95% of the reference values (Thompson, 1938, Lemer, 1978; Resh et al., 1988; Rode and 

ChinchiIli, 1988; Montgomery, 199 1 ). For single descriptors that are nomally distributed the 

normal range of variation (Le., the region enclosing 95% of the data) i s  defined by p * 1.96 a. 



If the number of observations describing the reference condition is very large, then one could 

make the assumption that the estirnateci normal range ( * 1.96 standard deviations), is in fact 

the normal range (i.e., measured without error). If, however, there is only a small nurnber of 

observations to characterize the reference condition, then our estimate of the normal range will 

have some (considerable?) enor. Consequently, using our estimate of the n o m l  range as the 

cntenon against which to judge a value h m  an impacted location could easily result in an 

erroneous conclusion if there has been only limited effort put towards characte~ng the reference 

condition. Although this problem would suggest a need to put considerable effort into 

characterizing reference conditions whenever an assessment is being conducted there are 

statistical procedures that can be used to determine when a point falls outside of the normal range 

of reference location observations, based on only a sarnple of reference location observations. 

This chapter has three main objectives. The first is to provide an operational definition 

of normal ranges. Doing this helps to fomulate appropriate nul1 hypotheses that can be tested 

with analysis of variance. The operational definition is also applied to multivariate responses. 

This is important because many biological responses are multivariate (e.g., length-weight 

relationships in fish populations). The second objective is to compare three different ANOVA 

tests that could be applied to designs in which a single impacted location is contrasted against 

a set of reference locations. With each rnodel, 1 examine their basic assumptions and the effects 

of those basic assumptions on our ability to make the correct inference; Le., how ofien we ~ i l l  

Say that an impacted location falls outside of the normal range of variation, when in fact it really 

does fa11 outside. The third objective is to demonstrate use of proposed statistical techniques 

using a simulated, but realistic data set in which benthic invertebrate species ichness and 

abundance at a single impact location are compared to richness and abundance estimates fiom 

10 reference locations. To simpliQ this presentation, I focus on parametric procedures that 

assume a normal distribution of observations h m  reference locations. I do however, recognize 

that many biological attributes are not normally distributed in reference locations, even with 

appropnate transformations (Yoder and Rankin, 1995; Bailey, 1996). At some point, it would 

be beneficial for someone to demonstrate non-parametric procedures that can be applied for the 

same purpose. I also focus on simple study designs that use variation among spatially separated 



reference locations to characterize the normal range of variation for reference conditions. There 

are several designs that might incorporate variation over time, both before and after the putative 

impact, in both reference and impact locations. However, for simplicity, they are ignored. The 

approach of using the temporal variations to create the n o m l  range of variation would be an 

obvious extension of the ideas presented here. 

2.2 Dehing The Normal Range 

If the region enclosing 95% of the observations h m  a set of reference locations defines the 

normal operating range for any variable (Thompson, 1938; Rode and Chinchilli, 1988; Kenting, 

1984, 1988. 199 1; Resh et al., 1988). then observations falling outside this region are unusual by 

definition. By extension, observations h m  potentially impacted locations are not overly unusual 

if they fa11 within this n o m 1  range. This use of normal operating ranges is thus proposed as 

a generic cnterion for ecological significance. 

For single variables, the scatter of points is detemiined by the population mean (p) and 

standard deviation (0). If the data are normally distniuted, then the region defined by p * I o 

incorporates about 67% of the population, and p * 1.96 o incorporates about 95% of the 

population. Irrespective of the variable of interest and its original units of measurement 

(assuming that the variable is either a ratio-scale or continuous variable), n o m 1  ranges cm be 

re-expressed in units of standard deviations by dividing by the standard deviation (Cohen, 1977). 

This simple transformation puts al1 variables on a cornrnon scale and provides a convenient way 

of standardking the degree of impact across studies (Hunter et al., 1982). 

Normal ranges for multivariate responses c m  be defined in a similar way. When the 

response involves two variables (Y 1 and Y t ) ,  the normal range is defined by an ellipse that 

accounts for correlation between the variables (Sokal and Rohlf, 198 1 ). For muIti-variable 

responses, the normal range is still expressed in standardized units analogous to the univariate 

normal ranges described above, and are referred to as generalized distances (or Mahalanobis 

distances; i.e., D) from the grand mean or centroid. For single variables, we could also use the 

terni generalized distances to express the n o m l  range because 1.96 o and 1.96 generalized 

distances are equivalent. 



Because of the inter-reiationships between different statistical distributions, generalized 

distances associated with the normal operating range can be expressed as a function of the 

appropriate t ,  F, or X2 distributions. If the response is univariate, the n o m 1  operating range (p 

* 1.96 a) is simply determined by 1 * f,,.,, a, where t,,,, = 1.96. Rather than t, we could 

also use the square-root of F,,,.,,, which is also 1.96. Generally though, for nonnally 

distributed descripton, the normal range is expressed as /- x;2-35.2, generalized distances 

about the population mean (univariate) or centroid (multivariate), where X2,,,,, is the 95th 

percentile of a chi-square distribution for p variables (Rode and ChinchiIli, 1988). As before, 

for univariate tests we still obtain a 95% region of /== 451841 = 1 -9 6 

generalized distances (or 1.96 a). 

23 Tests for Effects Exceeding the Normal Range 

23.1 Two Sample Contrasts 

The conventional assessrnent of a single obseivation involves a two sample contrast. For 

univanate responses, the two-sarnple test statistic is (Zar, 1984): 

where is the mean of the reference location responses, Imp is the impact location observation 

and Sr is the estimated standard deviation of the reference location observations. The test statistic 

has 1 and n; 1 degrees of fieedom and is comparai to a cntical F value denved h m  the central 

F distribution. 

The multivariate equivalent of this test statistic is (Momson, 1967): 



where p is the nurnber of variables, D is the generalized distance 

is the centroid (vector of mean responses) of the reference locations, Imp is the vector of 

response at the impact location, and s;' is the inverse of the ~a~ance-covariance matrix for 

the reference location observations (Owen and Chmielewski, 1985). This multivariate F statistic 

has p and n,p degrees of freedom. 

This particular formulation of the test statistic is designed to test the nul1 hypothesis 

b,: the single impact site is a member of the reference population vs HA,: that it is not 

(Table 1). 

23.1.1 Testing the Performance of Two-Sample Contrasts 

Most environmental assessments are generally concemed with knowing whether a parhcular non- 

randorn site is impacted (Green, 1979). For example, downstream of a domestic sewage outfall 

there is a site at which we cm collect a fish community. Our question is whether the fish 

cornmunity downstream of the outfall is outside of the normal range of variation for a set of 

presumed randomly sarnpled reference fish communities. Reference fish communities would 

probably have corne fiom upstream reference locations, or fiom regional-reference locations with 

similar physical features to the site we are testing. The impact site, however, cannot be 

replicated and is not considered a random observation. We cannot replicate the impacted 

location. %y definition, the fish cornmunity would be collected fiom within something like a 100 



m2 area that coven the whole smam h m  bank to bank. Taking additional collections 

irnrnediately upstream or downstream (Le., extra 100 m2 locations) would not be appropnate as 

replicates because those areas would be exposed to different effluent concentrations. Moreover, 

they would not be independent because of spatiaVtemporal autocorrelation. 

Further, if we were rneasuring something else like a benthic community downstrearn of 

the sewage outfall, we might be able to take "replicate" samples if the technique allows for it. 

Barton (1996) and othen use a travelling kick technique that collects benthos h m  the same 

spatial unit as fish are collected from. As with the fish sampling technique, there is no way to 

replicate the impact site. Sometimes, benthic ecologisu will use a quantitative technique that 

allows for multiple collections from a single d t ï e  within the 100 m2 that the fish were collected 

fiom. Because of the spatial proximity, the multiple collections h m  the same riffle are not 

independent. Even if we were to assume that they were independent, we would then have to 

collect multiple samples from within nffles at each of the reference locations that we had 

sarnpled. If it could be assumed that the samples within nffles were independent, then the 

difference between reference and impact would still be judged against the among reference- 

location variability. 

Since we are only interested in evaluating the one impact site, we do not care to make 

inferences about a larger population of potentially impacted sites. Rather, we are only interested 

in knowing whether the site we are studying is inside or outside the 95% region for reference 

sites. Because we know that sewage is being discharged by the tnatment facility, we already 

know that there is at least some amount of effect downstream, no matter how trivial that effect 

may be. 

M a t ,  then, would happen if we used the two-sample contrast to test that the non-random 

impacted site was a member of the reference population? To find out, I conducted a simulation 

experiment using RESAMPLING STATS (Bruce, 1993) in which I collected 10 random samples 

fiom a reference population that had a mean value of O and standard deviation of 1. The value 

for the impact location was fixed at varying distances fiom the reference population mean. For 

example. to determine the probability that H& will be rejected when the impact location is 

exactly 2 cs from the population rnean, t ran the simulation 10,000 times. For each iteration of 

the simulation, the impact location was given a value of 2 while the reference location samples 



were randomly selected fiom a universe of samples with a mean of zero and a standard deviation 

of one. This represents the situation in which the impacted location is non-random, while the 

reference locations are a random sample of a large univene of potential reference locations. if 

we refer to the example where we wish to know whether the fish community downstrearn of 

sewage outfall is outside of the normal range of variation for reference fish communities, we 

could not change Our characterization of the impacted fish community. We could, however, have 

selected any number of combinations of 10 reference locations against which to make our 

~ o r n p ~ s o n .  For the 10,000 simulated sampling events, 1 counted the number of times the test 

statistic fiom [ I l  exceeded the critical value for the appropriate degrees of freedom (Le., for 1 

and 9 degrees of fieedom the critical F value was 5.12). I repeated this procedure for reference 

sample sizes of 20 also. 

Figure 2.1 shows that the probability of rejecting i&, and concluding that the impacted 

site is outside of the normal range of variation for reference locations is just over 30% when the 

impact observation is just outside the normal range (Le., at about 2 O )  and with a sample size 

of n? 1 O reference locations. With @O, the impact location would have to be about 3 o or 

more h m  the mean of the reference locations before there would be a reasonable chance of 

rejecting &, and conectly concluding that the impact location had been impacted. Consequently, 

the two-sample test will allow many significant effects to go unnoticed. 

23.2 One-Sample Conbasts 

Well, if the two-sarnple contrast for small sample sizes does not have a high enough power to 

tell us when an observation fiom a site falls outside of the normal range of variation, what can 

we do? We can try a one-sarnple contrast with the nul1 hypothesis restatecl as either 

b,: Ip$rnp[G vs the alternate hypothesis Ha: I~-Imp1>6, or 

b3: I@mplM vs the altemate hypot!!esis HM: I~-?mplB. 

where K is the average response of the reference population, Imp is the response or value at the 

impacted location, and 6 is a deemed important effect size (Table 1). In typical one-sample 



contrasts, b is set to zero, thereby testing for a difference between the sampled population and 

the fixed value (standard). However, for the question being posed here, setting 6 to zero would 

be meaningless since any of the reference locations could be shown to be different than the mean 

of the reference population if enough reference-location sarnples were collected. 

To make these one-sarnple contrasts test that a point falls at or beyond the 95% range for 

the reference population, we set S equal to the limit of the n o m 1  range of variation. For single 

variables, limits for the 95% region are at p * 1.96 a. The critical effect size (6) can, therefore, 

be set to 1.96 o. If the biological response was bivariate, the 1imi.t for 95% of the data would 

be or Jx = 2.45 generalized distances h m  the reference population 

centroid. Other 6's would be set in a similar way if the number of variables was increased. 

The second nul1 hypothesis (&d is an interval test (Lehrnan, 1959; M d  and Graybill, 

1963, Ferguson, 1967; McBride et al., 1993). If %, is rejected, then there is reasonable 

confidence in concluding that the difference between the mean reference response and the 

response at the impact location exceeds the cntical effect size (6). If we wish to test the nul1 

hypothesis that the impact location has a value in excess of the limits for the 95% region, then 

we could set 6 to 1.96 o. Acceptance of the second nul1 hypothesis (I&) infers that the impact 

location is less or equal to 6 (or 1.96 o) from the mean reference response. 

The third nul1 hypothesis (&,) is an equivalence test (Patel and Gupta, 1984; McBride 

et al., 1993). Rejection of %, infers that the difference between the mean reference response 

and the response at the impact location is less than 6 (1.96 G), whereas acceptance of the nuIl 

hypothesis infen that the difference is at least as large as 6 (1.96 a). Both the interval and 

equivalence tests provide information on the magnitude of the diffnrnce beh~een reference and 

impact responses. 

When 6 is set to anything other than zero (i.e,. a non-zero effect size), we compare test 

statistics against non-central distributions of the test statiWc under our specified nu11 hypothesis 

(McBride et al., 1993). In the sections that follow immediately (2.3.1, 2.3.2)- 1 discuss derivation 

of the test statistic as well as non-central distributions against which to compare the test statistic. 



23.2.1 Catuiating the Test Statistics 

For the null hypotheses described above, I propose using the absolute value of the difference 

h m  the reference-population mean because the direction of change in environmental assessments 

is usuaily unimportant (Le., it is often more important to know whether things have changed, not 

so much in what direction the change has occurred). For a one-sarnple univanate contrast with 

multiple reference observations, we can test the two new nu11 hypotheses (b, and b,) with the 

following observed F statistic (Zar, 1984): 

which has 1 and nr- 1 degrees of fieedom. If the data are multivariate, the observed F statistic 

is (Morrison, 1967): 

which has p and nr-p degrees of freedom. 

2.3.2.2 Estirnnting Critical Values to Evaluate Observeci F Values 

Evaluating the significance of the various test statistics presented involves comparing the 

observed F statistic with critical F values. As before, if the nul1 hypothesis of no difference was 

specified (Le., b,), we would compare the observed F statistic with a critical F value derived 

h m  a central F distribution. The central F distribution is the distribution of F statistics when 

the null hypothesis of no difference is tnie (Figure 2.2). The 95th percentile of this central F 

distribution is the critical F,,,, value against which we would judge the significance of the 

observed F statistic for an impacted location (Figure 2.2). These cntical Fa,,:,, values are the 



traditional values provided in statistical texts. 

In contrast, if we specie either the interval or equivalence null hypotheses. the critical 

F value from the central F distribution is no longer appmpnate. Because we have specified null 

hypotheses with non-zero effect sizes, the distniution of F staa'stics follows a non-central 

distribution (Figure 2.2). For pz, if we observe an F statistic that is greater than the upper 95th 

percentile (F,,:,) of the non-central F distniution, we have some certainty that impact 

observations falls at or beyond 6. Fa,,:,, is therefore cornpared to the observed F statistic when 

testing the interval nuIl hypothesis. in contras& if we observe an F statistic that is greater than 

the lower 5th percentile (Fo.05:Hm) of the non-central F distribution. then we have some certainty 

that the impact observation falls at or beyond 6. FOeo5, is cornpared to the observed F statistic 

when testing the equivaience null hypothesis. 

Probability density fùnctions of non-central F distributions can be calculateci using the 

equations given in Patnaik ( 1949), T h  (1 965), Guenther ( 1979). Norton, (1983) or Narula and 

Weistroffer ( 1986). Based on these equations, Nanila and Weistroffer (1986) provide a Fortran 

algorithm that c m  give critical values, while Pearson and Hartley (1972) and Odeh and Fox 

(1 99 1 ) provide simplified fomnilae and tables for determining critical F values. Finally, there 

are a variety of commercial software packages (reviewed by Goldstein, 1989) that can also be 

used to determine non-central critical F values. 

Al1 approaches to detemining non-central critical F values require input of a non- 

centraiity parameter (often defined as A )  which detemines the position of the non-centrai 

distribution. Zar (p 172; 1984) illustrates how to calculate non-centrality parameters for simple 

single-factor designs, while Odeh and Fox ( 199 1 ) present equations for the non-centrality 

parameter for both univariate and 

non-centrality parameter is: 

multivariate ANOVA designs. For one-sample contrasts, the 

With K - Imp = 1.96 o, this reduces to: 

L = n, 3.841. 



For multivariate one-sample contmts, the non-centrality parameter is 

A = q ( ~ r - I m p ) ' ~ ~  ( p r - ~ r n p )  , 

More simply, this can be written: 

A = n , ~ ;  

When the response involves two variables, the normal 

191 

range is D or 

/= = J5.991 = 2 .45  generalized distances. By setting the square of the 

generalized distance (LI2) to 5.99 1, the non-centrality parameter for bivariate contrasts reduces 

to: 

A = n, 5.991. [Io] 

2.3.2.3 Testing the Appropriateness of the One-Sample Non-Central Tests 

To detemine the performance of the one-sample, non-central tests, 1 examineci the probabiiity 

of rejecting both the interval and equivalence tests. The probabiliv of rejecting the interval null 

hypothesis can be estimated by determinhg the propom'on of F statistics that will exceed the 

criticai value (Fo,o,.,,,) under assumed true differences between the average reference response 

and the impact location response. The probability of rejecting the equivalence test is estimated 

by detemhing the proportion of observai F values that will be l e s  than the critical F value 

(F,,,~,,,) under assumed tnie differences. Determining these proportions can be accomplished 

thmugh simulation or through the use of non-central F distributions, the results are equivalent 

When the effect size is 1.96 O, the use of the equivalence test will result in inferences that 

a site is outside of the normal range, 95% of the time (Figure 2.1). The penalty for this test 

formulation is that sites that are truly just inside the limits of the normal range will have a high 

probability of leading to acceptance of H& and a conclusion that the site is outside the nomial 

range. If the impact Iocation tmly falls at 1.6 o (Le., is within the normal range), the probability 

of rejecting the equivalence null hypothesis (and concluding no significant impact) is only about 

20% with 1 0 reference locations, and 30% with 20 reference locations (Figure 2.1 ). To ensure 



a 95% chance of rejecting the null hypothesis, the impact location would have to fa11 at 0.5 o 

if 10 reference locations were surveyed, and at 0.7 o if 20 reference locations were surveyed 

(Figure 2.1). 

In contrast, the in terval test requim that impacted locations be considerably impacted 

before there is a high probability of concluding that the impacted site is outside of the normal 

range of variation for reference locations (Figure 2.1). When the impact location is tmly 2 o 

fiom the reference population mean response, the probability of rejecting %, is about 5% (i.e., 

the nominal Type 1 error rate, Figure 2.1 ). With nr=l 0 reference locations, and a true eRect size 

of 3 o, the probability of rejection increases to about 40%. hcreasing the number of reference 

locations to 20 would increase this probability to about 68%. To ensure a 95% chance of 

rejecting this nul1 hypothesis, the true effect size would have to be close to 5 o when 10 

reference locations are sampled, and 3.5 o when 20 reference locations are sampled (Figure 2.1 ). 

Finally. to determine the effect of using non-central tests if the impact location tmly is 

a member of the reference population. 1 conducted a second simulation expenrnent. As with the 

fint simulation experiment, 1 sampled 10 observations frorn a reference population with a mean 

of zero and a standard deviation of one. The single impact observation was also sampled 

randomS, fiom the reference population. I calculated the one-sample test statistic. and counted 

the nurnber of times out of 10,000 iterations that the test statistic exceeded the critical values for 

the equivalence and interval null hypotheses. As above, with nr=l 0, the non-centrality parameter 

is 38.41. Consequently, the cntical value for the equivalence test is 16.2 while the critical value 

for the interval test is 1 15.8. With this simulation, 26% of the test statistics exceeded the critical 

value of 16.2 which would lead to the incorrect conclusion that the impact location was tmly in 

excess of the normal range of variation of reference locations. Only 1% of the test statistics 

exceeded the critical value for the interval test. These results demonstrate that use of the one- 

sample equivalence contrast could result in failing 26% of reference locations, while only 1% 

would be so misclassified by the interval test. With hvo-sarnple contrasts, the probability of 

misclassi@ing a true reference sample would be 5% (Le., the nominal Type I error rate). 

2.4 Application and Demonstration of the 95% Ruie 

To demonstrate the 95% nile and associated tests, data representing species richness and 



l~gar i th~cal ly  transfomed abundance of an aquatic benthic community were simuiated for 10 

reference locations and one potentially impacted location (Figure 2.3). Richness is the nurnber 

of taxa, whereas abundance is the number of individuals collecteci h m  each location. The data 

were simulated to represent benthic communities with tme differences in abundance and richness 

of 2 0, and a correlation between abundance and richness in the reference locations of 0.8 (Figure 

2.3~). These data are used to demonstrate how both the one-sarnple univariate and muItivan.ate 

nuIl hypotheses are specified and tested. Finally, 1 demonsû-ate the use of the conventional two- 

sample test statistic to demonstrate that there are circumstances when its use will resuit in 

erroneous conclusions. 

For the interval and equivalence tests, critical F values are estimated using non-central 

distributions. Because the non-zero effect sizes were chosen to be 1.96 o for the univariate 

contrasts and 2.45 generalized distances for the bivariate contrasts, the appropriate non-centrality 

parameter for the non-central tests are 3.84 1 n, or 3.84 1 x 10 = 38.4 1 (univariate) and 5.99 1 A, 

or 5.991 x 10 = 59.91 (bivariate). Based on these non-centrality parameters, the lower 5% and 

upper 95% tails of the non-central F distribution fa11 at 16.2 and 1 1 5.8 for the univariate tests, 

and 13.67 and 95.12 for the multivariate test (Table 2.2). The upper cntical values (i.e., 1 15.8 

for the univariate and 95.12 for the bivariate) are used to evaluate the interval test nul1 

hypothesis. 

The lower 5% critical values fiom the non-central distribution are used to test the 

equivalence nul1 hypothesis. Observed F statistics less than the lower critical value suggest that 

the true absolute difference was < 1.96 o (or < 2.45 genemlized distances). As a result, if we 

reject the nul1 hypothesis we then accept the altemate hypothesis that no significant effect had 

occurred (i.e., that the impact location had a value that fell inside the n o m 1  range of variation). 

Alternatively, obsewed F values greater than the lower cntical values suggest that the tme 

absolute difference between the average reference response and the impact location was 2 1.96 

(or 2 2.45 generalized distances), and would imply that a significant effect had occurred. 

Observed differences between the reference and impact samples were -2.194 for log- 

transfomed abundance, and 18.8 for richness. When expressed as standardized differences, these 

values were 2.875 Sr and 2.33 1 Sr respectively. The estirnated bivariate generalized distance was 



7.69. First, let us look at the performance of the two-sample contrast. The observed univariate 

F statistic associated with the difference in abundance (7.526) was greater than the hnro-sample 

cntical value of 5.12. The observed bivariate F statistic (23.88) associated with the two-sample 

test was also greater than the bivariate critical value of 4.46. Using either of these tests, we 

would have come to the correct conclusion that the impacted observation was outside of the 

nonnal range of variation for referme locations. However, the obsrmed univariate F statistic 

associated with the difference in species richness (3 -449) was less than the critical value of 5.12. . 

Had only species richness been tested, we would have come to the erroneous conclusion that the 

impact observation truly lay inside the nonnal range of reference locations. Given the obsenred 

standardized difference in abundance (2.19 S) and in standardized the bivariate difference (7.69 

generalized distances), it is not surprising that the two-sample tests rejected the nul1 hypothesis 

of no difference between reference and impact location responses. However, it should be noted 

that Figure 2.1 demonsûated that there is just over a 30% chance of detecting such effects if the 

m e  effect is just beyond the 95% region. In other words, with this particular simulation, we were 

lucky to have rejected the nul1 hypothesis of a difference between the impact and reference 

populations. in contrast, had the test only been used to assess species richness. the hvo-sample 

test would have resulted in an acceptance of the nul1 hypothesis with the result that we would 

have incorrectly concluded that the difference was less than the normal range of variation for 

reference Iocations. 

The equivalence tests however, always gave results Ieadnig to the comct conclusion. To 

test the equivalence nul1 hypothesis (Table 2.1), we compare the observed F values with the 

lower non-central critical Fa,:x03 values. We find that the observed univariate F values and the 

observed bivariate F value were larger than the lower nonîentral critical F values (Table 2.2). 

As a result, & not rejected in any of the cases with the correct conclusion that the tme 

difference was 2 1.96 cs (or 2 2.45 generalized distances), and that the impact observation was 

at or beyond the normal range for reference locations. 

To test the interval nuIl hypothesis (see Table 2.1 ), we compare the observed F stahstic 

with the upper critical Fm5:Ho2 value from the non-central b dismhtion (Figure 2.2). In this 

case. the observed univariate F statistics were less than the upper critical values (Table 2.1 ), 



whereas the observed bivariate F statistic (262.7) was much greater than the upper critical value 

of 95.12. Based on these results, the univariate nul1 hypotheses are not rejected and the 

conclusion is that the tnie univariate ciifferences were 5 1.96 a. The bivariate cornparison, 

however, was significant with the conclusion that the bivariate difference was > 2.45 generalized 

distances (i.e., that the normal range of the reference locations did not include the observation 

h m  the impacted location). Rejection with the bivariate test occurred as a result of the high 

correlation between abundance and richness. in Figure 2.3, the ellipse about the reference data 

portrays an estirnate of the tme 95% region (i.e., normal range). The impact observation falls 

at approxirnately the upper limit of the normal range for abundance and the lower limit of the 

normal range for richness. However, because of the correlation between abundance and richness, 

the impact observation falls well outside of the normal range (Figure 2.3). 

2.5 Considerations for Choosing a Test 

If our concem as environmental managers is to know when there are aberrant occurrences, we 

should chwse a test that has an adequate chance of Ieading us ta the correct conclusion. When 

we are comparing a singie non-replicated and non-random impacted site against a set of randorn 

and replicate reference locations, there are three tests to choose hm: (1) the two-sarnple 

contrast; (2) the one-sample non-central interval test; and (3) the one-samp le, non-central 

equivalence test. The benefit of using the equivalence test is that it will provide a signal 95% 

of the time when an impact location has a value that is mily at the limits of the normal range of 

variation for reference locations. The penalty for using this test is that it will fail locations that 

are truly part of the reference population 26% of the time. To protect against failing impact sites 

that are truly part of the reference population, one could resort to the two-sample contrast. 

However, when impacts are truly just in excess of the normal range of variation, the two-sarnple 

test has a poor chance of providing a signal with a small sample site (Figure 2.1). Of the three 

tests, the interval test is the least protective of the environment because it provides a signal only 

if the mie effect is substantial. 00th the equivalence and two-sample tests would provide a signal 

of a problem well in advance of the interval test. The various benefits and penalties for use of 

the various tests should be considered by those assessing single impacted locations against a set 

of reference locations. 



Chwsing between the various tests could depend on the costs of infemng there is an 

effect when there is no effect, and the cost of inferring no effect when there is one (Mapstone, 

1995). If we infer that there is an effect when there is no effect, we will impose remedial 

mesures in situations where they are not required. If we infer that there is no effect when there 

really is one, we essentially fail to detect (or report) significant effects when they occur, and lose 

the value of the environmental resources being protected. If the costs of unnecessary remediation 

are equal to the costs associated with unmitigated environmental damage, Power et al. (1995) 

demonstrate that environmental management is cost efficient if tests such as the two-sample 

contrast and interval tests (i.e., those that e n  in favour of development) are incorporated into 

decision making processes. However, because it is difficult to estimate the costs of 

environmental damage, the costs of Type II emrs are difficult to quanti@ (Petemian, 1990). As 

a resulf Petemian ( 1990) ncommends that a responsibie approach to environmental management, 

is to assume that the costs of environmental damage are greater than the costs of unnecessq 

remediation. We should therefore use equivalance tests that are more likely to err on the side 

of environmetal protection because of the inherent assumption (Le., &) that significant effects 

have occurred. 

2.6 Summary 

There are many proponents for the use of nomial ranges (e.g., 95% regions) to evaluate the 

condition of ecosystem characteristics (Kersting, 1984, 1988, 199 1 ; DFO and EC, 1995; Findlay 

and Kasian, i996; Yan et al., 1996). The 95% rule provides a generic cntenon to assess the 

ecological relevance of environmental impacts through direct cornparison to the normal range of 

variation at reference locations. This criterion cm be used for any parameter, imspective of the 

scale of measurement. Moreover, no pnor information is required, although a representative set 

of reference-location samples is critical. Some hesitation to incorporate normal ranges into 

monitoring pmgrams is anticipated because of the perception that a great deal of effort is required 

to characterire the normal range (tg., Yoder, 1989; Hughes, 1995; Reynoldson et al., 1995; 

Yoder and Rankin, 1 995; Wright, 1 995). However, it has been shown here that using non-central 

tests, a modest number of reference locations (which can be calculated a prion') will provide 

reasonable power for detecting locations that are tmly outside the normal range. Three tests for 



comparing an impacted location against a set of reference location observations include two- 

sample contrasts, and one-sample non-central equivalence and interval tests. Using equivalence 

tests, we can determine the probability that the observation at an impacted location falls exactly 

at the limits of the normal range. One penalty of the test is that impact locations just inside the 

normal range have a high probability of leading to an incorrect conclusion of impact A second 

potential penalty of the test is that it could fail sites that are tmly part of the reference 

population. Both two-sarnple and interval tests require that the impacted location be considerably 

in excess of the normal range of variation before a site would be failed. However, sites that are 

mily part of the reference population would be failed only 5% of the time with the two-sample 

test and 1 % of the time with the interval test. Choosing a particular test could be based on the 

costs of making incorrect conciusions. 
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Table 2.1. Summary of statiaical tests and associated n d i  and aiteme hypotheses discussed in the text. The 
critical effect size is 1.96 o for single-variable responses, 2.45 generalized distances for twcbvariable 

variables. 
- 

Type of test Nwnber of N d  Hypothesis 6) Alternate Hypothesis ('HJ 
tesponse variables 

tradition test 1 the impact location is a 
mernber of the reference 
popdation 

the impact 1-on is a 
member of the reference 
population 

the impact location is a 
mernber of the reference 
population 

the impact I d o n  is n a  a 
member of the reference 
population 

the impacî Idon is n a  a 
member of the referme 
population 

the impact loden is not a 
member of the reference 
population 

interval test 1 

2 

>2 

p. 

equivalence test 1 



TabIe 2.2. W t s  h m  an example two-sample. interval and equivaienœ conuast. in each of lO referenœ locations 
and a single impacted location, abundance anci richness of an ecological community were quantified. 
Univariate and multimriate test statistics for the cornparison beween  fere en ce aud impact a . ~  caicuiated, 
while critical upper and lower F valces h m  a non-centrd F distribution, and critid values h m  a central 
F distribution are cietermind See Figure 23 for data 

Statisùcs Log Bivariate 
Abundauce Richness Contrast 

reference average (Fr) 

standard deviaiion of reference data (Sr) 0.763 8.066 

generalizd distance (6/Sr) 2.875 2.33 1 7.69 

squareci generalkd distance 8.279 5.434 59.1 1 

2Sample Test 

test statistic 7.53 3 -45 23.88 

degrees of freedorn 1. 9 1, 9 2 . 8  

tw~sample test critical F value (Fa,,,,) 5-12 5.12 4.46 

1Sample Tests 

test statistic 82.79 54.3 262.7 

degrees of freedom 1. 9 1, 9 2. 8 

interval test critical F value (Fo,09.0J 1 15.8 1 15.8 95.12 

equivalence test critical F value (F,,,,,,) 16.2 16.2 13.67 



Truo Eftect Site (a) 

Figure 2.1. Power curves showing the probability of declaring a site impacted when the 
differences between the reference population mean and the impact observation are some 
specific (magnitude expressed as standard deviations, a) for three diflerent tests. Power 
curves are given for sample sizes n, = 10 or 20. 



_ central distribution of F when 

nomcentral distribution of F when 1 ~h-e i  = a  

F0.05; Hal 

Test Statistic (F)  

Figure 2.2. Probability density function of test statistics when the difference between a mean of 
a reference population and an impact location is O or when the difference is some true 
value (5). The shaded regions of each distribution represent 5%. F,,,:,,, Fkw;Hol and 
Fo.05,Ho3 are the critical F values used to test each of the first (i.e., two-sample), second 
(interval) and third (equivalence) nul1 hypotheses (see text) respectively. 
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Figure 2.3. Presentations of the simulated log abundance and nchness data used in the example. 
(a) and (b) are histograrns showing the impact observation relative to the distribution of 
reference data. (c) is a bivariate plot of the raw data. In (c), a 95% confidence ellipse 
encloses the reference observations (open circles) while the impact observation is 
indicated by the filled circle. 



CHAPTER 3 

Estimating effect sues with electrofishing suweys of stream fish 

communities: cornparisons among single- and rnulti-pass data and 

community descriptors 

3.0 Abstract 

I evaluated the sensitivities of one- and three-pass electrofishing data and various fish community 

descriptors to determine combinations of methods that could reliably detect the effects of 

urbanization/reservoirs and agriculture on strearn fish communities. In this analysis, six brook 

trout streams were used as regional reference streams against which to evaluate 3 1 other streams 

variously impacted by agricultural practices, urbanization and reservoirs. Estimated impacts were 

greatest when impacts were measured using percent-mode1 affinity (PMA) on one- or three-pass 

biomass data. In contrast, estimated impacts were much less for estimates based on species 

richness, or PMA based on presence/absence information. Surveys conducted in the fa11 resulted 

in marginal1 y larger di fferences between re ference and impacted fis h communities. Because of 

the increased sensitivity of biomass data, fisheries assessments are more likely to detect 

ecologically relevant impacts when sweys  quantify biomasses of individual species using either 

single- or three-pass sampling, than whm abundances or presencdabsence are recorded. 



3.1 Introduction 

Sweys  of lotic-fish communities are commonly used to evaluate and quanti& the effects of 

anthropogenic disturbance on aquatic sy stems. Typicall y, m e y  s of Stream fish incorporate a 

set of either regional-reference (Hughes, 1995) or site-specific reference streams (Hodson et al., 

1996) against which other test streams are judged In Canada, the Federal Fisher& Act has a 

policy of "no net loss of the productive capacity of fish or fish habitat". in general, this policy 

has been interpreted liberally to imply that any change in any descriptor of individual fish 

species, fish communities, or fish habitat, is a deletenous change, and is a change worth some 

fom of action, Unfortunately, such loose interpretations can be costly eitha to the environment 

when we have failed to measure an appropriate ecosystem endpoint and miss ecologically 

relevant effects on fish when they occur. or in temu of dollars spent on remediation of an 

ecosystem when we have measured a significant change in an endpoint that has little relationship 

to the Fhsheries Act. The objective of this paper is to determine how well a variety of methods 

for the collection and description of fish data quanti@ the degree of impact on Stream 

commun ities affected b y agriculture, urbaniza tion and reservoirs (impoundmen ts). 

Generally, the goals of the Flrheries Act are interpreted to mean that the productive 

potential of game or commercially important species should be protected (Stone- et al., 1996; 

Stanfield et al., 1996). This approach is logical for obvious economic reasons, while some 

(Edwards et al., 1990) add that the protection of game or commercial species (e.g., lake trout) 

results in the protection of overall ecosystem condition. Such goals generally lead to field 

sweys  that quanti@ mut abundance or biomass in streams (Jones and Stockwell, 1995) for 

either assessrnent or modelling purposes, even though the quantification of al1 species at a site 

has more obvious ecological relevance. For single-species or wholeîommunity surveys. 

abundance, biomass and presencdabsence have al1 been used to characterize the fish fauna of 

streams (Wichert, 1994a,b; Jones and Stockwell, 1995; Fitzgerald, 1996) with litde consideration 

of relevance to management goals or poten tial interpretational implications. Sweys that result 

in quantification of biomass of ail community members are most time consuming, but logically 

more related to the overall goals of the Fkheries Act. Our ability to prevent and detect changes 

in the productive capacity of trout or other fisheries resources depends on our ability to perform 

surveys that accurately, and cost-effectively, depict the fishery resource we are interested in 



protecting. For assessment purposes, field rnethods and data analyses should result in endpoints 

or descripton that have adequate statistical potver for detecting effects (Green, 1989) of some 

relevant magnitude (McBride et al., 1993; Mapstone, 1995; Chapter 2). Selectcd endpoints 

should also have an obvious relationship to the management goals of the assessment (Cairns et 

al., 1993). Statistical power refm to the probability of saying that a strearn-fish comrnunity is 

impacted when it tnily is. Power is therefore of critical importance when designing impact 

assessments for stream-fish communities. Power is dependent on: (1) the true degree of 

difference between the reference condition and the impacted community; (2) the degree of 

variation of the community descriptor within the reference condition; and (3) the number of 

replicate locations used to characterize the reference condition (Green, 1989). Investigators can 

therefore influence the power of a survey by: (1) increasing the number of reference locations 

at which the fish community descriptor is estimated; (2) selecting a community descnptor that 

has Iow variance in the reference condition; and (3) selecting a community descriptor that is 

responsive to the imposed stressor. Together, low variance and responsiveness result in large 

effect sizes (i-e., standardized differmces between two treatments, Cohen, 1977). By 

incorporating powefii descriptors into study designs and analyses, investigaton have greater 

potential to identi& problem areas before effects become too severe. 

Although several stream-fish investigators have explored the effects of various samplers 

and sarnpling regimes on descripton of fish resources (e.g., Wiley and Tsai, 1983; Angemeier 

and Karr, 1986; Fisher, 1987; Vadas and O&, 1993; Angemieier and Smogor, 1995; Jones and 

Stockwell. 1995), few have examined the remlution of different methodologies or community 

descriptors between refercnce and impacted locations. (except see Jones and Stockwell, 1995; 

Peterson and Rabeni, 1995). For Stream fishes, only Peterson and Rabeni (1995) has evaluated 

different community endpoints associated with stream-fish w e y s .  However, their interest was 

in determining the number of strearn sections required to attain certain precision in estimates of 

fish community descripton for a whole nach. For lake systems, Minns et al. (1996) examined 

temporal variations in fish comrnunity endpoints including species richness, total abundance and 

total biomass and production. 

The objective of this study, therefore, is to determine the types of strearn fish community 

descripton that would provide high statistical power for evaluating effects. I focus on 



community descriptors related to the assessrnent of the condition of mut streams because strong 

populations of trout are common goals for southeni-Ontario watersheds (e.g., Jones and 

Stockwell, 1995; Stoneman et al., 1996; Stanfield et al., 1996). Rather than estimate the 

statistical power of each descriptor (since power is in part dependent on the nurnber of refercnce 

locations descnied and the study design), I focus on the other parameter influencing power, the 

estimated effect size (Cohen, 1977). Under sidar sarnpie sizes and study designs, those 

variables that result in larger effect sizes will be more powerfil (Le., more likely to provide . 

evidence of an impact when in fact an impact has occurred). 

Biomass-related whole-community endpoints are ecologically relevant because whole 

comrnunities are descnied. Because of the smng relationship between standing-crop biomass 

and annual production (Downing et al., 1990; Kelso and Johnson, 1991; Randall et al., 1995), 

whole community characterizations that incorporate standing-crop biornass are also relevant to 

the goals of the Firheries Act. 1 therefore use biomass-nlated whole-community endpoints as 

a yardstick against which to compare other characterizations. 

For this analysis, I combine electrofishing data h m  Bowlby and Roff (1986) with some 

new data collected in 1 994. I considered six of 37 streams as reference ûout streams, while the 

rernainder were variously impacted by agriculture, urbanitation and reservoirs. I compared 

sensitivities for estimates of brook trout and total-trout abundance and biornass, species richness 

and a multivariate descriptor of composition (percent-mode1 affinity, PMA, Novak and Bode, 

1992). For each of these descriptors, 1 compared single- vs multi-pas data as well as spnng vs 

fa11 collections. 1 also compared the sensitivities of suiveys for detecting effects associated with 

agricultural practices and cornbined urbadreservoir effects. In this chapter, I intentionally avoid 

cornparisons of the PMAderived indices with other indices such as the Index of Biotic Integrity 

(IBI, Karr, 198 1 ), primarily because such indices are appropnately applied only to the region in 

which they were derived (e.g., Fausch et al., 1984). In addition, affinity models d e  no 

assumptions regarding the environmental sensitivities or the inmnsic value of the species found. 

Rather, those species characteristic of the reference locations build the mode1 of expectation for 

acceptable conditions. 



3 .2 Methodology 

3.2.1 Study Area 

Fish communities of 37 1 st-4th-order streams in southem Ontario (Figure 3.1; Appendix A) were 

surveyed. Nine of these streams were surveyed by Bowlby and Roff (1986) in 1982; the 

remaining streams were swveyed in 1994 as part of a study specifically designed to compare 

invertebrate and fish responses to impoundment, urbanization and agricuitural activities (Kilgour 

et al., 1996). The majority of streams were tnibutary to Lake Erie through the Grand River 

watenhed, while two of Bowiby and RoRs (1986) streams were tributary to Lake Ontario via 

Black Creek and the Credit River. A final six strearns were tnbutary to Lake St. Clair via the 

Thames River watershed. 

3.2.2 Fish CoUections 

At each stream, 6-mm square-mesh blocking nets were used to isolate riffle-pool-mn sequences 

and an electrofisher was used to capture fish within the blocked sections. Afier each fishing 

episode, fish were counted, weighed and released downstrearn of the lower blocking net. 

Collections were made in May and September of 1982 (Bowlby and Roff, 1986) and May and 

September of 1994. Total abundances and biomasses for each species at each stream site were 

estimated using Carle and Strub's (1978) equations for each collection. 

3.23 Fish Community Descriptors 

Bowlby and RoFs (1986) data were incorporateci into this study because theu stations were 

primarily good trout strearns and would serve as relevant reference fish communities for this 

exercise. Of the 30 stream sites that they surveyed, nine were surveyed in both May and 

September of 1982, so they were included in this exercise. Of those, six were numerically 

dominated by brook trout in both spnng and fa11 surveys and were considered representative 

reference strearns against which to judge the degree of impact of the streams surveyed in 1 994. 

Principal Coordinates Analysis (PCo-A) was used to pomy the similarities in species 

composition among stations, and to demonstrate that the six strearns selected as reference 

locations, did in fact represent a cluster of sites that was distinct (Figures 3.2 and 3.3). PCo-A 

is an ordination technique that surnmarizes, in two or three dimensions the associations among 



communities (Rohlf, 1993). Communities close together in the ordination diagram have a similar 

assemblage of organisms, while communities far apart in the ordination diagram have different 

assemblages. In this case, 1 used PCo-A to ordinate Bray-Chs (Rohlf, 1993) distances between 

pain of fish communities for both s p ~ g  and fa11 collections. The Bray-Curtis distances between 

pairs of sites were based on log,, transfomied estimated total biomasses (g/m2) for each species. 

B m k  and total m u t  abundance and biomass, as well as overall species richness were 

estimated for each site based on single- and three-pass electrofishing data. In addition, I also 

estimated the affinity of impacted locations to the average reference location ushg Novak and 

Bode's (1 992) percent mode1 afinity (PMA) appmach. Novak and Bode (1 W), and later Barton 

( 1996) and Bailey (1996) used a percent similarity of community (PSC) coefficient to measure 

the similarity of impacted communities to the average refetence community for their impact 

assessments. In this analysis, 1 estimated PMA of impact locations to the average reference 

location using Bray-Curtis coefficients on log,, transformeci species biomasses and abundances 

as well as percentage biomasses and abundances. The Bray-Curtis coefficient is a commonly 

used comrnunity coefficient for quantitative or proportional data (Legendre and Legendre, 1993; 

Rohlf, 1993). The coefficient is calculateci using the formula: 

where dij is the Bray-Curtis distance between two samples i and j, k refers to the Rth species, x, 

refers to the abundance of species k in sample i and x,. refers to the abundance of species k in 

sample j (Rohlf, 1993). Two samples with identical species composition will r d t  in a Bray- 

Curtis distance of zero, while two samples with no species in cornmon will result in a Bray- 

Curtis distance of 1. Bray-Curtis calculations are very similar to those of the PSC coefficient 

used by Novak and Bode (1992) and Barton (1996). 

1 also used Jaccards coefficient (JC) to measure the simjlaïity of impacted locations to the 

average reference location based on presence/absence data for tish species. The Jaccard 

coefficient is 



where a represents the number of species in common, b is the number of species found in sample 

j but not i. and c is the number of species f o n d  in sample i but not j (Rohlf, 1993). The Jaccard 

coefficient was used tu estimate PMA with the presence/absence &ta because it i s  one of the 

more commonly used coefficients for that type of data (Legendre and Legendre, 1993; Rohlf, 

1993). With Jaccard's coefficient, samples with al1 species in common will result in a value of 

one, whereas samples with no species in common will result in a value of zero. In order for the 

Jaccard's coefficient to complement the Bray-Curtis coefficient, 1 used the inverse of the 

Jaccard's coefficient such that srnall values indicated similady while large values indicated 

dissimilarity . 
As a multivariate approach, PMA (i.e., use of raw similarity or dissimilarity measures) 

is becoming more commonly used in ecological assessments (e.g., Smith et al., 1990; Novak and 

Bode, 1992; Barton, 1996; Bailey, 1996), pri&ly because of its simplicity. In this case, the 

average reference fish community was the average of Bowlby and Roffs six reference streams. 

PMA for each fish cornmunity to the average reference comrnunity was based on single- and 

three-pass abundance, biomass and presencdabsence data Fable 3.1). Species abundances were 

expressed as catch-per-unit-effort (CPUE) for single- and the-pass catches, as well as % of total 

catch for single-pass catches. Effort was expressed as the area (m2) of Stream shocked. For % 

and CPUE data, Bray-Curtis distances estimated the degree of similarity of sites with the average 

reference community, whereas for presence/absence data, Jaccards' similarity mesure was used. 

3.2.4 Estimating Effect Sizes 

Because each community dexriptor calculated in this analysis has the potential to be 

affected/intluenced by a different suite of anthropogenic stresson, there rnay be variations in what 

the community descripton are sensitive to (e.g., brook trout'biomass rnay be more sensitive than 

a percent-affinity mode1 when the stressor is urbanization, whereas the reverse may be true when 

the stressor is agricultural activity). However, regardless of the seessor, the ultimate insult on 



a fish community will result in complete elimination of fish. I therefore, calculated the maximum 

possible impacts on each community descriptor for a stream with no fish (i.e., obviously seriously 

degraded) and compared the pmbability of detection of such an efTect when the number of 

reference sites was six. The degree of impact was expressed as: 

E f f e c t  Size = 
(X, - Imp) 

SD, 

where is the estimated average refemce community response, Imp is the observed response 

of the comrnunity at an impact location, and SD, is the estirnated standard deviation of responses 

at the reference location (Chapter 2). If one were interested in testing the nul1 hypothesis that 

there was no difference in the value at an impact site and the mean of the reference location 

responses (or either of the interval or equivalence null hypotheses descnied in Chapter 2). those 

descriptors with large effect sizes would be more likely to result in inferences that significant 

impacts had occurred. For example, in Table 3.2, the maximum effect size for CPLJE biomass 

PMA for a community with no trout was estimated to be 4.55 SDs, whereas for brook trout 

abundance the estimated maximum effect sue was 0.56 SDs. Whether one tested a conventional, 

interval or equivalence null hypothesis, one is more likely to reach the correct conclusion that 

there has been a significant (Le., one exceeding the normal range) impact on the fish community 

if one used the CPUE biomass PMA as the community descriptor. 

In Figures 3.2 and 3.3, each Stream was categorized according to whether the immediate 

and dominant landuses within its watershed was forest, agricultural or urban, and whether or not 

it was downstream of a major reservoir. These categorizations were based on maps at 150,000 

scale. Trout reference streams were those forested streams dominated by trout in both spnng and 

fa11 collections. Trout non-reference strearns were those forested streams in which trout were 

absent during either a spring or fa11 collection. Based on the configuration of sites in Figures 3.2 

and 3.3, it appeared that urbanization and reservoirs had effects on fish communities that were 

distinct fiom those of agriculture or urbanization. Since these were the main stresson affecting 

fish in this collection of strearns, 1 also determineci the average effect sire for streams in 



urbdreservou systerns and in agiculrural systems. 

3.2.5 Associations Among Descriptors 

To more fûlly undentand why effect sizes estimateci using one survey method were more or less 

sensitive than others, 1 then examineci the relationships among the various community descnptoa. 

This was done in two steps. First, a comlation matrix that summarized the associations among 

descriptors was constructed. This correlation ma& was based on Mantel correlations (Mantel, 

1967; Rohlf, 1993) of distance/simiIarity matrices of the various community descnptors. Mante1 

correlations are a measure of the concordance between the offdiagonal elements of 

similarityldissimilarif~ matrices. For example, Bray-Curtis distances were used to summarize 

similarities of fish communities based on abundances and biomasses, while Jaccards coefficient 

was used to summarize presencdabsence information. The Mante1 correlation between a Bray- 

Curtis distance rnatrix and a Jaccard coefficient ma& was us& to represent the association 

between the two descripton. For univariate descriptors like b m k  and total tmut abundances and 

biomass, and species richness, euclidean distances between pairs of stations were used to create 

the dissimilarity matrix. Mante1 correlations between these euclidean distance matrices and the 

Bray-Curtis and Jaccard mairices were similarl y determined. 

The second step in demonstrating Oack of) concordance arnong cornmunity descriptors 

was to portray the sirnilaritics among community descriptors graphically. To do this, PCo-A was 

used to summarize the Mante1 comlation rnatrix and to portray the similarities in two dimensions 

(Figure 3.4). Community descriptors close together in this PCo-A diagram were highly correlated 

(i.e., they tended to consider simk sites similar, and dissimilar sites dissimilar). In contmst, 

cornmunity descriptors far apart in the PCo-A diagram can be considered to be poorly cmelated. 

This particular ordination diagram (Figure 3.4) shows that al1 of the trout-relatai descripton were 

highly correlated, but that they had only low correlations with the PMA descriptors (i-e., Mantel 

correlations of = 0.4). Similar ordination diagrams were obtained for ihe s p ~ g  and fa11 

collections, so oniy the spring diagram is given. 

3 3  Results 

The analyses conducted demonstrate that there were differences in the nature of responses of the 



fish comrnunity descripton to the various stresses related to urbanitation/reservoirs and 

agricu1ture. Biornass-related percent-afiity models dernonsûated consistently greater sensitivity 

than any of the other descriptors (Tables 3.2-3.4). Trout-related endpoints were also poorly 

correlated with PMA endpoints (Figure 3.4). There were some seasonal changes in wmmunity 

composition at some sites. Some of the urban/reservoir sites clustered with agricultural streams 

during spring, whereas there were fewer similarities duxing fa11 (Figure 3.3). Table 3.5 gives the 

average composition of fish communities during spring and fdl. The major seasonal changes - 

included higher biomasses of northern hog suckers and golden redhorse suckers in agricultural 

streams during the fall, more northern redbelly dace, bluntnose minnow, fathead minnow and 

rock bass in reference streams during the spring, and more common shiner in reference streams 

during fall. Estimated effect sizes were rnarginally lower for the spring surveys, particularly for 

the trout-related abundance responses (Tables 3 -2-3.4). 

Biornass-related percent-affinity models resulted in consistently larger obsewed effect 

sizes than did the other community descnpton (Table 3.2-3.4). Further they provideci more of 

a graded response h m  reference to impact locations than did descriptors of only the trout 

community. Table 3.5 shows that there were no tout in any of the urbanized streams, 

meanwhile, similarities between urbanized streams and reference streams were clearly graded 

(Figures 3.2 and 3.3). Consequently, use of sirnilarity/dissimi1m~ty measuses would pmvide more 

information that could be used in modelling the association between a fish community and any 

environmental variable, than would the abundances or biomass of a single target species such as 

brook mut. 

As a result of the PMA endpoints being more sensitive to the various stressors, and 

because they provide more potential for rnodelling, 1 conducted a final analysis to determine 

which of the PMA endpoints were as sensitive as the biomass-related percent-affinity models. 

in this last analysis, 1 wanted to determine if the estimated effect sizes for a given whole 

community descriptor were consistently more or less than effect sizes estimated using an 

intensive three-pass method that characterized biomasses of each of the individual species. First, 

however, 1 compared effect sizes estimated between spring and fa11 surveys by examining the 

relationship between effect sizes estimated using three-pass CPUE biornass PMA in spnng and 

fall. 1 used the three-pass biomass cornrnunity characterization because it is more obviously 



related to the goals of the federal fisheries act. To make the cornparison, I determineci the linear 

equation that described the relationship between the two endpoints. If the two cornmunity 

descriptors (Le., spring and fall, three-pass CPUE biomass PMA) had similar sensitivities to the 

various stressors, then the equation describing the relationship between the two descnptors would 

not be significantly different h m  a 1:l line of expectation (Le., the dope would not be 

significantly different from one, and the intercept would not be significantly different h m  zero). 

AAer spring and fa11 had been compared using three-pas CPUE biomass data, 1 contrasted al1 

other descripton to the three-pass CPUE biomass cornmunity descnptor within both spring and 

fa11 sarnpling peiods. For those descriptors for which there was a signifiant deviation h m  the 

line of expectation, 1 estimated the observed effect size in the community descnptor that 

coincided with an effect of 1.645 o in the three-pas CPUE biomass community descriptor. An 

effect of 1.645 cr represents a fish community that is at the limit of the normal range of variation 

for reference fish communities using a percent affinity mode1 such as the Bray-Curtis or Jaccard 

coefficient (Chapter 2). 

The relationship berneen effect sizes estimated using three-pass CPUE b i o w s  collections 

ffom spring and fall was descnied by a relationship that was significantiy difEerent dian a 1: 1 

Iine (Table 3.6, Figure 3.5). In general, when the impacts were large, surveys conducted in the 

fa11 were more sensitive (Figure 3.5). The only PMA descnptors to have a relationship with 

three-pass CPUE biomass that was not different than the line of expectation was single-pass 

CPUE biomass (both spring and fall) and single-pass CPUE abundance in the spring. Al1 other 

descripton were less sensitive than the-pass CPUE biomass (Table 3.6). Of the fint p a s  

descriptors, the biomass descriptors were most highly correlated with three-pass CPUE biomass 

PMA (Figure 3.4, Table 3.6). Snedecor and Cochran (1989, p 188) provide a procedure for 

determining if two correlation coefficients are significantly different. 1 used that procedure to 

detemine that the correlation coefficients for the relationships between single-pass biomass 

percent affinity models and three-pass CPUE biornass P M .  were larger Qe0.05) than the 

correlation coefficients for the single-pass abundance related percent afinity models. 

Consequently, the regression equations and associatd statistics suggest that single-pas CPUE 

biomass and single pass % biornass PMA were more highly correlated with the fully quantitative 

three-pas CPUE biomass PMA than were the single-pass abundance PMA descnptors. 



3.4 Discussion 

The streamç included in this assessrnent of fish community descriptors ranged h m  nondegraded 

cold-water streams dorninated by brook mut, to streams heavily affected by impoundments, 

agriculture and urbanization, and dorninated by more blerant cyprinids such as common shiner, 

creek chub and carp (Figure 3.2 and 3.3). The effects of impoundment/ur2>anization were 

marginally greater than the effects of agriculture on al1 fish-cornrnunity responses with the 

exception of species richness (Tables 3.4). Impoundment. and urbanization are associated with 

several stresson that could potentially alter a fish community including alterations in oxygen and 

thermal regimes (Lehmkuhl, 1972; Mackie et al., 1983) and increased suspended sediments 

(Spence and Hynes, 197 1 ). In addition, altered hydrologic regimes (Leopold, 1968; Lazaro, 

1979) can resuIt in changes in water chdstry (Pederson and Perkins, 1986) and in-stream 

physical habitat characteristics (Fox, 1974; Booth, 1990). Two streams primarily affected by 

urbanhtion clustered with the streams primarily affected by agricultural practices suggesting that 

the streams classifieci as being affected by urbanization/reservoin were primarily affected by the 

reservoirs, not necessarily the urban centers. Both agriculture and urbanization are asçociated 

with physical and chernical changes in streams because of alterations in hydrology due to 

removal of forest cover, tile drains, and paving. The ciifferences in fish communities between 

agriculture and urbanization, and those found below reservoirs, suggest that the specific causes 

of changes in fish cornmunity composition vary with landuse. 

This analysis of different fish cornmunity sampling approaches demonstrates that the 

sensitivity of a study can depend on the methods used (Le., single- vs multi-pass), the fish 

community endpoints measured (i.e., PMA vs abundance or biomass of selected species) and, for 

some descriptors, season. ln general, biomass-related percent-affinity models were consistently 

more sensitive than percent-affinity models based on presencdabsence or abundance data and 

more sensitive than mut-related descriptors. The high concordance among the abundance-related 

percent-affinity models (Figure 3.4) indicates that biomass-related percent-affinity models do 

characterize a different community than abundance-related percent-affinity models. For lentic 

systems, Minns et al. (1996) recommend characterizing the biomass of species rather than 

abundances because biomass is more stable temporally than abundances. 

The biornass-related percent-affinity models have two significant advantages over 



biomass-related tout responses. First, the increased sensitivity of the percent-affinity models 

result in investigators identifjmg signifiant alterations in fish community composition more 

reliably than when mut-biomasses are estimateci. This seems counter-intuitive, particularly if 

we consider that trout may be the species we are attempting to model, predict or protect. 

Multivariate descripton of community attributes are generally more sensitive than single 

descnpton of composition (Clarke and Green, 1988; Yan et al., 1996). More sensitive 

multivariate responses suggests reduced within-reference variability in estirnating condition of the 

fish community. The higher variability of single-variable mut-related responses is probably not 

due to sampling inappropriate stream sections since most mut have home ranges that are about 

the same size as the average stream section sampled (i.e., 20-30 m; Heggenes et al., 199 1 ; 

Bridcut and Giller, 1993). Rather, the increased sensitivity of surveys that quantifi al1 fish 

species is a direct result of having quantified the abundances or biomasses of several species, 

each of which has a set of environmental tolerances. Every time a new species is quantified, one 

can more precisely determine the conditions at a given site (Jongman et al., 1995). 

The second advantage of percent-affinity models over the trout-related responses is the 

graded response to anthropogenic stressors. Trout responses and PMA responses were generally 

poorly correlated because trout demonstrated an "alla-none" response: i.e., either trout were 

dominant in a stream or were absent (e.g., Table 3.5). Using the pmence or absence of trout 

to assess the degree of impact would not be vexy usefil. In this analysis, three of Bowlby and 

Roffs (1986) nine sites had mut during one season, but not the other, and were therefore not 

considered to be reference streams. However, had an assessrnent of the degree of impact of these 

three streams been based on the absence of mut during the one sampling season that they were 

not found, they would have been shown to be as poor as the other urbanized streams that do not 

have trout at any time of the year. This simple example shows that the information gained fiom 

sarnpling the whole cornmunity is vexy valuable in allowing us to more precisely detem'ne how 

sirnilm to reference conditions the site is. Further, without a graded response to disturbance, our 

ability to determine critical environmental variables is lixnited. The percent-affinity models 

provide both graded responses for modelling purposes as well as high sensitivity that gives 

reasonable confidence that assessments will lead to correct conclusions regarding the degree of 

impact. 



in contrast to the biomass-related percent-affinity models, those percent-affinity models 

based on abundances and presencdabsence had less resolution between re ference and impac ted 

locations (i.e., smaller effect sizes). The lowa resolution with presence/absence sumey data is 

unfornate since this type of fisheries data is commonly used to document the condition of 

seeamfish comrnunities (Wichert, 1 994a,b; Fitzgerald, 1 996). Presmcdabsence survey data are 

inherently less diable than species counts or biomass for interpreting condition of a site: two 

sites with substantial differences in environmental condition can have the same suite of fish 

species, although in different proportions (Jongrnan et al.. 1995). 

Season appears to have sorne effect on the resolution between reference and impact 

locations with faIl surveys, on average, giving greater resolution between reference and impacted 

locations (Figure 3.5; Tables 3.2-3.4). Some (Carey et al., 1987; Fitzgerald. 1996) report that 

the overall composition of fish at a site can vary markedly because of reproductive events. 

Although most Stream species have limitai home ranges as adults (Gerking, 1953, 1959; 

Greenberg and Holtzman, 1987; Hill and Grossman, 1987; Heggens et al., 199 1 ; Bridcut and 

Giller, 1993), some species like white sucker have significant spawning-associated movements 

(Scotî and Crossman, 1973). Changes in species composition in reference and resewoir 

influenced strearns (Table 3.5) suggested that northern hog sucker, northern redbelly dace, brassy 

minnow, comrnon shiner and rock bass may have made at least moderate movements in these 

wadeable streams. Such movements for some species are probably responsible for the relatively 

low correlation between spring and fa11 estimated effect sizes (R = 0.736; Figure 3 -5, Table 3 -6). 

in general, however, the average contributions of the majority of species in reference, agricultwal 

and urban/reservoir influcnced streams did not change substantially between spring and fa11 

(Table 3.5) supporting the idea that most stream fish have limited movements. Although there 

were at least some obvious changes in species composition due potentially to movements by a 

few species, changes within a land use were clearly smaller than differences in composition 

between land uses (Figures 3.2 and 3.3). Given these results, sweys  conducteci during spnng 

or fa11 should generally rcsult in sirnilar conclusions regarding the degree of impact of a site, 

although estimated effect sizes h m  fa11 surveys may be larger than estimates h m  spring 

sweys. 

Finally, my analyses suggest that single-pas electrofishing data are as sensitive as three- 



pass data, particularly when CPUE biomass is measured. This has significant implications for 

Stream fish suxveys because it suggests that full quantitative sweys are not required to achieve 

reasonable sensitivity: more rapid single-pass sweys  can be used for assesment purposes. Since 

less effort is required to quantiS. the community at a single site, more sites can be quantified for 

the same budget. Howwer, if CPüE is not recorded, and biomass or abundance are expressed 

as relative terms (Le., abundances are expressed as % composition), estimated effect sizes are not 

as great Consequently, the resolution between reference and impact locations will be reduced 

as will statistical power (Le., the pmbability of detecting the impact). Aithough most fishery 

biologists record the effort (length of Stream, fishing time) that has been expended, proportional 

catch data are oflen the oniy data available from older archived information (e.g., Johnson and 

Owen, 1966; Reed, 1968). Such data are often used as a baseline against which to assess the 

degree of change that has occurred in a watershed over time (e.g., Wichert, 1994b). 

3.5 Summary 

This shidy demonstrates that there are differences in the resolution of different stream swey  

rnethodologies. Surveys that measure CPUE biomass resuited in greater differences between 

reference and impacted fish wmmunities in contrast to s w e y s  that measured either abundance 

or presence/absence, or proportiona1 biomass or abundance. Surveys that result in single-pass 

CPUE biomass data resulted in effect sizes that were as large as those for three-pass CPUE 

biomass data. Season (spring or fall) had some effect on the resolution of the survey, with fdl 

surveys providing marginally larger effect sues. 
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Table 3.1. Community descriptors examineci in this analws. Percent mode1 aff?nity (PMA) descriptors were based 
on biomass, abundaace and presence/absenœ of fish species. 

- - -  

Descriptor Characteristic # of Passes Description Code 

PMA Biomass 1 Catch per unit effort (CPUE) of each b 1 
species (dm2). 

1 Relative (%) contribution of each species %bl 
to total biomass- 

3 CPUE for each species based on Cade b3 
and Smb (1 978) estimates (gh-3. 

3 Relative (%) contribdon of each species %b3 
to total biomass 

PMA Abundance 1 CPüE for each species (Mm?. a 1 

1 Relative (%) contribution of each species %a1 
to total numbers, 

3 CPüE for each species based on Carie a3 
and Stmb (1978) estimates (#/m2). 

3 Relative (%) contribution of each species %a3 
to total abundance 

PMA PresencdAbsence 1 Presence or absence of species based on p/aI 
one pass. 

3 Presence or absence of species based on ph3 
three Passes. 

Brook Trout Abundance 1 CPUE for b m k  tnxit after one pas. brookal 

3 CPUE for brwk t m t  based on Carfe and bmka3 
Smb (1978) estimates (#/m2) 

Brook T m t  Biomass 1 CPüE for b m k  trout after one pas. brookb l 

3 CPUE for b m k  tmt based on Carie and brookb3 
Stmb (1978) estimates (dm2). 

- - 

Ail Tmut Abundance 1 CPUE for ail tmt after one pass. troutal 

3 CPUE for al1 trout based on Carle and trouta3 
Stmb (1978) estimaies (#lm2) 

Al1 Tmut Biomass 1 CPUE for al1 trout after one pass. tmutbl 

3 CPUE for ail tmt based on Carle and trout b3 
Strub (1978) estimates (dm2). 

Species Richness 1 Total nwnber of species afler one pas.  richl 

3 Total nwnber of species d e r  three rich3 
passes- 



Table 3.2. Mean and standard deviation (SD) for reference fish community descriptors. and maximum observable 
effect sim. 

Number of Comunity Descriptor SP- 
Passes 

Mean SD Maximum Mean SD Maximum 
E ffect Effect Size 
Size 

Sinde Pass CPUE abundance PMA 

% abundance PMA 

ptesencdabsence PMA 

CPUE biomass PMA 

% biomass PMA 

species richness 

brook trout abundance 

brook mut biomass 

al1 trout abundance 

Three Pass CPUE abundance PMA 

% abundance PMA 

presendabsence PMA 

CPUE biomass PMA 

% biomass PMA 

species richness 

b m k  tmt abundance 

b m k  trout biomass 

al1 trout abundance 

al1 mut biomass 



Table 33 .  Withikreference-location standard deviatios as well as average difference in raw and stanQrdatdized 
ternis (Le.. effect size ES]) for agricuitmi sueams. 

SD Average Average SD Average Average 
Di fference ES Di fferenœ ES 

Sinde P a s  

CPUE abundance PMA 

% abundance PMA 

presence/absence PMA 

CPUE biomass PMA 

% biomass PMA 

species richness 

brook mut abundance 

brook trout biomass 

d l  tmt abundance 

al1 mut biomass 

Three Pass 

CPWE abundance PMA 

% abundance PMA 

presenceiabsence PM A 

CPUE biomass PMA 

Oh biomass PMA 

species ricfiness 

brook trout abundance 

b m k  trout biomass 

al1 trout abundance 

al1 trout biomass 



Table 3.4. Within-reference-location standard deviation, as well as average ciifference in raw and standardardized 
t e m  (i.e., effect size [ES]) for streams affecteci by urbanïzation and reservoirs. 

Communi ty Descriptor S ~ n 4 3  Fa11 

SD Average Average SD Average Average 
Differenœ ES Di fferenœ ES 

Sinde Pass 

CPUE abundance PMA 

% abundance PMA 

presence/absence PMA 

CPUE biomass PMA 

% biomass PMA 

species richness 

b m k  trout abundance 

b m k  mut biomass 

al1 trout abundance 

al1 trout biomass 

Three P m  

CPUE abundance PMA 

% abundance PMA 

presence/absence PMA 

CPUE biomass PMA 

% biomass PMA 

species richness 

brook trout abundance 

b m k  trout biomass 

aIl trout abundance 

al1 trout biomass 



Table 3.5. Average biomass (grn2] of fish in reference. agricultural and urban reservoir intluenced strearns. 

Brook Iamprey 

Rainbow trout 

Brook trout 

Northern pike 

Central mudminnow 

White sucker 

Nonhem hog sucker 

Golâen redhorse sucker 

Nonhem redbelly dace 

carp 
Brassy minnow 

Hornyhead c hub 

Golden shiner 

Emerald shiner 

Cornmon shiner 

Bluntnose minnow 

Fathead minnow 

Blaclaicise dace 

Longnose dace 

Creek chub 

Pearl dace 

Centrai stoneroller 

,Vocumis sp. 

Yellow bullhead 

Brown bu1 lhead 

S tonecat 

Brook stickieback 

Rock bass 

Pumpki nseed 



Species Spnng 

Largemouth bass 0.49 233 

Iowa darter 0.09 0.10 0.1 1 0 3  1 

Johnny darter O. 16 0.0 1 0.77 0.04 

Mottled sculpin 3.75 0.55 1.58 0.17 



Table 3.6. kges ion  equations describing the relationships among effect sizes estimateci h m  PMA community 
descriptors. Also given are effect s i z s  correspondhg with effect sizes of 1 -65 standatd deviations (SDs) 
in three-pas CPUE biomas PMA. as well & correlation coefficiem (R) aod mean-squamkmir ternis 
(MSE) for the regmsions. 

- -  

W i o n  Mode1 MSE R Effect Size 
( S m  



Figure 3.1 . Map of southern Ontario s howing locations of study sites. Those stations surveyed by Bow l by and Ro ff 
( 1986) are depicted by x's, white those surveyed in 1994 are depicted by O. 
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Figure 3.2. Principal cooniinaies analysis of three-pass-CPUE biomass data fmm spring elemfishing surveys of 
37 streams in southem Ontario. (a) gives sample scores for reference ( r d )  and non-reference (non-ref) trout 
streams as well as agicuitusal (agr) urban/reservoir (Urwres) and urban (urb) stream sites. while (b) gives 
taxa correIations with the PC+A axes. See Appendix B for latin names for species. 
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Figure 3.3. Principal coordinates analysis of thm-paFsCPUE biomass data h m  fa11 elemfishing surveys of 37 
sveams in southem Ontario. (a) @es sample scores for  fere en ce (reo and non-teference (non-ref) tmut 
streams. as well as agrifultural (agr) Wreservoir  (Urtures) and wban (urb) Stream sites. while 0) gives 
taxa correlations with the PCeA axes. See Appendix B for Iatin names for qxcies. 
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Figure 3.4. Principai coordinates analysis of comlatiom benveen fish community descriptors during spring 
electrofishing w e y s  of 37 nrearns in southern Ontario. See Table 3.1 for explanarion of codes for the 
community descriptors. 
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CHAPTER 4 

Fish-benthossnvironment correlations in southern Ontario streams 

The relationship between fish and benthic invertebrate communities in wadeable streams in 

southem Ontario was examùied using three independent and spatially distinct data sets. For two 

of the data sets, fish and invertebrates had been collected across a thennai/enrichment gradient, 

while the third data set was based on collections of fish and invertebrates across a land-use and 

smam size gradient For al1 three data sets, comlations betwem fish and benthos were higher 

when benthos were identified to lower taxonomie levels (i.e., species and lowest practical leveis). 

Comlations were low for one study that utilized a "rapid" bioassessment protocol involving field 

sorting. in two sweys, stream temperatures were important to the distributions of both fish and 

benthos, while in a third survey, fish and benthos wen prirnarily influmced by the site of the 

stream (watershed size). In ail three studies, fish and benthos were associated with similar suites 

of environmental variables, suggesting that the fish-benthos association in these s m m s  was 

drivm by corresponding environmental tolerances. ln addition, the data suggest that fish and 

benthos respond to environmenoil cues at sirnilar spatial scales. Although there was signifiant 

vanation in the fish-benthos comlation that could be attriiuted to differences in sampling 

mediodologies, the findings h m  this study confirm that strcam fish and benthos are significantly 

associated and that surveys of benthos can be used to rnake inferences on the condition of fish 

cornrnunity composition. 



4.1 Introduction 

S w e y s  of both fish and benthic invertebate comrnunities are commonly used tools to assess the 

effecu of human activity on the condition of sakun resources. S w e y s  of fish are somewhat 

easier to justiQ because of their more obvious societal value (Karr, 1 98 1 ) and relationship with 

legislation (i.e.. the Canadian Firheries Acc Chapter 1; Mims et al., 1996). Sweys  of benthos. 

however, are a preferred means of characterizhg the condition of aquatic s y s t m  for several 

reasons (Pratt and Coler, 198 1 ), but primarily because: (1) they are l e s  mobile than fish, thereby 

reflecting mainly local conditions; (2) they are considerably easier to sarnple (although they take 

longer to process); (3) they have relativeiy short Iife cycles (generally about 1 year) such that the 

composition of a cornrnunity is expected to change fairly quickly when a stressor is present in 

a system; and (4) because the condition of benthic comunities is presuned to have some 

relationship with the condition of fish comrnunities and mources while being a nondesûuctive 

surrogate of that resource (Depment  of Fishenes and Oceans and Environment Canada, 1995; 

Hodson et al., 1996). 

The fouxth rationale for conducting benthic surveys relies upon an understanding of the 

fish-benthos relationship. Based on a substantial body of work, we now know that productivity 

of fish resources is directiy linked to the production of benthic conmnuiities in lmtic (Northcote 

and Larken, 1956; Hayes, 1957; Rawson, 1960; Mawzek, 1978; Hanson and Leggett, 1982; 

Boisclair and Leggett, 1989; Pierce et al.. 1994) Iotic (Bowlby and Roff, 1986a; Waters. 1988) 

and marine systems (MacKinnon. 1973; Diaz and Schafier, 1990). We alx, know that changes 

in the tmphic structsue (feeding guilds) of a fish community can have effects on standing cmp 

and size-class structure of benthic mmmunities in fairly controllcd situations like mclosed lakes 

(Bal1 and Hayne, 1952; Anderson et al., 1978), expaimental cages (Gilinslq, 19841, or 

experimental Stream sections (Allan, 1982; Ellioti, 1986; Morgan and Ringler, 1994). 

Although such demonstrations confirm that benthos and fish are inhemtly linked whm 

most major environmental factors are conrrolled, there are few demonstrations that the 

composition of the benthic cornrnunity can be used to predict the composition of a fish 

cornmunity across ecological gradients. Demonstrating that fish and benthos do respond to 

similar environmental factors is crucial if we are to assume that the condition of a fish 

comrnunity can be predicted fiom some descriptor of a benthic community. In lake systems in 





reaches). Because the methodologies used to s w e y  bot. benthos and fish varied among studies, 

this analysis also allows evaluation of the robustness of the underlying fish-benthos relationship. 

A secondary objective of this chapter was to evaluate the effect of taxonomy on the 

strength of the fish-benthos relationship. This is in rrsponse to a growing interest in detemiining 

optimal taxonomic levels for benthic identifications (Warwick, l988a,b; Ferraro and Cole. 1990; 

%merfield and Clarke, 1995; Wright et al., 1995; Barton, 1996). fdemtifications to the species 

level are tedious and costly (Rosenberg et al., 1986), but arc o h  recomrnended (Resh and 

Unzicker, 1975; DFO & EC, 1995). For those benthic m e y s  being conducted as part of  

evahations of the condition of fSsh habitat (DFO & EC, 1995; Stanfield et al,, 1996; Hodson et 

al., 1996). understanding the taxonomic level at which assessmmts should be made is an 

important consideration. 

4.2 Met hodology 

4.2.1 The Data Sets 

The sampling methods used to collect fish and invcrtebrates van'ed among the three studies used 

in this overall analysis: (1 ) Barton et al.5 ( 1985) buffer snip study; (2) Farrara and Reid's ( 1 995) 

London sub-watershed study; and (3) a study conducted in conjunction with the Ontario Minis~y 

of N a m l  Resources ( O M M )  (Figure 4.1). Methods used to collect fish, benthos and 

environmental data for each study are therefore descnbed in detail. 

Banon et al. 11985) - Buffer St@ Study 

Fish were collected during August 1980 using a backpack electroshocker. Blocking nets (6 mm 

mesh) were us& to enclose 25-50 m reaches. The original study by Barton et al. (1985) 

recorded total catches (abundances) of al1 fish spccies h m  either two or three passes through 

the blocked sections, as well as additional seining wherc there werc pools. This analysis of the 

fish data utilizes only the catches from the fint pas. In addition, because biomass data provide 

better resolution between impacted and non-impacted sites, and because biomass data are more 

closely related to the goals of the Federal Fisheries Act (Le., no net ioss of the productive 

capacity of fish and fish habitat) (Randall et al., 1995; Minns et al., 1996; Chapter 3). I convened 

species abundances into species biomasses by multiplying the abundances of each species by their 



average weight. Average weights for species in this data set were determined h m  collections 

made as part of Chapter 3 (Appendix C). Making this conversion h m  abundance to biornass 

gives larger and less abundant fish species such as trout more weight in the analysis and leads 

to greater separation of mut  streams with cyprinids and cyprinid dominated streams (Chapter 3). 

The statistical analyses of the fish community data described below were perfomed using both 

species abundances and biomasses, with little change in the interpretation of the results. 

Consequently, I present the results of the analysis on biornass data only. 

Benthic collections w m  not reporteci- by Barton et al. (1985) but consisted o f  a travelling 

kick and sweép technique that attempted to collect representative benthos from al1 microhabitats 

within the Stream section that was shocked. Mesh size of the kick net was 200 p. Single 

collections were made at each site duhg both May and August of 1980. Samples were 

preserved in the field using buffered fornialin (5-10%) and sorted in the laboratory using 6-12x 

magnification. Generally, over 400 organisrns were renioved from each sample and identified 

to the lowest practical taxonomie level. Kirudinea, Naididae and Tubi ficidae (Oligochaeta), 

Gastropoda, Amphipoda. Isopoda, Decapoda, most Ephemeroptera, Plecoptera, Hemiptera, most 

Hydropsy c hidae c r i c  hoptera), adult Elrnidae (Coleop tera) and Chironomidae (al1 pupae. and 

larvae of some genna) were identified to species. Other animals were identified to genus or 

family. 

The environmental variables measured by Barton et al. (1 985) are given in Table 4.1. 

Barton et al. (1985) also detexmined the ratio of the median to minimum discharge and the ratio 

of maximum to median discharge. These ratios wcre not included in this analysis (1) because 

the= were misshg values for one site, (2) because neidier ratio explained variation in fish 

community composition (Barton et al., 1985). and (3) because part of the infoimaton 

incorporated into these ratios is explained by median discharge which is acamined in detail here. 

Pnor to analysis, al1 variables were log,, t r a n s f o d  with the exception of the discharge ratio 

and stream temperature. 

F u m a  and Reid 0995) - London Subwatershed Shtdies 

Famra and Reid (1995) surveyed 110 3rd-4th order stream sites within the boundaries 

of the City of London h m  which 1 selected 40 for which there was complete environmental. fish 



and benthic data. Fish were collected during May and h e  of 1994 by electrofishing Stream 

sections that were at least 30x the bankful width. Numbers of each species caught were 

recorded. As with the Buffer-Strip data, abundances of each species were converted to biomass 

using &ta on average biomasses h m  additional sneams surveyed in 1994 (Chapter 3). At rime 

areas of each surveyed stream station, two or three Surber samples were collected during 

December 1994, and sieved in the field with 500 pm mesh. In addition to the quantitative 

samples. a single qualitative sample was collected throughout the study reach at the same tirne: - 

Each qualitative sample was collected o v a  a 30-minute peiod using a travelling kick-and-sweep 

technique (following Gnffiths, 1993) with a 500 pn mesh dip net. Both qualitative and 

quantitative samples were preserved in the field to 10% buffefed formalin. Samples were viewed 

under 10x mgnification and organisrns were removed and identified to the lowest pactical 

taxonomie level (species when possible, but usually genus, Farrara and Reid, 1995). nie 

environmental variables included in the analyses are listed in Table 4.2. in-stream measurements 

(dissolved oxygen, temperature. depth, width) were made at the saw time as the December 

benthic nirvey. Phimeters were used to m e m  the area of each land use within 

subwatersheds h m  Ontario Minisüy of Agricuiture and Food (OMM) land use maps. Of the 

environmental variables included in the analysis, only conductivity was log,, trmsfomed. 

MNR - Habitat Suirability Index (HSO Dota 

In association with the Ontario Minisûy of NaturaI Resources (OMM), I obtained data 

on fish, benthos and environmental variables at 54 3&th order stream locations across southm 

Ontario. Of those, 35 stream sites had complete fish, benthos and habitat information. At each 

station, hai f-meander wavelengths (cmssover point to crossover point) were mclosed using 

blocking nets. These sections w m  electrofished once, and fish werc counted and weighed. Prior 

to fishing, benthos w m  collected at crossover points using a kick n a  (Plafkin et al., 1989) and 

1 minute of kicking (Stanfield et al., 1996). On site, 100+ randomiy sclccted benthic organisms 

was removed h m  the debris, preserved in 70% ethanol and later identified to genus. 

Environmental variables measured at each site are listed in Table 4.3. Strcams were classified 

as either warm (s 23"C), cool (a 18°C) or cold (= 14°C) based on the differential between actual 

stream temperatures at -'16:00 h and maximum daily air temperatures on the same day (Stoneman 



and Jones, 1996). Solar window (a measurement of the percentage canopy) was measured 

following Stoneman and Jones (1995) while the percentage of the strearn as pools. flats and 

chutes, the percentages of strem cover as rock, wood and undercut banks, and the ratio of the 

average pavement to sub-pavement particle sizes was deteminad following Stanfield et al. 

( 1996). Habitat measurements were det-ned using a point-ümsect method that involved 

measurement of stream depth, dope. particle s i x  and tlows at each of ten equispaced points 

along 10 msects  equally spaced between two thaiweg crossover points (rimes). The 

percentages of stream habitat as pool, chute or rime was determined using the dichotomous key 

in Stanfield et al. (1996). Watershed size as well as the proportion of the watershed as forest, 

agn.culture and urban areas were detennined h m  LandSiatm scenes h m  southern Ontario, 

interpreted by the hovincial Remote Senshg Office. Using PC-ARC/INFO, land use coverages 

were intersected with catchment boundaries on digital Ontario Base Maps to produce the landuse 

information for each site (Mee, 1996). 

4.2.2 S tatistical Analyses 

The analysis of fish-benthos-environment cotrelations was conducteci in two steps. The fint step 

involved performing Mante1 (1 967) tests to detemine whether fish and benthic communities were 

significantly correlated. With Mantel's test concordance betxveen huo matrices is measured as 

a sunnnation of the crossproducts hem the offdiagond clements of the two matrices. The 

degree of association of the two matrices is then judged against a nul1 distribution detemiined 

via pemutation. According to K.M. Sumers (pers. comm., Ontario Ministry of Environment) 

the Mante1 statistic operates like a coefficient of determination (i.e., r'). Consequently, Mantel 

r values indicate, approxirnately, the amount of variation in one rnatrix that can be expiained 

another. 

Distance matrices for fish and benthos were made by cdculating Bray-Curtis distances 

(Rohlf, 1993) between al1 pain of stream stations. The Bray-Curtis coefficient is a commonly 

used community coefficient for quantitative or proportional data (Legendre and Legendre. 1993; 

Rohlf, 1993). The coefficient is calculated using the formula: 



where di, is the Bray-Curtis distance between two samples i and j, k refers to the kth species, x, 

refm to the abundance of species k in sample i and xb refers to the abundance of species k in 

sample j (Rohlf, 1993). Two samples with identical species composition will result in a Bray- 

Curtis distance of zero. while two sarnples with no species in cornmon will result in a Bray- 

Cuxtis distance of one. 

Fish and benthos distance matrices were calculated for each of the three data sets. For 

the qualitative @resence/absence) kic k-and-sweep survey conducteci b y Farrara and Reid ( 1 995). 

Jaccard's mesure of similariy was calculated. The Iaccard coefficient (IC) is calculated using 

the formula: 

where a represents the number of species in common. b is the number of species found in sample 

j but not i, and c is the number of species found in sample i but not j (Rohlf. 1993). The hccard 

coefficient was used to estirnate the similarity among communities using presence/absence data 

because it is a cornmonly used coefficient for that type of data (Legendre and Legendre, 1993; 

Rohlf, 1993). With Jaccard's coefficient, samples with d l  species in cornmon will result in a 

value of one, whereas samples with no species in common will result in a value of zero. ln order 

for the Jaccard's coefficient a complement the Bray-Cureik coefficient, I used the inverse of the 

coefficient such that d l  values indicated similarity while large values indicated d i~s imi l~ ty .  

For qualitative abundance data, numbers (for benthos) or biomass (for fish) of taxa were 

transfomed into proportional abundances (i.e., % of total numba or total biomass) after log,, 

transformation, while for quantitative data, numbers or biomasses were sirnply log,, transformed 

pnor to calculation of Bray-Curtis coefficients. To determine wherha taxonomie level of a 

benthic survey influenced the observed comlation between benthos and fish, benthos distance 

maaices were calculated for counts at the species. genus, family, order and phylum levels. 



The second stage of the analysis used canonical correspondence analysis (CCA) to 

summ&e fish-envimnrnent and benthos-enviionment comlations. CCA is a direct ordination 

technique. which constrains the ordination of taxa disaibutions to the set of environmental 

variables measured by the investigator (Ter Braak, 1986, 199 1, 1994; Jongman et al., 1995). 

CCA elegantly portrays the relationships b e ~ e e n  species distributions and environmental 

variables, and cm assist in determining primary and secondary gradients controlling the 

distributions of ecological communities. 

Each of the three fish and benthic data sets were anal- scparately using CCA for a 

total of six separate analyses. Because the comlations between fish and benthos distance 

matrices were nearly as strong at family as at genus or species (Table 4.4), only fhly-levei 

benthos data were analyzed with CCA for simpiicity. Each data set had several taxa (fish species 

and benthic families) that were found in only a few samples. Since rare taxa c m  cause 

distortions of underlying pattern in conespondence analysis (CA; Ter Braak. 1986) taxa found 

in fewer than three samples in a given data set were removed pnor to nuuiing CCA. 

To determine if the environmental variables m e a s 4  in each of the studies accounted 

for a significant Fraction of the community distributions, CA and detmded CA @CA) were aiso 

used to analyze these same community data sets. Ordinations by CA and DCA can be thought 

of as determining how much non-random variation is present in a comunity data set (Gauch, 

1982). When an ordination by CA or DCA accowts for much more variation in cornmunity data 

than does CCA, then it can be inferred that the measured environmentai variables are not the 

dominant factors goveming the taxa distributions. CANOCO (Ter Braak, 199 1) was used to 

perform al1 constrained and un-constrainai ordinations. 

4.3 Results 

43.1 Maatel Correlations 

Correlations b e ~ e e n  fish and benthos were significant for al1 three studies (Table 4.4) but the 

strength of the comlations varied between studies and depended on the timing of the benthic 

surveys, the level to which benthos were identified, and the type of benthic s w e y  conducted. 

Correlations were highest for the buffer strip study with Mantel correlations > 0.5 for surveys 

conducted in August. For the London subwatenhed study, fish-benthos comlations were higher 



for quantitative than qualitative benthic data, while for al1 t h e  snidies there was generally iinle 

reduction in the Mantel correlation at the family Ievel. 

43.2 Canonical Correspondence Analyshi 

Figures 4.24.4 give the CCA biplots for the fish and benthos cornmunit. data for each of the 

three studies. In these biplot diagrarns, lines connected to the on'gin represent the magnitude of 

the influence of an environmental variable on the distribution of organisms. Environmental 

variables connected to the origin with long lines are more important, while those connected by 

short lines are less important The direction of the line h m  the origin represents the direction 

of change in that pam'cular environmental gradient (Ter Braak, 1986). The position of a species 

in the biplot represents the location of the species' optimum in relation to each of the 

environmental gradients pomayed in the biplot Species positioned at an extreme end of an 

environmental gradient are more influenced by that gradient than species positioned close to the 

origin (Ter Braak, 1986). 

Ordinations by CCA generally accounted for signifiant fractions of the non-randorn 

variation in community composition. Table 4.5 provides the % of variation accounted for by a 

given CCA axis for a given data set Measured environmental variables gmerally accounted for 

= 70% of the non-random variation in taxa distributions in each of the fish and benthos data sets, 

and generally accounted for more of the non-random variation in fish distributions than benthic 

family distributions for al1 thm studies (Table 4.5). 

This analysis of the buffer-strip data also confïrrned the findings of Barton et al. (1985) 

that colder streams with a higha proportion of the waterhhed as forested were dominated by 

brook, brown and rainbow &out. Colder strearns also had less suspended fine particulates and 

higher discharge than the wamer streams that supporied piirnarily cyprinids (Figure 4.2). in 

addition, the colder streams were also characterized by mayfly (Siphlonun'kiae), stonefly 

(Leuctridae, Perlidae) and caddisfly (Psychomyidae, Phryganeidae) f ~ l i e s  whereas warmer 

streams were dominated by several mails (Planorbidae, Valvatidae), glossiphoniids (leeches) and 

planariids. Fish distributions were secondanly related to rime width (or saearn width, CCA axis 

2), whereas benthos distributions were secondarily related to overall Stream gradient (CCA axis 

2) (Figure 4.2). 



In the London sub-watenhed study, the primacy gradients in the distributions of fish and 

benthos were associated wi th a suite of environmen ta1 variab les primarily re flecting 

smam/watershed size. in this study, fantail darters, northem hog sucker and blacknose shiner 

were associated with higher-order stceams, as were several benthic fm'lies including the 

Philop~ta~dae, Helicopsychidae, Heptageniidae and Psephenidae (Figure 4.3). in contrast, 

northern redbelly dace, brook stickleback, cenaal stoneroller, purnpkinseed sunfish and les t  

darter were associated with lower-order streaxm, as were several benthic families including - 

Tabanidae, Erpobdellidae, and Perlodidae (Figure 4.3). Second axes for fish and benthos were 

also comlated with the percentage of the watershed as intensive agriculture and winter stream 

temperatures. S t r e a m  surrounded by landuses with a higher proportion as intensive agriculture 

were colder during the winter and were dominated by homyhead chub, river chub, rosyface shiner 

and lfvbognathus sp (brassy/eastem silvery rninnow), as well as the benthic families 

Leptophlebiidae and Limephilidae. In contrast, streams with less intensive agriculîure and 

higher winter water temperatures were more dominated by central stonerollm and purnpkinseed 

as well as the benthic families Coenagrionidae, Tricorythodae and Ancylidae. Winter stream- 

water temperatures ranged from 1 to 8°C (Table 4.2) with the warmer Stream temperatures 

indicating a higher proportion of flows originating as ground water. 

Finally, as with the London subwatershed study, the primary gradients in the distributions 

of fish and benthos in the MNR-HSI data were associated with maximum temperatures and % 

forest cuver (Figure 4.4). However, in contrast to the previous two studies, this analysis of the 

MNR-HSI study showed that other additional environmental factm w m  highly correlateci with 

the primary distributions of fish (i.e., % of the stmm as flats, % of the instream cover as 

undertut banks), and benthos (i.e., watershed size and % of the watershed as urban). Generally 

though, colder streams with greater fomt cover were more dominated by bmk,  rainbow and 

brown mut, as well as the benthic families Perlodidae, Tricorythodae and Nemowidae, while 

streams with high temperatures and a lower % forest cover in the watershed were more 

dominated by white sucker, largemouth bass, nonhem redbelly dace and pumpkinseed swifish, 

as well as several benthic families including Erpobdellidae, Tubificidae and Planorbidae (Figure 

4.4). The secondary distributions of fish and benthos were associated with apparently different 

environmental factors. Secondary fish distributions were related to the % of the Stream as pools 



and chutes, whiie the secondary benthos distributions were related to % of the Stream as pools 

and fiats, and the % of the insneam cover âs rock. 

4.4 Discussion 

This analysis of fish, benthos and environmental data suggests that across environmental 

gradients, fish and benthic cornmunities in 2nd to 4th order streams in southem Ontario are 

highly correlated. This was demonstrated by relatively high and significant Mantel correlations 

(Table 4.4). Momver, higher correlations between fish and bendios with benthos identified to 

lower taxonornic Ievels (i.e., genus and species) provides support for the idea that the fish- 

benthos correlation is due to fish and benthos changing in concert across environmental gradients. 

Further support for this idea cornes h m  demonstrating that the primary disaibutions (and 

secondary distriiutions for the London Subwatenhed study data) of fish and benthos taxa were 

generally related to similar environmental factors in each of the thm independent data sets. 

In the buffer-strip study, fish and benthos responded in concert to a change in stmm type 

h m  cool streams with low concentrations of suspended fine particulates and a high proporîion 

of forest in the catchent, to wamer stnams with high concenaations of suspendeci fine 

paràculates and a low proportion of the catchment as foresteci (Figure 4.2). The changes in both 

fish and benthos were characteristic of a change from relatively pristine (undisturbed) stream 

conditions to relatively degraded. As fully described by Barton et al. (1985), colder streams had 

fish species such as brook, bmwn and rainbow trout that are relatively intolerant of high 

temperatures and degraded ( los  of) habitat, whereas the wamcr streams were dominated by 

more tolerant cyprinds, ictalurids and darters (Wichert, 1994). The changes in the benthic 

comrnunity were also indicative of a general change in water and habitat quality. The cold-water 

streams were dominated by relatively sensitive stonefly, caddisfly and mayfiy taxa, while the 

warmer streams were dominated by more tolerant mails, leaches, isopods, planariids, and 

damselflies (Bode, 1988). 

Demonsirating that fish and benthos distributions are correlated with the same 

environmental factors implies that fish and benthos respond to the same environmental cues at 

similar spatial scales. This probably results from stream fishes having limited mobility or home 

ranges. Although stream dwelling species such as rainbow trout and white sucker may rnake 



spawning migrations (Scott and Crossman, 1973), several studies confimi that the majoiity of 

individual fish within populations have adult home ranges less than 100 m (e.g., Gerking, 1 953. 

1959; Greenberg and Holkman, 1987; Hill and Grossman, 1987; Heggenes et al., 199 1 ; Bndcut 

and Giller. 1993). As a consequence, a survey of fish or benthos in a section of stream wil1 

reflect either local or watenhed-lwel influences, whichwer is more important at that specific 

location or time. Most of the environmental factors measured in this study reflect whole- 

watershed activities. 

As Bowlby and Roff (1986âb) surmise, fish and benthos may be related through top- 

down influences of the fish community on the benthic community. They suggested that when 

top-level piscivorous fish were present in a stream, benthic feeding fishes were reduced in 

biomass resulting in a release of larger benthic taxa Although that hypothesis has been 

supponed by several controlled experirnents in both lentic (Gilinsky, 1984; Post and Cucin, 1984; 

Hanson and Legget, 1986; Bronrnark et al., 1992; Hayes and Taylor, 1992) and lotic 

environmenu (Cooper et al., 1990; Power, 1992; Wiseman et ai., 1993), the findings h m  this 

study suggest that environmental cues are more important in detemiinhg the composition of the 

fish and benthic communities than topdown or bottom-up effects. Sironger correlations between 

fish and benthos with benthos identifiai to the species (or lowest practical) level suggest that 

environmental tolerances of benthos arr more important to the comlation than body size (since 

body size tends to be fairly uniform at highrr taxonomie Ievels, Dolédec and Statzner. 1994). 

Tn addition, M e r  evidence that topdown effects are not as importûnt cornes h m  the anaiysis 

of the buffer saip data. In that data set, large benthos were found at the extremes of the 

temperature gradient while piscivorous fish w m  present at only the cold end of the same 

temperature gradients (Figure 4.2). Large Megaloptera (Sialidae, Corydalidae) and stoneflies 

(Leuctridae) were dominant in colder streams in association with b m k  mut in the buffer sirip 

study, while large Glossiphoniidae and Coenagionidae were more dominant in w m e r  streams 

in association with benthivorous cypnnids in the sam study (Figure 4.2). More likely than top- 

down effecü, concurrent (and independent) changes in fish and benthos community compositions 

are probably responsible for the observed associations between fish and benthos. Similar 

conclusions were reached by Cross et al. (1985) in a study of fish food habits across a pollution 

gradient in the coastal waters of California. As my analyses confimi, temperature is a major 



influencing factor in Stream communities, and there are classic fish and benthic communities 

associated with cold cool and warm environmenu (Scott and Crossman. 1973; Beck, 1977; 

Hm's and Lawrence, 1978; Hubbard and Peters, 1978; Surdick and Gaufh, 1978). Topdown 

effects of fish feeding on benthos are probably important within both cold and wann systems, 

but large environmental gradients appear to be more important in detemiining the complex of 

species (bah fish and benthos) that may occur at a site. 

Dernonstrating that benthic communities identified to generic and species levels results - 

in a higher correlation with fish community composition also has applied consequences. This 

finding infers that benthic nirveys at lower levels will more accurately predict the condition of 

fish communities. Several authon have pnviously recommcnded the use of family-level 

identifications in sweys of smam benthos (International Organization for Standardization, 1979; 

Amitage et al., 1983; Hilsenhoff, 1988; Wright et ai., 1995) because m e y s  at the family level 

are generally as successfbl at identifjing impacts as are surveys at the species or generic level 

(but see Barion, 1996). Within lower taxonomie groupings (Le., genus and species) taxa tend to 

respond more to micro-habitat (e.g., the presence or absence of rnacrophytes, interstitial substrate 

particle size, etc.,) influences. while family-level characteristics have becn considered more 

related to rnacro-habitat factors like overall water quality (Buikema et al., 1979; Warwick. 

1 988b). The analyses 1 conducted with the three data sets suggest that habitat and water quality 

factors control benthos because of family levei characteristics. The minor increase in correlation 

between bmthos and fish when genus and species-level identifications are performtd is probably 

a reflection of differences in tolerances within families. The overall importance of the strength 

of the fish-benthos rrlationship (and thus of the level of effim required to identify bmthos) for 

making inferences of the condition of fish condition based on surveys of bmthos, is M e r  

explored in Chapter S. 

Although there were obvious differences in the magnitude of the wmlations between tish 

and benthos within and between studies, the confounding effects of season and amplers with 

studies makes it difficult to specifically detemine whether some samplers collected benthic 

communities that were more highly correlated with fish communities than other methods. In 

general, however, higher correlations between fish and benthos were observed for the buffer strip 

study which incorporated a qualitative travelling-kick method that sampled benthos korn all 



rnicmhabitats within streams. That study also incorporated a late summer (August) survey, and 

processing of a high number of organisms (Le., generally > 400) into the benthos sampling 

pmtocol. in conûast, the poorer correlations between fish and benthos in the MNR-HSI and the 

London subwatershed study may have been due to diffaences in microhabitats that benthos were 

sampled hm. season that benthos collections were made, and differences in benthic processing 

techniques. Both the London subwatershed and MNR-HSI studies collected benthos k m  riffles 

only, contrasting the travelling kick technique of the buffer-sflp study. Data in Chapter 5 

demonstrates that correlations between fish and benthos are higher when bmthos are collected 

h m  nuis. 'Rime habitats have the potential to be m m  inffuenced by cleans and colder 

groundwater than runs or pools (Godbout and Hynes, 1982). Runs and pools are also more likely 

to collect anthropogenically derived contaminants ( K m s  et al., 1992). Data in Lmat (1988) 

suggests that the travelling kick technique provides a more accurate characterization of water 

quality at a site titan do other methods that focus on only rime habitats. According to the species 

descriptions in Scott and Crossman (1973), many fish species spend most of their feeding and 

resting pends in nu is  and pools. Consequcntly, stmnger associations between run/pool benthos 

and fish comrnunities may be expected. 

Differences in sorting techniques between the various studies may also explain some of 

the obsmred diReraces in the fish-benthos cornlations. For example, the field somng technique 

used in the MNR-HSI study is known to be a biased technique that generally misses srnaller 

benthos (Dukenchein et al., 1996). In addition, the "rapid MNR-HSI study protocol required 

the collection and identification of only 100 organisms in the contrast to the > 400 organisms 

collected and identified in the buf'fer-stnp &ta set. In such qualitative sarnpling techniques, more 

organisms result in more accurate characterization of benthic comunity composition (Plafkin 

et al., 1989). 

Finally, based on the assumption that fish and bmthos are associated becaw they both 

respond to the same environmental cues, coilecting benthos during diffmnt seasans would be 

expected to affect the strength of the relationship. Law fiow periods in mid ta late summer (Le., 

rnid July to mid September, Stanfield et al., 1996) tend to limit the distributions of taxa because 

surface water temperatures are highest, anthropogenic contaminants are at peak concentrations 

(because of the Iow flows) and dissolved oxygen concentrations are low (because of high 



temperatures and high nuaient concenüations). Distributions of fish in srnall streams tends to 

be a function of these low-flow conditions, primady because of lirniting temperatures (Li et al., 

1994; Schlosser, 1995). Barton (1996) recently demnstrated that benthos collected during mid- 

sumrner Iow-flow priods show p a t e r  difFerences berneen reference-fonsted and impacted- 

agricultural streams than other times of the year including spring and fail. This is because some 

species of typically sensitive groups like Plecoptera, Limnephilidae and Diamesinae can be found 

in impacted sites during winter when conditions are lcss limiting (Barton, 1996). Consequmtly, ' 

finding that the fish-benthos correlation was lower in the London mb-watemhed study, in which 

the benthic survey was conducted d u h g  Deccmber, is not surprising. 

Regardless of the differences in magnitude of the fish-benthos comlations and potential 

effects of season and sarnpling methods, the findings h m  this study confirm that stream fish and 

benthos are significantly associated and that s w e y s  of benthos can be used to make in f m c e s  

on the condition of fish comrnunity composition. Further studies are required to detemine more 

specifically how much change in benthic comunity composition corresponds with ecologically 

relevant changes in fish comrnunity composition (Chapter 5). 



4.5 Literature Cited 

Allan, J.D. 1982. The effects of reduction in hout density on die invertebrate community of a 
mountain stream. Ecology, 63: 1444- 1455. 

Anderson, G., J. Berggren, G. Cronberg and C. Gelin. 1978. Effects of a plankiivorous and 
bmthivorous fish on organisms and water chemistry in eutrophic lakes. Hydrobwlogia. 
59:9- 1 S. 

Amitage, P.D., D. Moss, J.F. Wright and M.T. Fwe. 1983. The performance of a new 
biological water quality score system based on macroinvertebrates over a wide range of 
unpolluted nuuiing-water sites. Wuflet Research, 17:333-347. 

Ball, R.C. and D.W. Hayne. 1952. Effects of the removal of the fish population on the fish- 
food organisrns of a lake. Ecology, 33141 48. 

Barton, D.R. 4996. The use of percent mode1 affinity to assess the effects of agiculture on 
benthic invertebrate communities in headwater streams of southem Ontario, Canada. 
Freshwater Biology, 3 5 3  97-4 1 O. 

Banon, D.R., W.D. Taylor and R.M. Bietie. 1985. Dimensions of riparian buffer strips required 
to maintain mut habitat in southem Ontario streams. North Amenkm Journal of 
Fisheries Management, 5:3 64-3 7 8. 

Berkman, H.E.. C.F. Rabeni and R.P. Boyle. 1986. Biomitors of saam quality in agricultural 
areas: fish versus invertebmtes. EnvuonmenfaL Management, 1 O:4 134 19. 

Beck, W.M., Ir. 1977. Environmental requirements and tolerance of cornmon freshwater 
Chironomidae. U.S. EPA-600/4-77-024. 

Bode, R.W. 1 988. Quality assurance work plan for biological stream monitoring in New York 
State. Siream Biomonitoring Unit, Bureau of Monitoring and Assessmmt, Division of 
Water, NY S Depamnent of Environmental Conservation, Albany, NY. 

Boisclair. D. and W.C. Leggen 1989. Among-population variability of fish growth: iI. 
influence of prey type. Canadian Journal of Fisherks and Aquutic Sciences, 46:468-482. 

Bowlby. LN. and J.C. Roff. 1986a. Trout biomass and habitat relationships in southem Ontario 
streams. Transactions of the American Fkherines Society, 1 15: "503-5 14. 

Bowlby, LN. and J.C. Roff. 1986b. Trophic smcture in southem Ontario stmms. Ecology, 
67: 1670- 1679. 

Bridcut, E.E., and P.S. Giller. 1993. Movcmmt and site ftdelity in young brown mut  Salmo 
tmna populations in a southem Irish stream. Journal of FLrh Biology, 43:889-899. 

Bronmark, C., S.P. Klosiewski and RA. Stien. 1992. indirect ef fec t~  of predation in a 
freshwater, benthic food chain. Ecology, 73: 1 662- 1 674. 

Buikema, A.L., Jr., M.J. McGuinness and I. Cairns, Jr. 1979. Phenoiics in aquatic systems: a 
selected review of recent literature. Marine Environmental Reseclrch, 287-1 8 1. 

Cooper, S.D., S.J. Walde and B.L. Peckarsky. 1990. Rcy exchange rates and the impact of 
predators on prey populations in streams. Ecology, 7 1 : 1503- 15 14. 

Cross, J.N.. J. Roney and G.S. Keppel. 1985. Fish food habits along a pollution gradient. 
CaliJomiu Fbh and Game, 7 1 :28-39. 

Diaz, R.L and L.C. Schaffher. 1990. The functional d e  of estuarine benthos. In, M. Haire and 
E.C. Krome (eds), Advances in Estuarine Sciences. Gloucester Pt., Va, Chesapeake 
Research Consorrium. Rpt. Nol. CBPflRS4 1/90. 



Department of Fisheries and Oceans and Environment Canada (DFO and EC). 1995. Further 
guidance for the invertebrate community m e y  for aquatic environmental effecu 
monitoring related to the federal Fisheries Act requiremmts. EEM 2, Febniary 1995. 206 
PP* 

Dolédec. S. and B. Statzner. 1994. Theoretical habitat templets, species traits, and species 
rïchness: 548 plant and animal species in the Upper Rhone River and its floodplain. 
Freshwater Biology, 3 1523-538. 

Dukenchein, J.T., R.Gent and J. Sauer. 1996. Recovery of macroinvertebrates by scrrening in 
the field: a cornparison between coarse (1.18 mm) and fine (0.60 mm)-mesh sieves. 
Journal of Freshwater Ecology, 1 1 :6 1-65. 

Ellion, S.T. 1986. Reduction of a dolly varden population and macrobenthos after rernoval of 
Iogging debris. Tramuctions of the Arnenkczn Fisher& Socieiy, 1 1 k3924OO. 

Farrara, D. and KR. Reid. 1995. Aquatic resources management report for Vision '96 Group 
1 . watersheds. Volume 1 : Main report. A report for the City of London, Ontario and 
The Upper Thames River Conservation Authority, pnpared by Beak Consultants Lirnited, 
Much 1995. 

Ferraro, S.P. and FA. Cole. 1990. Taxonomie level and sample size sufficient for assessing 
pollution impacts on the Southem California Bight macrobenthos. Mivine Ecology 
Progress Series, 67:25 1-262. 

Gauch, H.G. 1982. Noise reduction by eigenvector ordinations. Ecology, 63: 1643- 1 649. 
Gilinsky, E. 1984. The role of fish predation and spatial hetemgeneity in detennining benthic 

community structure. Ecology, 65455468. 
Gerking, S.D. 1953. Evidence for the concepts of home range and territory in stream fishes. 

Ecology, 34:347-365. 
Gerking, S.D. 1959. The restricted movemmt of fish populations. Biological Reviews, 34:22 1 - 

242. 
Greenberg, LA. and DA. Holtzman. 1987. Microhabitat utilization, feeding periodicity, home 

range and population size of the banded sculpin, COW carolinae. Copein, 1987: 19-25. 
Godbou~ L. and H.B.N. Hynes. 1982. The thm dimensional distribution of the fauna of a 

single rime in a stream in Ontario. Hydrobwlogia, 97:87-96. 
Griffith, R.W. 1993. BIOMAP: Concepts, protocol and sampling procedures for the 

southwestern region of Ontario. BIOMAP Report SWR-1. Ontario Ministry of 
Environment & Energy, Southwestern Region, Water Resources Assesment Unit. 

Hanson, J.M. and W.C. Leggm 1982. Empirical prediction of fish biomass and yield. 
Canudian Journal of FLÎheries and Aquatic Sciences, 3 9:2S 7-263. 

Hanson. LM. and W.C. Leggett. 1986. Effect of cornpetition between two frcshwater fishes on 
prey consumption and abundance. Canadian Journal of FLrheries and Aquatic Sciences, 
43: 1363-1372. 

Ham's, T.L. and T.M. Lawrence. 1978. Environmental requirements and pollution tolerance of 
Trichoptera. U S .  EPAd00/4-78463. 

Hayes. F.R. 1957. On the vanation in bottom fauna and fish yield in relation to trophic level 
and lake dimensions. Journal of the Fidieries Research Board of Canada, 14: 1-32. 

Hayes. D.B. and W.W. Taylor. 1992. Responsc of yellow perch and the benthic invertebrate 
community to a reduction in the abundance of white sucken. Transactions O/ the 



American Fisheries Society, 12 1:36-53. 
Heggenes, I., T.G. Norihcote and A. Peter. 1991. Spatial stability of cunhroat mut 

(Oncorhynchus clarki) in a srnall, coastal stream. Canadtàn Journul of Fbheries and 
Aquahk Sciences. 48:757-762. 

Hilsenhoff, W.L. 1987. An improved biotic index of organic sueam pollution. Great Lokes 
Entomologist, 20:3 1-39. 

Hilsenhoff, W.L. 1988. Rapid field assessrnent of organic pollution with a family-level biotic 
index. Journal of the North American Benthological Society, 7:65-68. 

Hill, I. and G.D. Grossrnan. 1987. Horne range estimates for thm North American strearn 
fishes. Copeio, 1987:376-380. 

Hodson, P.V., KR. Munkittrick, R. Stev- and A. Colodey. 1996. A tier-testing strategy for 
managing p rograms of environmental effects monitoring. Water Qualify Research Journal 
of Canada, 3 1 :2 1 5-224. 

Hubbard, M.D. and W.L. Peten. 1978. Environmental requirements and pollution tolerance of 
Ephemeroptera. US. EPA-600/4-78-06 1. 

International Organization for Standardkation (ISO). 1979. Assessment of the biological quality 
of nven by a macroinvertebrate "score". ISO/TC 147/SCS/WG 6 N 5, 18 pp. 

Jackson, DA. and H.H. Hawey. 1993. Fish and benthic invertebrates: community concordance 
and community-environment relationships. Conadion Journal of FiFhenks and Aquatic 
Sciences, 5O:264 1-265 1. 

Jongman, R.H.G., C.I.F. ter Baak and O.F.R. Van Tongem. 1995. Data Anabsir in 
Communiiy and Lundrcape Ecology. Cambridge University Press. 299 pp. 

Karr, J.R. 198 1. Assessment of biotic integrity using fish communities. Fisheries, 6:2 1-27. 
Kerans, B.L., J.R. Karr and S A .  Ahistedt 1992. Aquatic invertebrate assemblages: spatial and 

temporal differences among sarnpling protocols. Joumal of the North Americon 
Benthological Society, 1 1 :377-39O. 

Legendre, L. and P. Legendre. 1993. Numerical Ecology. Elsevier Scientific hblishing 
Company, Amsterdam. 

Lenat, D.R. 1988. Water guality assessrnent of streams using a qualitative collection method 
for benthic macroinvertebrates. Journal of the North Amenkm Benlhological Society. 
7:222-233. 

Li, H .  W., GA. Lamberti, T.N. Pearson, C.K Tait, I.L. Li and J.C. Bukhouse. 1994. Cumulative 
effects of  riparian distuhances along high desert mut streama of the John Day Basin, 
Oregon. Transactions of the American Firheries Society, 1 23:627-440. 

MacKinnon, J.C. 1973. Analysis of energy flow and production in an unexploiteci marine 
flatfish population. Journal of the Firheries Reseurch Board of Camda, 30: 171 7-1 728. 

Mantel, N.A. 1967. The detection of disease clustering and a generalized regession approach. 
Cancer Research, 27:209-220. 

Matuszek. J.E. 1978. Empincal predictions of fish yields of large North American lakes. 
Transactions of the American FLFheries Society, 107:385-394. 

Mee, S. 1996. Watershed scale influences on Stream habitat suitability in the Grand River 
watershed. Ontario Ministry of Natural Resources Pmject Campletion Report, March, 
1996. 

Minns, C.K.. I.R.iM. Kclso and R.G. Randall. 1996. Detecting response of fish to habitat 



alterations in Freshwater ecosystems. Canadian Jounal of Fisheries und Aquatic 
Sciences, 53 (Supplement 1 ):4O3-4 14. 

Morgan, C. and N. Ringler. 1994. Influence of benthic predatory fish ( C ~ W  cognatas) on 
invertebrate community stnichire and secondary production in a tributa~~ of the 
Susquehanna River. Journal of Frahw~ter Ecology, 9:63-78. 

Northcote, T.G. and PA. Larken. 1956. indices of productivity in British Columbia lakes. 
Journal of the Fidieries Research Board of Canadu, 135 1 5-540. 

Pierce, CL., J.B. Rasmussen and W.C. Leggett. 1994. Littoral fish communities in southem 
Quebec lakes: relationships with limnological and prey resource variables. Conadicm 
Journal of Flrheries and Aquatic Sciences, 5 1 : 1 1 2 8- 1 1 3 8. 

Plakin, J.L.. M.T. Barbour, K.D. Porter, S.K. G r o s  and RM. Hughes. 1989. Rapid 
bioassessrnent protocols for use in streamS and rivers: benthic macroinvertebrates and fish. 
United States Environmental Protection Agency, EPA/440/489/00 1. 

Post, I.R. and D. Cucin. 1984. Changes in the benthic community of a small precambrian lake 
following the introduction of yellow perch, Perca jlavescens. Ca~dicrn Journal of 
Firheries und Aquaric Sciences, 4 1 : 14%- 1 50 1. 

Power, M.E. 1992. Habitat heterogeneity and the functionai significance of fish in river food 
webs. Ecoloa/,,73 : 1675- 1688. 

Pratt, J.M. and R A .  Coier. 198 1. A procedure for the routine biological examination of urban 
runoff in small rivers. Water Research, 10: 10 19- 1025. 

Randall, R.G., I.R.M. Kelso and C.K. Mims. 1995. Fish production in fkshwaters: are rivers 
more productive than lakes? Canadian Jownal of Fisher& and Aquatk Sciences. 
52:63 1-643. 

Rawson. D.S. 1960. A limnological cornparison of tweive large lakes in northem Saskatchewan. 
Limnology und Oceanography, 5: 195-2 1 1. 

Resh, V.H and J.D. Unzicker. 1975. Water qudity monitoring and aquatic organisms: the 
importance of species identification. Journal of the Water Pollution Conho1 Federution. 
47:9- 19. 

Rohlf. F.J. 1993. NTSYS-pc, Numericol Taxonomy and Multivariate Anafyshî System. Version 
1.80. Exeter Sohater, Setauket, New York, USA. 

Rosenberg, D.M., H.V. Danks and D.M. Lehmkuhl. 1986. linportance of insects in 
envimnmentaf impact assessrnent Environmental Management, 1 0: 773-783. 

Schlosser, I.J. 1995. Critical landscape amibutes that infiuence fish population dynamics in 
headwater strearns. Hydrobwlogia, 3O:7 1-8 1. 

Scott, WB. and E.J. Crossman. 1973. Freshwater fishes of  Canada. Fishen'es Research Board 
of Canada. Bulletîn 184. 

Somerfield. P.J. and K.R Clarke. 1995. Taxonornic levels, in marine community studies, 
revisited. Marine Ecology Progress Se*, 127: 1 1 3- 1 19. 

Stanfield, L.. M. Jones, M. Stoneman, B. Kilgour and J. Pamish. 1996. Stream Assessrnent 
P rorocol /or Southern Ontario, 1996. Ontario Ministry of N a m l  Resources, drafl 
rnanuscrip t- 

Stoneman. C.L., and M.L. Jones. 1995. Measuring the effect of shading on Stream habitat. 
Methods for direct measurement and prediction of relative solar energy input. Ontario 
Ministry of Natural Resources report. In press. 



Stoneman, C.L., and M.L. Jones. 1996. A simple method to evaluate the thermal stability of 
mut streams. North American Journal of Fïrheries Management, in press. 

- Sudick, R.F. and A.R. Gaufin. 1978. Environmental requirements and pollution tolerances of 
Plecoptera. U.S. EPA-600/4-78-062. 

Ter Braak, C.J.F. 1986. Canonical correspondence analysis: a new eigmvector methd for 
multivariate direct gradient analysis. Ecology, 67: 1 167- 1 179. 

Ter Braak, C.J.F. 199 1. CANOCO - a F O R M  program for canonkal community ordinarion. 
Microcornputer Power, Ithaca, New York, USA. 

Ter Braak, C.J.F. 1994. Canonical community ordination. Part 1: basic theory and linear 
methods. Ecoscience, 1 : 1 2% 1 40. 

Wanvick, R.M. 1988a Analysis of community attributes of the rnacrobenthos of 
FrierfjordlLangesundQord at taxonomic levels higher than species. Marine Ecology 
Progress Series, 46: 167-170. 

Wanvick, R.M. 1988b. The level of taxonornic discrimination ~ q u i d  to detect pollution 
effects on marine benthic cornrnunities. Murine Pollution Bulletin, l9:259-268. 

Waters, T.F. 1988. Fish production-benthos production nlationships in trout streams. Pol. 
Arch. Hydrobwl. 3S:S4S-S6 1 .  

Wichefi GA. 1994. Fish as indicatm of ecological sustainability: historical sequences in 
Toronto area watmheds. Water Follurion Research Journal of Canada, 29599417. 

Wiseman, S.W., S.D. Cooper and T.L. Dudley. 1993. The effects of mut  on epibenthic odonate 
naiads in smam pools. Freshwater Bwlogy, 30:133-145. 

Wright, I.A., B.C. Chessman, P.G. Fainveather and L.J. Benson. 1995. Measuring the impact 
of sewage effluent on the macroinvertebratc community of an upland stream: the effects 
of differmt b e l s  of taxonomic nsolution and quantification. Aufralian Journal of 
Ecology, 200: 142- 149. 



Table 4.1. List of environmental van'ables used to descnbe stream physical c ~ e n ' s t i c s  for 39 streiuns in southern 
Ontario as part of Barton et af.'s (1985) buffer strip a&, and the variable codes used in Figure 4.2. 

Variable code Average Minimum Maximum 

Watershed Area (ha) WATERSHED 4363 1440 8560 

Oh of catchment forested FOREST 40 O 97 

Stream gradient (milan) GRAD2 5.2 1 .O 25.5 

Riflle wi&h (m) RmVD 3.6 0.9 7.3 

Rime depch (cm) RIFDEP 22.2 4.8 41.6 

Trimean wee kly maximum WMT 24 17 29 
temperature ( O C )  

Median suspendecl fine FPM 33.6 IO. 1 128.6 
partlculate marter (rng/l) 

Median suspended coarse CPM 10.4 3 -6 32.2 
particdate marter (rngtl) 



Table 4.2. List of environmental vatiables used to describe strearn physical characteristics for 40 streams in southem 
Ontario as part of Fanara and Reid's (1995) h a Q n  subwatershed sturfy. and the variable codes used in 
Figure 4.3. 

Variable code Average Minimum Maximum 

Waiershed Area (ha) 

% of mershed as forest 

% of watershed as intensive 
agriculture 

% of watershed as moderate 
agndture 

% of watershed as pastue 

Oh of mershed as urbankd 

dissolveci oxygen (mg/l) 

temperature ('0 

PH 

conductivity (pmhos/cm) 

water velocity (m/sec) 

sueam depb (Cm) 

stream order 

süeam width (m) 

WATERSHD 

FOREST 

AGRlKT 

AGKMOD 

PAST 

URBAN 

DO 

TEMP 

PH 

corn 
V E L m  

DEPTH 

ORDER 

WIDTH 



Table 4.3. List of environmentai variables used to describe stream physical characteristics for 35 stmms in southem 
Ontario as pari of the MNR stuc. and the variable codes used in Figure 4.4. 

Variable Code Average Minimum Maximum 

Watershed Area (ha) 

% of watershed as agriculturaI 

% of watershed as foresi 

O/O of watershed as urtian 

Temperature ( O C ' )  

Stream width (m) 

% of stream section as pools 

% of sueam section as flats 

% of stmm section as riffles 

% of sueam section as chutes 

% of cover as wood 

% of cover as rock 

% of cover as undercut banks 

% of campy as open 

st- de@ (cm) 

Iog of the ratio of pavement to 
subpavement panicle sizes 

WATERSHD 

AGR 

FOREST 

LTRBAN 

TEMP 

WIm-r-I 

POOLS 

FLATS 

FUFFLES 

CHUTES 

WOOD 

ROCK 

U N D E R r n  

WINDOW 

DEPTH 

P/SP 



Table 4.4. Correlations between fisb and flray-Cuais distance matrices as weU as the pmbaùility of a non-signifiant 
correlation for each of three fisbbenthos data sets. 

Data Set 

Family , 0386 O 3 7  0231 O. 154 0.149 
(<0.01) (c0.01) (*0.01) (0.029) (0-047) 

Phyium 0.146 0.161 0.1 13 0. 144 0.132 
(0.049) (0.038) (O. 16) (0.021) (0.057) 



Table 4.5. Percent of vanation associated with the Cirst two axes for each of the consuaineci (CCA) and 
uncoastI;rined (CA) ordinations used to evaiuate the fish and benthic distribuions in each of the three data 
sets. The sum of variation explamed by the fim ~ v o  axes, as welI as the % of the unconsuauied variation 

Fish Benthos 
- 

Otdination Axis 1 Axis 2 sum % of Axisl Axis2 sum % of 
u n m m  unconsuained 

CCA 10.5 6.4 16.9 54 11.5 5.9 17.4 75 

CA 18.0 13.5 3 1.5 14.4 8.8 23.2 

CA 16.1 12.7 28.8 13.9 9.1 23.0 

I W - H S I  
SArdy 

CCA 14.7 103 25.0 84 11.6 8.6 20.2 79 



Figure 4.1. Map of rmdy Stream locaiions for Banon et al.3 (1985) buffer nrip study (m. F a m a  and Reids 
(1995) London subwatenhed study (*) and the MNR-HSI mdy (+). 
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CHAPTER 5 

Effects on stream benthos that correspond with ecologically 

significant effects on fish 8 

5.0 Abstract 

Using five independent data sets (broken down fimher into 11 combinations of data types), I 

examineci the relationships between measured impacts on benthos and fish to detemine how 

much change in the composition of benthic communities one would need to observe in order to 

observe an ecologically significant effect on fish. Ecologically significant effects on fish are here 

defined as those impacts which exceed the region encloshg 95% of reference location 

observations. The degrec of impact of both fish and benthos was desaibed using the percent 

d e l  afnnity approach (PMA), w h m  a n i t y  was the percmtage différence in composition of 

the "impacted" coimnunity relative to the average reference connnunity. On the bais of 

regressions descniing the relationship between PMA for fish (Le.. P w  and PMA for benthos 

(Le,. P w b ) ,  1 deteminad cnticai benthic e f f m  that coincided with ecologically significant 

effects on fish. With the exception of site-specific sweys of stream reaches classified as runs, 

changes in benthic communities that coincided with ecologically significant effects on fish 

communities were generally l e s  than estimateci 95% confidence regions for P- (or less 

than the mean reference coomiunity response + 1.65 standard dwiations). Thc reliability of 

benthic surveys for rnaking the correct inference of the degree of impact on fish communities 

varid with the scaie of the survey and the abrupmess of the changes in fish communities. 

Surveys conducted at small spatial scales (i.e., those using site-specific reference mas), tended 

to be more reliable at inferring mie-positive effects on fÏsh communities (Le., 70-100% of the 

time inferences based on benthos made the correct conclusion that fish communi~ effects 

exceeded the estirnateci 95% region). Sweys incorporating regional-refemce areas were 

moderately less reliable (50-80%) unless the= were abrupt changes in fish communities (e-g., 



fn,m bmk-mut stnams to marginal mut or cyprinid smams) in which case inferences made 

using benthos were also highly diable at inferring tnie-positive effects (90-100%). 



5.1 tntroduction 

The previous four chapten have: ( 1 ) demonstrated the importance of being able to speci& critical 

effect sizes for environmental indicators (Chapter 2); (2) argued that benthos are often considered 

a surrogate endpoint for other aspects of ecosystem condition that have more apparent value 

(Chapter 1); and (3) demonstrated that benthic community composition is correlated with the 

composition of fish communities. apparently because both fish and benthos in strearns mpond 

to similar environmental factors (Chapter 4). A primary objective of this chapter is to 

demonstrate a procedure for determinhg effect sizes in benthos that comspond with critical 

effects in descriptors of fish community composition. This involves demonstrating a relationship 

between relevant descripton of fish and some descriptor of benthic cornmunity composition. 

Once the relationship is determineci, it can be used to determine critical benthic effect sizes that 

coincide with what one might consider to be ecologically significant effects on fish communities. 

As in Chapter 2, 1 assume that effects on fish communities exceeding the normal range of 

vaiation in composition b r  reference cornmunities cm be considered ecologically significant 

Effects less than that magnitude can be considered acceptable because the effects are within the 

range that is noml given the refemce communities that are being considered. 

A second objective of this chapter is to determine the reliability (Murtaugh, 1996) of 

denved benthic cntical values for making the correct inference that a fish community would, in 

fact, be impacted. The reliability of any critical value as an early-waming indicator depends on 

the strength of the relationship between the cornpliance and early-warning indicators, and on the 

nature of that relationship. Similar studies have attempted to document the reliability of toxicity 

tests for inferring instream biological impacts (Eagleson a al., 1990; Marcus and McDonald, 

1992). Yoder and Rankin (1 995) have recently detedned the reliability of a benthic community 

index for infemng impacts on a fish comrnunity index. In general, they found that a site deemed 

to be impacted according to a benthic community index was gnierally (about 80% of the time) 

also deemed to be impacted according to a fish community index (and vice versa). The Yoder 

and Rankin (1995) study was based on the philosophy that an index (in this case the Index of 

Biotic Integrity for Gsh, and the hvertebrate Comrnunity Index for benthos) is an appropriate 

means of characterizing a community. Both of these indices have subjective components in that 

die environmental tolerances assigneci to the various taxonomic groups are subjective, and are 



not based on empirical data in addition, the indices are specific to Ohio and to regional- 

reference smdy designs (Hughes, 1995). They would require calibration in order to be applied 

elsewhere, or to be applied site-specifically (Hodson et al., 1996). Findly, the Yoder and Rankin 

(1995) approach used benthic decision criteria that were denved independmîly of any fish 

community data; their criterion for impact is the 75th petcentile of the nonna! range of reference 

community observations. This is a significant variance h m  the approach that I have proposed 

throughout this thesis. 

In this chapter (as with previous ch$ten) I use a percent-affinity mode1 (PMA, Novak 

and Bode, 19-92) to characterize the degm of simiIarity of an "impacted" fish or benthic 

community to a reference. This approach is takm to determine if more "objective" means of 

characterizing a bmthic community can be used to predict the condition of a fish community. 

Objective methods are morr appropriate when the nature of the response of the community to 

the stressor is unknown. This gmerally occurs when sweys are conducted for the k t  time in 

a new ecoregion, and whm the reference condition is anything otha than pristine. 

As a third objective, I examine the effeçts of several methodological factors on both 

derived benthic critical values as well as reliability estimates. These methodological factors 

include sampling techniques (quantitative Hess and Surber vs qualitative travelling and stationary 

kick). sampling locations (run vs riffle), spatial scale (regional-reference vs site-specific 

reference) and taxonomic level (species, genus, family, order). The taxonomic lwel to which 

benthos are identifieci, has cost implications (Rosenberg a al., 1986) although Barton (1996) 

indicates that identifications to genus or species impmves our ability to detect impacts when they 

occur. Rifile and nui habitats generally support different benthic fauna (Brown and Bmssock, 

199 1) because of differences in hydrodynamics (Brussock and Brown, 199 1). Monitoring 

programs in Canada, therefore, generally recornmend sampling only one of the habitats, or at 

least stratifjmg designs by such habitat characteristics (Department of Fishenes and Oceans and 

Environment Canada [DFO & EC], 1995). Finally, both regional-refermce and site-specific 

refmnce locations can be incorporated into snidy designs. h this chapter, 1 use five independent 

data sets to establish relationships betwecn impacts measured with benthos and impacts measured 

with fish. Three of the data sets involved collections of fish and benthos across broad-spatial 

scales (i.e., with regional-reference locations). Two other data sets are used to examine 



relationships between measured impacts on fish and invertebrates at small spatial scaies with site- 

speci fic re ference locations. 

5.2 Methodology 

5.2.1 Description of Data 

Five data sets were used to explore the correlation between the degm of impact estirnated by 

fish and benthic communities. Each of these data sets was collected independently (either by 

different investigaton, or in different systerns) so they are descnibed in detail below. These 

descriptions 'are brokm dom into data sets that examined the fish-benthos correlation at (1)  

broad-spatial scales, where a set of test streams is contrasted against a set of presumed regional- 

refercnce (Hughes, 1995) streams, and (2) dl-spat ia l  scales, w h m  a set of streams affected 

by a point source are contrasted against site-specific (Green, 1979) refcrrnce streams. Surnmaties 

of key similarities and differences among data sets are givm in Table 5.1. 

5.2.1.1 Large SpatiaI Scaie Data 

Data h m  thrre large-spatial scale studies were use& ( 1 )  Barton et a.'s (1985) buffer strip 

study, (2) a study 1 conducted in conjunction with the Ontario Minisw of Natural Resources 

during the summer of 1995 as part of a habitat suitability index modelling exercise (MNR-HSI 

study), and, (3) Farrara and Reid's ( 1995) survey of fish and benthos conducted as part of a sub- 

watershed study for the City of London, Ontario. These data sets are descnied in detail in 

Chapter 4, while the site locations are givm in Figure 5.1. 

5.2.1.2 Srnail Spatial Suk Data 

Fish and benthos were collected h m  Laurel and Canagagigue Creeks above and below major 

reservoia (Figure 5.2 a,b) during fa11 (late September to early October) of 1994. Fish were 

collected by electmshocking riftle-pool-nin sequmces (approximately half meander wavelengths) 

enclosed with 6-mm blocking nets. AAer each of three fishing episodes through each enclosed 

section. fish were counted and weighed to the nearest 0.01 g. Total biomasses for each species 

at each site were estimated using Carle and Smib's (1978) equations. 

At each site, two benthic samples were collected h m  both rifle and run (Jowen, 1993) 



habitats. Samples were collected using a plastic Hess sampler (Hess, 1941) widi 240 pn mesh. 

Samples were washed on site with 500 prn mesh and preserved in 5-1 0% buffered fornialin. In 

the laboratory, rose-bengal dye was added to the samples 24 h pnor to sohng, to improve sorting 

efficiency (Williams, 1974). ha prior to sorting, excess formalin and dye were washed h m  

the samples using 200 pm mesh. Samples wen sortcd under binocular microscopes at 6-12 x 

rnagnification. With the exception of oligochaetes which were identifieci to family, and 

nematodes and turbelluians, al1 benthos were idmtified to genus using conventional taxonomie 

1iteratu-e (Morton and Gale, 1996). 

5.2.2 Sîaüstical Analyses 

The specific analyses performed varied slightly depending on the scale at which the fish and 

benthic sweys  had been conducted. In g e n d ,  however, I was interesteci in detcrmining, fht, 

the nature of the fish-benthos relationship. This involved estimahg the de- of impact of both 

fish and benthic communities, and the use of simple regression analyses and inspection to assess 

the relationships. For the broad-scale spatial data, regional-reference locations, with presumably 

unaltered (or moderately altered) fish communities were used as reference locations. For small- 

scale spatial data, Stream locations upstream of the major impoundments were used as reference 

locations for downsaeam "impacted locations. 

5.2.2.1 Percent Mode1 Affinity PMA 

I used percent-del affinity (PMA, Novak and Bode, 1992) to meanire the degree of difference 

between reference and impacted fish and bmthic communities. The Bray-Curtis coefficient 

(Rohlf, 1993; Chapters 2 and 4) was used as the community distance measure for the PMA 

calculations. This approach was used for several reasons. First, PMA results in a single value 

which summarizes the absolute similarity or dissirnilarity between two communities. Other 

rnethods that s m e  similarities among communities (e.g.. ordination) result in multiple 

derived variables. With ordination, whether one chooses al1 of the denved variables, or a sub-set, 

is subjective. Second, the measure of affinity, in this case the Bray-Curtis coefficient, is the 

metric that is used as raw data by ordination procedures such as non-meaic multidimensional 

scaling (NMDS) and principal coordinates analysis (PCo-A). Such ordination procedures simply 



attmpt to summarke the original distance rnanix, but often diston it (Gauch, 1982; Kenkel and 

Orloci, 1986; Minchin, 1 987). Consequently, use of the original distance ma& avoids possible 

distortion asçociated with ordination. Using the PMA approach has one conceptuai difficulty in 

that changes in fish or benthic communities may be in any of several directions h m  the 

reference community, and it could be that variations in benthic and fish communities are only 

in concert if changes are in a certain direction h m  the refennce. However, Chapter 4 

demonsmted that major variations in fish and benthos do tend to covary across environmental 

gradients. 

5.2.2.2 Speeiijhg Groupa with Large-Scale SpaW Data 

With the bmad-scale spatial data, th= werc no u prion groups of stream stations that one might 

consider reference locations. Consequently, p reliminary assessment of the streams was required 

in order to select relevant reference or target streams. Figures 5.3-5.5 show ordinations of the 

b road spatiai scale stream- fish communities. These principal coordinates analyses ( PCo-A) 

portray in two dimensions the similariries in fi& community composition detcrmined using Bray- 

Curtis coefficients calculated between pairs of stations. Streams dominated by brook &out and 

those marginal-brook-mut streams dominated more by cyprinids are denoted for the buffer-saip 

(Figure 5.3) and MNR (Figure 5.4) studies. Designating brook-trout Stream as a regional- 

reference condition is appropnate since b m k  mut were historically the dominant salmonid in 

southem-Ontario watersheds (Martin, 1984). The use of marginal tout streams as a secondary 

target also has value since most of our watersheds are, to some extent, impacted by 

anthropogenic activity, and marginal mut streams may be considercd acceptable in rnany areas. 

For these wo data sets. then, the af i i ty  of each anthropogenically altercd fish comrnunity to 

these average refcrence communities (bmk mut and marginal-brook trout) was calculated. 

b both the bufier-strip smdy and the MNR study, stream temperatun was the dominant 

environmental gradient, primarily infiuenced by land use (Barton et al., 1985; Chapter 4). For 

the purposes of this chapter, 1 make the assumption that the différences hem streams in these 

two data sets were due to anthropogenic activities. Some of the variation in stream temperatUres, 

the major environmental gradient, may also be due to natural differences in underlying 

ph ysiograp hy . 



In the London-subwatenhed study, the dominant environmental gradient in fluencing both 

fish and invertebrates was wateahed size (Chapter 4). Figure 5.4 shows that streams dominateci 

by creek chub were distinct h m  al1 other streams. One of these creek-chub dominateci streams 

also had brown mut, so these may approach the marginal-mut condition in the previous data 

sets. 

5.2.2.3 Referencc and Impact Stations for SmaIl-Scale Spatial Data 

For the Laurel and Canagagigue Creek small-scale spatial data, 1 calculated PMA of fish and 

benthos wmmunities to the average of the upstream (of impoundments) reference communities. 

[n each system, severai downsmam fish and benthos communities were described at increasing 

distances h m  the reservoirs (Figure 5.2). This sampling strate= waa incorporateci in an attempt 

to provide a graded response in fish and benthos comrmuiities. Those communities nearest the 

reservoûs were expected to be the most impacted, while those farthest h m  the impoundments 

were expected to show some degree of recovery h m  the efFects of impoundment Since 

duplicate benthos samples were collecteci h m  both rime and nin habitats at each station, 1 

calculated correlations betwern fish and benthos PMAs for each sampling strategy. 

5.2.2.4 Portraying Variations in Fish and Benthos Cornmunitles with 

Principal Coordinates Anaiysis (PCo-A) 

In order to confirm that the observed effects in this study make biological sense, 1 ordinated both 

fish and benthos for al1 of the data sets (Figures 5.3-5.14). Principal coordinates analysis (PCo- 

A) was used to ordinate Bray-Curtis distance matrices calculated h m  log,, transfomeci data. 

For those data sets in which the taxa abundances were proportional (ic., nonquantitative. Table 

5.1 ), Bray-CuRis distances were determinad for propoitional log,, transfonned data. Only the 

fint nvo ordination axes are shown for simplicity. 

5.2.2.5 Deriviag Critical Benthic Values 

In this study, it is assumed that impacts on fish comrnunity composition in excess of the normal 

range of variation (or in excess of the 95% region for the reference cornmunity response) are 

efYects wonh preventing and/or detecting. With percent-afinity models. calculation of normal 



ranges depends upon whether one uses a sirnilarity or dissimilarity measure of affinity. In this 

study, the Bray-Curtis coefficient was a dissimilarity meanue such that small values indicated 

high similanty with the reference community and large values Uidicated low shilarity with the 

refemce community. Table 5.2 provides the average PMAs for reference fish and benthic 

communities for each of the 1 1 data sets. For percent affinity models, 95% of the observations 

are enclosed by the mean reference response + 1.65 standard deviations (Barton, 1996). 

Estîmated 95% regions are also given in Table 5.2 for fish comrmuiities. Based on relationships 

between fish and benthos PMAs to refererice communities (Figum 5.15-5-25), 1 estimated the 

benthos community PMAs that coincided with 1.65 standard dMation effecîs on fish 

comrminities. Critical benthic PM& were then recxpressed as the numba of standard deviahons 

h m  the mean refmce community. For example, based on the relationship between species- 

level-benthic PMA (SP,& and single-pas-%biomass-fish PMA ( R S H d  for the buffer strip 

&ta using brook-trout streams as the reference, the critical benthic PMA was estimated as 0.55 

Bray-Cuds wiits (Table 5.3). The average affinity of the reference communities was 0.49 with 

SD of 0.037. The critical benthic PMA re-expressed in standard deviation units was therefore 

5.2.2.6 Determinhg the ReüabWty o f  Benthor 

The reliability of benthos as a surrogate measure of the condition of fish depends upon the 

likelihood of rnaking comct infmces. These probabilities will be a function of the n a m  and 

degree of correlation between fish and benthos PMAs. Based on methods h m  signaldetection 

theory (Swets, 1988; Murtaugh, 1996), I determined the probability of making correct and 

incorrect infmces of the ecological devance of effects on fish communities givm the results 

of a benhic suwey. To do ais, fish communities h m  each data set which fell within the 

estirnated 95% region (i-e., mean PMA + 1.65 SDs) were deemed acceptable, while those with 

PM& outside of the estimated 95% region were deemed to exhibit ecologically significant 

effects. Thus, each stream site was classified as being either within or outside the acceptable 



range. Based on these classifications, I determined the nurnber of: (1)  TP = tme positives, where 

both the fish and benthos surveys agreed that the fish community was outside the acceptable 95% 

region; (2) FP = false positives where benthic community m e y s  indicated that the fish 

community should have been outside the range, but was not; (3) TN = tme negatives w h e ~  both 

the fish and benthic sweys  agreed that fish community was within the acceptable 95% region; 

and (4) FN = false negatives w h m  benthic community s w e y s  indicated that fish cornrnunities 

were within the acceptable range, when in fact they were outside bat range. ï h e  probability of 

a m e  positive (%TP) result was then estimated as 

whereas, the probability of a false positive (%FP) result was êstimated as 

Ninety-five percent confidence Iimits for these proportions w m  calculateci based on equations 

for binomial distributions given in Zar @ 378, 1984). Murtaugh ( 1996) recommends this overall 

approach for assessing the reliability of ecological indicators. 

5.2.2.7 Determlnlng Sources of Varktion in Derived Critical Values 

and RelPbüity 

One of the objectives of this work was to detennine if one could p d i c c  o priori, what the 

benthic critical value would be without having to calibrate fish and benthos responses. Two 

approaches to examining sources of variation were used. First, I used principal components 

analysis to examine variations and covariations of fish-benthos regression statistics (Le.. dopes, 

intercepts and correlation coefficients. Table 5.3), deriveci bmthic critical values Fable 5.3), 

measures of reliability (i.e., %TP and %FP, Table 5.4), spatial scale, and taxonornic level for the 

1 I combinations of studies (Table 5.1). Spatial scales were classified as 1 (small-spatial) or 2 



(large-spatial). Taxonomie levels were classified as 1 (species), 2 (genus). 3 (family) or 4 

. (order). The PCA was based on the correlation matrix of these variables. 

The second approach used analysis of variance (ANOVA) to specifically test whetlier 

habitat (nin or Offle), sarnple type (quantitative or qualitative) or spatial scale (large or d l )  

caused variation in the size of the benthic critical value. This ANOVA approach was also uscd 

to test the various sources of variation in measUres of reliability. To test for differences bemeen 

spatial scales, 1 contrasteci the Laurel and Canagagigue data against al1 other data sets. To test 

for difierences due to quantitative or qualitative sampling, 1 conmted the Laurel, Canagagigue 

and London data sets against al1 others. To test for diffemces between r i f le and run data, 1 

contratcd riffle and run habitats within Laurel and Canagagigue Ct-eeks. Each ANOVA assessed 

variation in effect &es, and mie and false positives estimated using genus-, famiy- and order- 

level wonomy. Since identifications were made to species level only with the buffer strip data 

no cornparisons were possible for species-level identifications. 

5 3  Res- 

53.1 Community Descriptions 

In this section, 1 describe the major trends in fish and benthos communities observed in the 

various &ta sets. Generally, the objective here is to illustrate the nature and degree of observed 

effects in both the fish and benthos data for each of the data sets used in this overall andysis. 

5.3.1.1 Broad-Scale Spatial Shidies ' 

This section provides a brkf overview of the gmeral trends in fish and benthos disaibutions for 

each of the five data sets. in general, those clusters of stations designated as refnnice streams 

according to the distributions of mut species (Figures 5.3-5.4), also tended to have discrete 

communities of benthos. in the bufFer-sûip study, streams with trout (with the exception of two 

that appeared to be outliers, Figure 5.8a) tended to have a higher predominance of taxa such as 

several stonefly families (Leuctridae, Palodidac, Periidae) that are considered sensitive to thermal 

and nument enrichment (HilsenhofT, 1988). In contrast, the cyprinid strearns (and two marginal 

mut streams) had a higher predominance of taxa tolerant of themial and nutrient ennchment such 



as the Tubificidae, Physidae and Erpobdellidae. in the buffer-saip &ta set, there was no obvious 

separahon of good trout streams h m  marginal mut streams, niggesting that these streams had 

generally similar water quality. 

Similar patterns were found in the MNR-HSI data set S t r e a m  dominated by trout tended 

to have a greater predominance of cold-water benthic taxa such as Perlidae, Perladidae and 

Taeniopterygidae. In contras& the cyprinid dominated streams were dominated by taxa tolerant 

of thend  and nuixient enrichment such as Tubificidae, Erpobdellidae and Planorbidae - 

(Hilsenhoff, 1988). In contrast to the buffer strip data, the MNR-HSI bmthos data less obviously 

separated trout smams h m  cyprinid sûeams (Figure 5.9). 

In the London subwatmhed study, the bmthic communities associated wirh creek chub 

streams appeared to be distinct (i.e. clustered together, Figure S. 10). However, in contrast to the 

patterns seen with the buffer-strip and MNR-HSI bmthos (Figures 5.8 and 5.9), the non-reference 

streams in the London &ta set were not separate from the nfuence-group dong any single 

dimension. Rather, the non-reference stations sunoundcd the reference sbbons (Figure 5.10). 

In Chapter 4 1 showed that the fish-benthos correlation for this London subwatershed study was 

lower than for the buffer-saip and MNR surveys. This secming lack of concordance among 

stations based on the fish PCo-A and the benthos PCo-A appears to be reflective of this poorer 

correlation. 

5.3.1.2 SrnaMcaie Spatial Studks 

In both Laurel and Canagagigue Creeks, differences in fish and bmthic communities above and 

below major reservoirs are obvious h m  the PCo-A ordinations (Figures 5.6 and 5.7, and 5.1 1- 

5.14). Fish cornmuniries upstream of Laurel tesemoir were dominated by bmthic-orimted fishes 

including rainbow and johnny ciarters and blachose &ce. In con- to these refmnce stations. 

downstrearn stations w m  dominated by fish species gnierally typical of lentic conditions 

including brassy minnows, srnalinwuth bass and pumpkinseed sunfish (Figure 5.6). Upsiream 

stations had benthic comrminities that are generally morr associated with less anthropogenic 

activity, than were the downstrem fauna. Regardles of whetha samples were collecteci from 

runs or nffles, downstream benthos were dominated by tubificid and naidid worms, as well as 

planariids, glossiphoniid leaches, and isopods (Figures 5.1 1, 5.1 2). Al1 of these taxa tend to be 



fairly tolerant of high oxygen demands and temperatures (Hilsenhoff, 1988). in contrast, 

upsaeam reference stations were more dorninated by Ceratopogonidae, Baetidae, Elmidae and 

Tipulidae ( m n g  othen) which are generally less tolerant of high oxygen demands (Hilsenhoff. 

1988). 

in Canagagigue Creek, large differences in fish and benthos communities were observed 

above and below the major rcservoir (Figures 5.7, 5.13 and 5-14). Upstream of Woolwich 

reservoir, Canagagigue Creek was dominateci by cold- and cool-water fishes such as brwk mut, 

sculpin, blachose dace and rainbow darter. Downstream of the reservoir, there was a greater 

biomass of species more c o m n l y  associated with warmer, lentic conditions nich as carp, rock 

bass, smallmouth bass, and white sucker. Below the reservoir, there was no obvious downstream 

trend in fish comrnunity composition (Figure 5.7). Benthic cornmunities above and below 

Woolwich Resewoir were also different, particulariy those collected from m habitats (Figure 

5.13). in conmut, rime benthos h m  upstream station 1 w m  more similar to downstream 

assemblages (Figure 5.14). in general, stations both above and below the reservoir were 

characterized by benthos that are tolerant of moderately enriched conditions. For example, the 

dominant benthos in u p s ~  nuis were naidid and nibificid worms, chironomids and erpobdellid 

leaches, al1 of which are tolerant of moderate to severe enrichment (Hilsenhoff, 1988). 

Downstream of the reservoir, numbers of simuliids, planariids. Hydra, and ancylids increased. 

These groups are also tolerant of enriched conditions (Bode, 1988). 

53.2 Derived Beathic Critical Values and Sources of Variation 

The Principal Components Analysis (PCA) demonstrated that derived benthic cntical effect sizes 

were moderately positively correlated with the slope and correlation coefficient, and negatively 

correlated with the intercept of the fish-benthos relationship. These variables were al1 correlated 

with the first PCA axis (Table 5.5). In addition, there was a considerable amount of variation 

in critical values that was independent of the other variables included in the PCA (see PCA axis 

3, Table 5.5). Based on the ANOVA (Table 5.6) some of this variation in critical values was 

associated with sample type, spatial scale and possibly habitat type. Effects of scale and sample 

type were clearly significant depending on the wonornic tevel considered (Table 5.6). Although 



the effects of habitat type were not significant at the 5% lwel (Le.. p = 0.06), the probability of 

rejecting the habitat contrast was very low with only two data sets. Consequently, the effects of 

habitat type may be significant. Liberating the Type 1 error rate to 10% for this conmt does 

result in a signficant habitat effect (Table 5.6). Critical values w m  generally higher for benthic 

s w e y s  based on quantitative methods. higher for m e y s  incorporating site-specific refemce 

areas, and were higher when benthos were collected From nins (Figure 5.26). In the ANOVA 

(Table 5.6), the effects of sampling scale and sarnpl ing type (i.e., quantitative vs qualitative) were 

confounded such that they shared a significant amount of the variation in estimated cntical 

values. This was because the Laurel and Canagagigue Creek studies provided a11 of the small- 

scale data, and most of the quantitative data (only the London subwatershed study provided 

additional quantitative data). There was no apparent effect of taxonomic level on ddved critical 

values (Figure 5.26). 

5.33 ReiiabUlty of Benthos for Inferring Ecologicaily signifiant Effects on 

Fish Communities, and Soarces of Variation 

Based on these derived benthic critical values, the probability of saying that there is an 

ecologically significant effect on fish communities whm in fact thete is (i.e., a true positive 

assessment) or is not one (i.e., a false positive assessmmt) is given in Table 5.4. The effects of 

scale on me-positive probabilities were marginal for gmus @ = 0.097) and significant for order- 

level taxonomy (Table 5.7; Figure 5.27). Tnir-positive probabilities were also high for those data 

sets that considered good mut streams to be the refemce condition (i.e., buffm strip and MNR- 

HSI, 50.80%; Table 5.4). There was no apparent diffemce between nffle and run habitats in 

temis of irue-positive probabilities (Table 5.7; Figure 5.27). The probability of a mie-positive 

statement decreased with an increase in taxonomic level (Figure 5.27). For example, the 

probability of a me-positive statement fell h m  100% at the species and gmeric levels in the 

buffer-strip study (brook trout saam as reference) to 83% at the order b e l  (Table 5.4; Figure 

5.27). 

The association between taxonomic level and the probability of a true-positive result could 

have occurred for two reasons. Fim, higher correlations betwem fish and benthos would result 

in a higher proportion of mie-positive results. in the buffer-strip study, reductions in mie- 





[n Chapter 3, 1 recornmendd that three-pass-CPUE-biomass data be considered as 

cornpliance indicaton because of an obvious relationship with the goals of the Fisheries Act, and 

because of increased statistical power for detecting effects. Of the data sets examined for this 

portion of my study, only the Laurel Creek and Canagagigue Creek data sets incorporated three- 

pas-CPUE-biomass tish data. Al1 other studies used single-pas-biomass data. To determine 

if the separation of mail-scale spatial studies fmm large-scale spatial studies (Figure 5.26) was 

due to this methodological diflerence, I re-calculated fish-benthos regressions for the Laurel and 

Canagagigue data sets using both single-pas- biornass and single-pass-% biomass (Table 5.10). 

in al1 cases, these new fish-benthos regressions resulted in larger estimated critical benthic effect 

sizes than those estimated k m  regressions based on three-pass-CPUE-biomass fish comunity 

data (cf. Tables 5.3 and 5.8). Consequently, the observed separation between the small- and 

large-scale spatial studies in Figure 5.26 is not Iikely due to having used different fish community 

endpoints when building the fish-benthos regressions. 

5.4 Discussion 

These results suggest that several factors influence the smngth of the fish-benthos relationship, 

estimated benthic critical values, as well as the overall utility of benthos for predicting the degree 

of impact exhibited by a fish comrnunity. Critical benthic effect sizes appear to be a funchon 

of the specific micro-habitat h m  which benthos are collected, the scale at which samples are 

collected, andor the type of sample collected. The reliability of benthos for correctly predicting 

when fish communities wiil exhibit an ecologically significant efFect appears to increase when 

benthos are identified to Iower taxonomie levels. and wheh changes in a fish community are 

abrupt. 

5.4.1 Variations in Critical Benthic Effat Sizes and Fih-benthos 

Correhtions 

Derived critical effect sizes for benthos exhibited significant variation and ranged h m  O - 3.8 

SDs. Effect sizes < 1.65 SDs indicate that benthos had changed less than fish, whereas effect 

sizes > 1.65 SDs indicate that benthos had changed more than fish to the given stressors. Under 



an a priori assumption that benthos are more sensitive to change than are fish, one would have 

predicted that benthos would change more to environmental stresson than fish. ï h e  observed 

variation in denved critical effect sizes observed here suggest that whether benthos change more 

or l e s  than fish depends on the nature of the impact and the specific methodological factors 

associated with the benthic portion of the study. 

Larger cntical benthic effect sizes were generally associated with stmnger fish-benthos 

correlations as observed in the Laurel and Canagagigue systerns, paxticularly when benthos were - 

collected h m  runs (Figure 5.26). High comlations were also observed with the buffer-strip 

data, August benthos collections. These data sets with high correlations dl include benthos 

collected- h m  nui habitats. In contrat, those data sets with lower correlations had benthos 

collected onty h m  rimes. In the Laurel and Canagagigue surveys, benthos were collected 

specifically fiom run habitats, while in the buffer-strip study, benthos were collected h m  runs 

as well as other microhabitats within the sûearn sections (i.e., riffles and margins). High 

correlations between fish and benthos collected fiom nin habitats makes some sense when one 

considers that run (and pool) habitats are the micro-habitats within smams where contdnants 

are more likely to senie, and if one assumes that the fish-benthos relationship is dxiven more by 

cornmon environmenta1 tolerances of fish and benthos than by other topdown or bottom-up 

events (see Chapter 4). Riffle habitats, although having more diverse invertebrate faunas than 

other Stream microhabitats (Brown and Bnissock, 199 1 ), have the potential to be more infl uenced 

by cleaner and colder groundwater (Godbout and Hynes, 1982). Although rnany Stream fishes 

rely on rime habitats for completion of reproductive cycles (e.g., trout, darters), most fishes 

spend much of their feeding and resting time in nui and pool habitats (Scott and Crossman, 

1973). Historically, fishenes ecologists attempting to understand fish-benthos relationships 

focused on estimating numbers of benthos h m  riffle regions because that was the part of the 

Stream considered to have the most diverse and abundant fish food (Le., benthos) (Waters, 1988; 

Bowiby and Roff, 1986a,b). However, the results h m  rny analyses suggests that effects on fish 

c o m m i t y  composition can be more accurately predicted if samples of benthos are collected 

fiom run locations. 

In addition, larger benthic critical values were obtained in small-scale spatial studies in 

which benthos were collecteci using quantitative rnethods. These two factors (i.e., scale and 





of an ecologically meaningful effect on fish, varîed primarily with taxonomic level, and 

apparently with the nature of the impact and the nature of the reference. 

First, reliability varied with taxonomic level because lower taxonomic levels resulted in 

greater separation of reference and impact sites in ternis of composition (Table 5.9). This is 

important because it not only implies that reliability of a benthic survey will be improved with 

lower-level taxonomie work, but it also implies that there will be more statistical power for 

detecting effects that exceed the critical benthic effect sizes. Much of the work on taxonomic 

levels in benthic ecology has attempted to argue that higher levels such as family are suitable for 

impact assessment purposes (Buikema et al., 1979; Hilsenhoff, 1988; Warwick, 1 988aTb, 1 990; 

Fenaro and Cole, 1990; Somerfield and Clarke, 1995; Wright, 1995). However, much of this 

work is based on assessments in marine environments (WaMrick, l988a,b, 1990; Fermo and 

Cole, 1990; Somerfield and Clarke, 1995). In contrast there is increasing evidence h m  

fnshwater systems, that identifications to species levels (or Iowest practical Iwel, see Barton, 

1996) results in more accurate depiction of conditions at a site (Furse et al., 1984; Rosenberg et 

al., 1986; Barton. 1996). identifjmg organisms only to higher levels assumes unifomiity within 

these broader taxonomic groupings. As Barton (1996) argues, many species or genera within 

higher taxonomic groups do respond in similar fashions to a variety of factors. However, there 

are other groups such as chironomids, caddisflies, mayflies and stonefiies which have several 

species that can respond diflerently to different stressors (Rwke and Mackie, 1 982; Bode, 1988). 

Secondly, reliability was high whenever the reference community consisted of good trout 

streams, as in the buffer strip or MNR-HSI studies. For these two studies, as well as for the 

Laurel and Canagagigue Creek studies (i.e., small-scale studies), there were large and discrete 

di fferences between reference and impacted fish cornmuni ties. Such distinctive reference fish 

cornmunities could be a result of: (1) not having sampled a complete sequmce h m  reference 

to highly impacted. However, Stream temperatures were the dominant environmental factor 

associated with the fish community in the buffer-strip study (Chapter 4), and there was no gap 

in temperatures fiom cold to warm streams (Barton et al., 1985). Such large changes in the fish 

comrnunity, then, apparently represents a catastrophic change in state (Saunders, 1 980) that 

occurred at some critical temperature (probably 22°C for nimean weekly temperapures, Barton 

et al., 1985). For the Laurel Creek study, there were no intermediate cornrnunities to s w e y .  



in that study, representative Stream sections throughout the reference and reservoir-altered reaches 

were surveyed. Depending on the fish community, then, changes may be abrupt depending on 

the reference community being sampled (Le., brwk mut a d o r  site-speci fie reference locations), 

and the reliability of benthos rnay be quite high for infemng ecologically significant impacts on 

fish in those situations. 

With the exception of the London Subwatershed study, reliability estimates in this study 

were generally moderately higher than estirnates &en by Yoder and Rankin (i.e., 80%, 19951, - 

particularly when identifications were taken to genus or species (cX Table 5.4). However, given 

that the Yoder and Rankin ( 1995) reliability estirnates were fairly similar to those reponed here 

provides fûrther support for the use of benthos as s m g a t e  rnonitors of the condition of fish 

communities. The lack of complete agreement between benthos and fish c m  probably be 

attributed to secondary environmental factors acting independendy on fish and benthos. 

Historically, one of the main reasons workea have been reluctant to attempt to rnake inferences 

of fish condition based on benthic s w e y s  is because fish were presumed to respond to different 

environmental factors (pnmarily habitat related) than benthos (primarily water c hemistry related). 

The findings in Chapter 4 suggest that whether habitat or water chemistry changes are dominant 

in a system, fish and benthos will generally respond in concert. However. findings h m  Chapter 

4 also demonstrated that benthos tended to be more responsive to secondary environmental 

factors than were fish. Consequently, some of the noise in the fish-benthos relationships 

obsexved in this analysis may be due to benthos responses being somewhat modified by 

extraneous factors (e.g., substrate particle size). An alternative explmation may be that benthos 

and fish respond at different rates to local phenornena. Because benthos have shorter life cycles 

(s 2 wks to 1-2 y, in general) than fish (2-5 y for most Stream fishes), benthic community 

composition can presumably change more quickly when environmental conditions change. This 

rneans that when stressors are increased at a site, benthos will react more quickly, whereas when 

stressors are removed from a site, benthos will also recover to nomial (reference) conditions more 

quickly. This study has ignored such possible temporal lags and assumed the communities were 

in equilibriurn with their local environmental conditions. 



5.5 Summary 

This chapter demonstrates an approach for detemiinhg not only critical effects in benthos that 

correspond with unacceptable effects in fish comrminity composition, but a technique for 

detexmining the reliability of benthos as a surrogate indicator. The approach is based on 

demonsûating significant relationships betwem a descriptor of the condition of the fish 

community and a descriptor of benthic community composition. Based on a regression that 

sumarizes this relationship, benthic cntical values that correspond with significant effects on 

the fish comunity are determineci. We cm also use the calibration data to estimate the 

reliability of benthos for making correct and incorrect predictions conceming the likely status of 

a fish community at a site. The analyses here demonstrateci that reliability varied with the 

strength of the correlation between benthos and fish (higher correlations resulted in higher 

reliability), and apparently with the nature of the efTect on fish cormmuiities. In those situations 

in which the changes h m  reference to impacted fish cornrnunities were catastrophic (as in site 

specific assessments above and below point sources, or h m  cold to warm-water systems), the 

ability of benthos to predict when a fish comrnwiity was impacted was quite high (up to 100% 

in some cases). Reliability also varied with taxonomie level, with increasing detail in benthic 

taxonomy resulting in greater predictability. Because decision criteria varied significantly with 

vanous methodological and study design factors, standardkation of collection methods would be 

of obvious benefit. 
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Table 5.2. Mean, standard deviation (SD) and estimatecl 95% region (mean + 1.6S.SDs) expresseci as Bray-Curtis 
distances h m  the average reference community. Vaiues are given for fish and benthic community 
composition, for each of six data sets described in the text. 

- - 

Data Set & # Van'able Fish PMA Benthos 

Species Genus Family Order 
PMA PMA PMA PMA 

- - 

Buffer Strip Study 

1. tmut smams as reference, August mean 0.234 0.486 0.413 0325 0.232 
benthos 

SD 0.064 0.037 0.060 0.024 0.059 

2. trout streams as reference, May mean 0234 0.476 0.442 0337 0.186 
benthos . 

SD 0.064 0.112 0.116 0.119 0.060 

95% region 0.339 

3. marginal trout streams as reference, mean 0.400 0.583 0.488 0.368 0.244 
August benthos 

SD 0.048 0.105 0.057 0.097 0.042 

95% region 0.479 

4. marginai trout streams as reference, mean 0.400 0.585 0.471 0.350 0.201 
May benthos 

SD 0.048 0.076 0.080 0.089 0.058 

S. T m t  streams as reference mean 0.454 0.533 0.551 0.227 

6. Marginal trout streams as reference meau 0.486 

SD 0.078 

95% region 0.614 

London Subwatershed Study 

7. Creek chub streams as reference mean 0.393 0.476 0.463 0334 0.249 

SD 0.171 0.040 0.039 0.075 0.085 

95% region 0.674 



- - -  - -  

Data Set & # Variable Fish PMA Benthos 

Species Genus Family Order 
PMA PMA PMA PMA 

- -  

Laurel Ck. 

8. benthos h m  runs 

9. benthos h m  riffles mean 0.474 0.290 O227 0.195 

SD 0.072 0.127 0.091 0.097 

95% region 0.592 

Canagagigue Ck 

10. benthos h m  runs mean 0.660 0.237 0223 0.163 

SD O. 120 0.072 0.049 0.054 

95% region 0.857 

1 1 .  benthos h m  riffles mean 0.660 0.211 0.180 0.143 

SD O. 120 0.078 0.062 0.043 



Table 53. Linear regesions relating benthic comunity percent-mode1 affinity (PMA) with reference communities and fish PMA 
(FISH-) with reference communities for five data sets, at four lwels of benthic taxonomy (species = SP-, genus = 
GEN-, family = FAMw, order = O R D d .  Correlation coeficients (r), mean-squared emrs (MSE), and probability (p) 
values for the models are gives as are the criticd fish effect sim (PMA=fish) h m  Table 5 2 .  Based on these models, 
criticai benthic effea sizes are estimateci and expressed in t e m  of affinity @&-benthos), as weil as the estimateci number 
of standard deviations (SDs) from the average withh-reference PMA. 

Data Set Mode1 n r MSE p PM& PM&- # SDs 
-fish benthos 

- - - - - - - - - - - - - - - - - - - - 

Buffer-Strip Study 

1. trout streams as SP,,=0.43+0.35-FISH,, 39 0.71 0.005 ~0.000 034 0.55 1.73 
referençe, August 
benthos GENM437+0.29*FISHm 39 0.58 0.008 c0.000 034 0.47 0.95 

FAMw4.28+0.25*FISHM 39 0.60 0.005 <0.000 034 0.37 1.88 

0RDPMA=0.20t0.29-FISHM 39 036 0.026 0.025 034 030 1.13 

2. tnntt streams as SPM=0.43+035*FISHPkU 39 0.71 0.006 <0.000 0.34 0.55 0.66 
refe~nce, May 
benthos GENPMA4.36+0.293-FISH- 39 0.58 0.008 . C0.000 0.34 0.46 0.16 

FAMw=0.28+0.25*FISH,, 39 0.59 0.005 ~0.000 0.34 0.37 0.28 

0RDM=0.14+0.20-FISH- 39 0.50 0.006 0.001 034 0.30 0.20 

3 .  marginal mt S PM=0.47+0.33-FISH,, 39 0.52 0.007 0.001 0.48 0.63 0.45 
streams as reference, 
August benthas GENM=0.49+0.08-FISHM 39 0.11 0.103 0.488 0.48 0.53 0.74 

4 marginal trout SPm=0.44+0.34*F?SH- 39 0.69 0.006 <O.OOO 0.48 0.60 0.20 
Stream as re ference, 
May benthos GENm43W31*FISHM 39 0.64 0.006 c0.000 0.48 0.54 0.86 

0RDm4.09c034*FESHPkU 37 0.31 0.013 0.059 0.29 0.40 0.75 

6. marginal mut GENw=0.32+0.47-FISH,, 37 0.73 0.008 <0.000 0.61 0.6 1 0.69 
streams as reference 

FAMM=0.28+0.49*FISHm 37 0.22 0.0 10 0.193 0.6 1 0.58 1 -46 



Data Set Mode1 n r MSE p PMA, PM&- # SDs 
-fish benthos 

London Subwatersfied Study 

7. m k  chub SPm=0.52+û. 1 l=FISH,, 47 0.25 0.005 0.096 0.67 0.59 2.85 
sveams as reference 

GEN-~.51+û.IO-F?SH,, 47 021 0.005 0.148 0.67 0.58 325 

Laurel 

8. fish as 3-pass GENm=-û.03+0.89*FISH,, IO 0.76 0.019 0.01 1 0.59 0.49 232 
biomass, benthos 
h m  runs FAMm=û.01+0.69*F?SH, 10 0.74 0.012 0.014 0.59 0.42 1.83 

0RDPMA=-0.06+0.63*FiSH,, 10 0.73 0.012 0.017 0.59 0 3  1 2.09 

9. fish as 3-pass GENm=0.08+0.60~FISH,, 10 0.64 0.0 17 0.048 0.59 0.43 1.10 
biomass, benthos 
h m  rimes FAM,=0.01+0.66*FISH, 10 0.72 0.013 0.020 0.59 038 1.68 

ORDW=O.03M.47-FISH,, 10 0.65 0.010 0.044 0.59 031 1.18 
- - -  - 

cawwgue 

10. fish as +pas GENm=0.16+0.64-FISH,, 10 0.79 0.005 0.007 0.86 039 2. 13 
biomass, benthos 
fiom nrns FAMm=O2î+0.73*FISH- 10 0.80 0.006 0.006 0.86 0.41 3.82 

ORD-=6. i4M.50-FISH,, 10 0.67 0.007 0.035 0.86 0.29 2.35 

i 1. fish as 3-pas GENw=O. 13+0.54.FISH,, 10 0.85 0.003 0.002 0.86 0.33 1 -52 
biomass, benthos 
h m  riffles FAMM=0.12+0.47-FISH,, I O  0.83 0.002 0.003 0.86 0.28 1.61 

0RDM=0.0S+030-FISH,, I O  0.69 0.002 0.028 0.86 0.21 1-56 



Table 5.4. Pmbabilities of m e  and faise hits: Le., the Iikelihood of making a statement that fish mmrnunities are 
outside of the normal range of referience conditions wben they tnily are (me hit), or when they truiy are 
not (faIse hit), using surveys of benthos. Data are for five separare studies as described in the text. Values 
are percentages with exact 95% confidence regions encloseci in brackets. 

Data Set Taxonomie True Hits (%) FaIse Hits (Oh) 
Level 

buffer-strip stuây 

1. brook tmut sveams as species 1 O0 O 
reference, August benthos genus 

IO0 O 

famil y 94.4 (78.4, 993) O 

2. brook mut streams as species 1 00 33.3 (9.6, 89.5) 
reference, May benthos 

genus 1 O0 333 (9.6, 89.5) 

family 94.4 (78.4, 993) 333 (9.6, 89.5) 

- - 

3. marginal brook trwt species 70.0 (40.295.4) 44.4 (17.6, 89.5) 
sveams as reference, August 
benthos genus 56.7 (27.9. 92.2) 44.4 (17.6. 89.5) 

4. marginal brook t m t  species 83.3 (57.1. 97.8) 44.4 (17.6, 89.5) 
strearns as reference. May 
benthos gents 633 (33.6, 93.9) 22.2 (7.4, 78.5) 

family 66.7 (36.8, 94.7) 22.2 (7.4, 78.5) 

order 43.3 (18.8, 87.5) 11.1 (3.4, 68.1) 

MNR-HSI Exercise 

S. brook-tmut streams as genus 93.5 (78.6, 992) O 
re ference 

family 64.5 (34.8, 94.2) 20.0 (6.0, 8 f .O) 

o&r 83.9 (58.1, 97.9) 20.0 (6.0, 8 1 .O) 
- --- - - - - - - - 

6. marginal trout streams as genus 66.7 (35.9, 94.8) 43.8 (183, 88.4) 
re ference 

family 76.2 (46.0, 96.7) 37.5 (14.8, 85.6) 

order 52.4 (24.2, 91.1) 43.8 (18.3, 88.4) 



Data Set Taxonomie True Hits (%) Faise Hits (%) 
Level 

London subwatershed study 

7. creek chub streams as species 55.6 (262, 92.1 ) 27.6 (10.4, 78.5) 
reference 

genus 55.6 (26.2, 92.1) 27.6 (10.4, 78.5) 

Laurel Creek 

8. run habitats genus 

famil y 

order 

9. rime habitats genus 1 00 

f m y  IO0 

order 100 

Canagagigue Creek 

IO. run habitats 85.7 (42.1, 99.0) O 

famil y 85.7 (42.1, 99.0) O 

order 85.7 (42.1, 99.0) O 

I 1. rime habitats genus 1 00 O 

famiIy 71.4 (29. 1. 97.7) O 

o&r 7 1.4 (29.1, 97.7) O 



Table 5.5. Principal components analysis of fisbbenchcs regression statisu'cs. characteristics of knthic critical 
values, taxonomie level and @ai sale of fish and benthos survqs. Correlations between these variables 
and the principal component axes are given 

Variable 

Principal Component Axis 

1 2 3 

Slape 

Correlation 

Critical Benthic 
Effect Sizie 

Spatial Scaie 

% Tme Positives 

% False Positives 



Table 5.6. Resuits of analysis of variance (ANOVA) testing sources of variation in the size of (1) critical benthic 
vaiues. d f  = degrees of freedon S = sum of squares, MS = mean square, F = test statistic. P = probibility 
that the source does not affect the dependent variable. 

Genus 

FamiI y 

O&r 

S d e  

Error 

Scale 

Emr 

Scale 

Enor 

Genus 

Famil y 

Oder 

- - - - - - - - - - - - - - - - - - 

Sampie Type 1 5.608 5.608 

Error 9 3.156 035  1 

Sample Type 1 4.268 4.268 

Error 9 6.189 0.688 

Sample Type 1 3 -296 3.296 

Error 9 2.822 03 14 

Genus 

Family 

Order 

Habitat Type 

E m r  

Habitat Type 

Enor 

Habitat Type 

Error 



Table 5.7. hsults of andysis of variance (ANOVA) testing sources of variation in tnie-positive probabilities, df 
= degrees of freedom, SS = surn of squares. MS = mean square, F = test statistic, P = probabihy that the source does 
not affect the dependent variable. 

Genus 

Fmily 

Order 

Scale 

Error 

Scaie 

Error 

Scale 

Error 

Genus 

Famil y 

Order 

Sample Type 

Error 

Sample Type 

Error 

Sample Type 

Error 

Genus 

Family 

Order 

Habitat Type 1 5 1 5 1 1 .O0 0.423 

E m r  2 102 5 1 

Habitat Type 1 5 1 5 1 020 0.698 

Error 2 51 1 255 

Habitat Type 1 5 1 5 1 0.20 0.698 

Errur 2 51 1 255 



Table 5.8. W t s  of anaiysis of v ~ a n c e  (ANOVA) testing sources of variation in false-positive probabiIities. df 
= degrees of fieedom. SS = sum of squares, MS = mean-square, F = test staustic, P = pmbability that the source does 
not affect the dependent variable. 

Taxonornic LeveI Source dT S MS F P 

Genus 

Famil y 

Oder 

S d e  

Emr 

S d e  

Emr 

S d e  

Emr 

Genus 

Famil y 

Order 

Sample Type 1 926 926 3.14 0.1 I O  

Emr 9 2659 295 

Sample Type 1 1170 1170 5.66 0.04 1 

Emr 9 1 859 206 

Sample Type t 5 10 5 10 1 -64 0.233 

Enor 9 2809 3 12 

Genus 

Family 

Order 

Habitat Type 

Enor 

Habitat Type 

Error 

Habitai Type 

Error 

I no variation in fdse positives 



Table 5.9. Gradient lengths of benthic cornmunities for each of the studies listed in Table 5.1. 

Data set Taxonomie Gradient length (standard deviations) 
Ievel 

buffer strip, August benthos species 

genus 

famil y 

order 

- - -- 

London su bwatershed specis 

family 

order 

Laurel Creek - cun benthos genus 

family 

otder 

Laurel Creek - riffle benthos genus 

family 

orcler 

Canagagigue Creek - nin genus 
benthos 

famil y 

Canagagigue Creek - riffle 
benthos 



Table 5.1 0. Linear repsions reIating benthic and tish community percent-moâel mnities (PMAs) for Laurel and 
Canagaggue data sets. Fish PMAs were based on one-pass-CPüE-biornass and one-pass-% biornass. 
Benthos were colleaed from riffles and rus, while PMAs wexe dculated at three leveis of benthic 
taxonomy (genus = GENm, family = FAIMm, order = O R D d .  Sample s imi  (n), correlation coefficients 
(r). mean-squared emrs (MSE), and probabiiity @) values for the modeh are given, as are the aitical fish 
ef5ect sizes (PMA=fish) from Table 5.2. Based on these models, critical benthic efféa sizes are estimami 
and expresseci in t e m  of affinity (PM&-benthos), as well as k estimateci number af standard Maiions 
(SDs) h m  the reference PMA. Sample sizes are also given. 

Data Set Mode1 n r MSE p PM&- PM&- # SDs 
fish benthos 

Laml 

fish as 1-pas 
biornass, 
benthos from 
NflS 

fish as 1-pas 
biomass, 
benthos h m  
riffles 

fish as l-pass- 
% biomass, 
benthos h m  
nuls 

fish as 1-pas- 
% biomass, 
benthos from 
rima 

CanaWwe 

fish as 1 -pas 
biomass. 
benthos h m  
nuls 

fish as 1-pass 
biornass, 
benthos from 
CUflS 

fish as 1 -pas- 
% biomass, 
benthos from 
m m  



Data Set Mode1 n r MSE p Pm- PM&- Fc SDs 
fis h benthos 

fish as 1-pass- GEN,,=O.O9iO3O~FISH,, 10 0.90 0,002 0.000 0.868 0350 1.78 
Oh biornass, 
benthos h m  FAMw=0.09+0.24-FISH,u 10 0.8 1 0.002 0.004 0.868 0298 1 .go 

riff2es ORD-=0.08+0. 16-FISHm 10 0.70 0.002 0.025 0.868 0.219 1.77 



Figure 5.1. Map of large-scale spatial study locations in southern Ontario. Studies 
are:a=London subwatershed study; W=Barton et al. (1985); and, +=MNR-HSI study. 
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Figure 53. Scatterplats of (a) sample scores dong principai coordinate analysis (PCo-A) axes, and (b) taxa 
comlations with the same PCo-A axes for h e  buffer-stnp fish community data See text and Table 5.1 for 
detaib on the data set and the ordination. See Appendix A for Iaîin names for i%h species. 
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Figure 5.4. Scatterplots of (a) sample scores dong principal coordinatP analysis -A) axes, and (b) taxa 
comlations with the same PCeA axes for the MNR-HSI fish community ciam See text and Table 5.1 for 
details on the data set and the ordinaticm. See Appendix A for latin aunes for trsh species. 
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Figure 5 5 .  Scatterplots of (a) sample scores dong principal m n d h e  analysis -A) axes, ad @) taxa 
correlations with the same PCeA axa for the i ~ndon  sutmrzitersbed nsh community daia. See text and 
Table 5.1 for detaiis on the data set and the ordination. Sec Appendix A for latin nama for fish species. 
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Figure 5.6. Scatterplots of (a) sample scores dong principal coordinate analysis (PCeA) axa, and (b) taxa 
correlations with the same PCeA axes for the Laurel Creek fish community Qta See tact and Table 5.1 
for details on the data set and the ordination, See Appendix A for latin names for fish species. 
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Figure 5.7. Scaiterpfots of (a) sample scores alung principal a m d h e  anal* (PCo-A) axes, and (b) taxa 
correiations with the same PC&A axes for the Canagagigue Creek fish community data See text and Table 
5.1 for details on the data set and the ordination See Appendix A for latin namea for fisb species. 
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Figm 5.8. Scatterplots of (a) sarqde scores dong principal coordinate analysis (PCC?-A) axes, and (b) taxa 
correlations with the same PCo-A axes for the buffer-stnp August benthic commwty dafz See text and 
Table 5.1 for details on the data set and the ordination. See Appendix D for fui1 benthos family names. 
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Figure 5.9. Scaiterplots of (a) sarnple scores dong principal coordinate analysis (PC*A) axes. and (b) taxa 
correlations with the same PCeA axes for the h4NR-HSI benthic community data See text and Table 5.1 
for details on the data set and the ordination. See Appendix D for fidl benthos famiiy names. 
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Figure 5.10. Scatterplots of (a) sample scores dong principal coordùiaie anaiysis (PCeA) axes, and (b) taxa 
correlations with the sarne PCeA axes for the London subwatershed benthic community data See text and 
Table 5.1 for details on the data set and the ordination. See Appendix D for full benthos family names. 
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Figure 5.1 1. Scatterplots of (a) sample scores dong principal mordinaie analysis E o - A )  axes. and @) taxa 
conelations with the same PCeA axes for the Laurel Creek benthic community m data See text and 
Table 5.1 for details on the data set and the ordination. See Appendix D for fdl benthos family names. 



Figue 5.12. Scaîterplots of (a) sample scores dong principal mrdinaie analysis (PCeA) axes, and (b) taxa 
conelations with the same P C e A  axa for the Laurel Cmk benthic comfnunity nffle data See text and 
Table 5.1 for details on the data set and the ordination. See Appendix D for fidl benthos family names. 
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Figwe 5.13 Scatterplots of [a) sample scores dong p"ci@ cmdime analysis (PCrrA) arss and (b) tma 
correlations with the same PCeA axes for the Canagagigue benthk cornmwiity run dat& See text and 
Table 5.1 for details on the data set and the ordination. See Appendix D for f d l  benthos family names. 
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Figure 5.14. Scatterplots of (a) sarnple scores aiong principal coordinate analysis @Co-A) axes, and (b) taxa 
correlations with the same PCeA axes for the Canagagigue Creek benhic community rifle data. See text 
and Table 5.1 for details on the data set and the ordination. See Appendix D for full benthos family names. 
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Figure 5.15. Rel&iûnship between BENTHOS,, and FISH,, for the buffer-strip data using bmk-imut streams 
as the reference and August benthic surveys. Relationships for b e n h  icientified to species, p u s ,  f a d y  
and order are given. PMA is based on Bray-Curtis (BC) distances. Regriession equations and diagnostics 
are given in Table 53. 
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Figure 5.1 6. Relaiionship between BENTHOS,, and FISH,, for the Mer-strip data using bmk-tmt strams 
as the reference and May benthic surveys. Relationships based on benthos identifiai to species, genus, 
family and order are given. PMA is based on Bray-Curtis (BC) distances. Regression equations and 
diagnostics are given in Table 5.3. 



Figure 5.1 7. Relationship between BENTHOS, and FISH, For thE Mi-stnp data ushg margina-trout stnams 
as the referenœ and August benthic w e y s .  Relatioaships for b e w  identified to species, genus. family 
and order are given. PMA is based on Bray-Curtis (BQ distances. Regresslon equations and diagnostics 
are given in Table 53. 



Figure 5.18. Relationship ktween BENTHOS, and FiSH, for the Wr-sû ip  data using marginal-tmt ~ ~ a m s  
as the reference and May benthic nwys. Relationsbips for benthos identifieci to @es. genus, farnily 
and order are given PMA is bared on Bray-Curtis (BQ distances. Regmison equafiom and diagmstics 
are given in Table 5.3. 



Figure 5.19. Relationship behveen BENTHOS, and FISH, for the MNR-HSI data using bmk-üout streams 
a the reference. Relationships for benthos idemified to genus. fàmiiy and order are given PMA is based 
on Bray-Curtis (BQ distances. Regression equations and diagnostics are given in Table 5.3. 



Figure 5.20. Relationship ktween BENTHOS, and LlSH, for the MNR-HSI data using marguial irait mams 
as the reference. Relaiionships for benthos identified to genus, family and order are given PMA is based 
on Bray-Cunis (BC) distanas. Regression equations and diagnostics are given in Table 53. 
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Figure 5.2 1. Relationship between BENTHOS, and FISH, for the London sutiwatemhed data using creek chub 
arearns as the refe~nce. Relationships for benthos identifieci to specia genus. f ~ l y  and ordcr are given. 
PMA is based on Bray-Curtis (80 distances. Regmion equationr and diagnostics are given in Table 5.3. 



Figwe 5.22. RelaOonship beween BENTHOS, and RSH, for the Laurel Creek data Relationships for nui 

benthos identifid to genus, family and ordcr are given. P M  is based on BrayCurtis 0 distances. 
Regression equations and diagnostics are given in Table 5.3. 



Figure 5.23. Relaiionship between BENTHOS, and FISH, for the Laurel Creek data Relationships for nffle 
benthos identified to genus. family and order are given. PMA is barad on BrayCunis (BO distances. 
Regession equations and diagnostics are @en in Table 5.3. 
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Figure 5.24. Rehionship behueen BENTHOS, and RSH, for the Canagagigue Creek data Relauonships for 
mn benthos anus. family and order are given. PMA is based on BrayCunis (BO distances. Regmion 
equarions and diagnostics are gven in Table 5.3. 



Figure 5.25. Relaionship between BENIHOS, and RSH, for the Cariagagigue C ~ e k  data Relationships for 
nme benthos identified io pnus. family and order are given. PMA is based on Bny-Curtis (BC) distances. 
Regression equaiions and diagnostics are given in Table 53. 
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Figure 5.26. Box plots showing the effecis of sampting s d e .  sample type. and habitat type on &riveci criticd 
benthic effect sim. The upper and lower lirnits of the boxes &note 25th and 75th percentiles. minimum 
and maximum values are denoted by whiskers. and median values are indicated by checkered boxes. 
Gen=Genus. Fam=Family. Ord=ûrder-levef taxonomy. 
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Figure 5.27. Box plots showing the effects of sampling scale. sarnple type. and habitat type on irue-positive 
probability statemenu. The u p p r  and lower limits of the boxes denote 25th and 75th prcentiles. minimum 
and maximum values are denote- by whiskers. and median values are indicaced by checkereâ 
boxes.Gen=Genus. Fam=Family, Ord=0rder-level t axonomy. 
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Figure 5.28. Box plots showing the effects of sampling s d e .  sample type. and habitat type on Mse-positive 
pmbability RatementS. The upper and lower limits of the boxes deme 25th and 75th perceutiles. minimum 
and maximum values are denoted by whiskerj. and median values are indicated by checkmi boxes. 
Gen=Genus, Farn=Family. Orti=ûrder-level taxonomy. 



CHAPTER 6 

Epilogue 

This thesis detennined the types of effects in bmthic community composition that can be 

considered to have ecological consequence in wadeable streams in southem Ontario. The . 

approach taken was bas& on the philosophy that changes in benthos are of little significance 

unless they coincide with unacceptable changes h fishery resources. Benthos have historicaily 

been used as environmental moniton of the condition fiealth?) of aquatic systems. ofien with 

the justification that benthos could forecast impending effects on ecusystem endpoints considered 

more important. The derivation of aitical bmthic community effêct sizes r e q d  four things. 

Fint, a definition of unacceptable change in a fishery resource. Second, selection of some aspect 

of fishery resources that could be considend important to protect, Third, a dernonstration that 

benthic community composition was inhmdy related to relevant descriptors of the condition 

of fisheries. And finally, specific relationships betwecn bmthic community composition and the 

fishery descnptor, h m  which critical benthic effect N e s  couid be determined. 

The second chaptex is a discussion of the potential use of n o d  ranges for setting 

generic ecological criteria. The use of normal ranges is inherent in rnost goal-setting forums, 

however, appropriate statistical tests for cornparhg "impact" locations against the normal range 

have not b e n  put forward. The second chapter, therefore, provides an operational definition for 

the normal range and demonstrates appropriate statistical tests for determinhg when impact 

locations truly fa11 outside of the range. For sites that are t d y  outside of the normal range of 

variation for nfcrcnce locations, one-sample contrasts with equivalence tests will Iead to 

erroneous conclusions of no impact at most 5% of the time. Two-sample contrasts will lead to 

erroneous conclusions of no impact about 50% of the time with low sample sues (i-e., 10-20 

reference locations). in contrast to both the two-sample contrast and the equivalence test, interval 

tests fail to recognize sites as king irnpacted unless impacts are in excess of about 3 a h m  the 

reference population average (with a reference sample size of 20). Finally, the penalty for using 

the equivalence test is that it will fail up to 26% of sites that are trdy mernbers of the reference 



population. Ractitioners contrasting non-random impacted locations against a set of reference 

locations should consider these characteristics of the various potential tests whrn der'iving 

conclusions of impact- 

The third chapter examineci the sensitivity of various descriptors of fish community 

composition. Data from 37 smams, variously affected by agriculture, urbanization and 

impoundments, were used to detemüne the effect of single or thm pass electrofishing, 

charactentations based on presencdabsence, abundancc or biomass, or m e y s  conducted in the 

spring or fall, on statistical power. in gmeral, single-pass eshmates of biomass of al1 species. 

and the use of a multivariate approach to descniing the community, was mon sensitive (would 

provide more statistical power) and would be mon useful for modelling. In contmst, measuring 

only the abundances or biomasses of individual ( p t e f d )  species Iike brook trout, was Iess 

sensitive (would provide less statistical power) for characterizing the fishery of a Stream, and 

would be less usetùl for modelling purposes. 

Based on these findings, Chapter 4 was used to examine the association between fish and 

benthos in southern Ontario streams. Using muitivariate descriptors of fish community 

composition (with species quantified ushg biomasses), 1 demnstrated that there were consistent 

and strong associations between Stream fish and benthos. This chapter also suggested that more 

detailed benthic taxonomy resuited in stronger associations. This provided evidence that the fish- 

benthos association is strongly drivm by coincident association of fish and benthos with 

environmental conditions. This hding somewhat contradicts the prcvious assumption that fish 

and benthos were associated because of strong topdown predatory influences on benthos. There 

are, undoubtedly, topdown effects of fish on invertebrate community smcture, as many have 

demonstrateci. However, dong long environmental gradients, the major factor influmcing benthic 

community composition appears to be environmental conditions. 

Finally, Chaptcr 5 specifically examined the nliability of bmthic surveys for pndicting 

the degzee of impact in fish communities. The chapter also estimated and examined sources of 

variation in derived ctitical bmthic effect sues. Based on the discussion in Chapter 2, 

ecologically relevant impacts on fish were defined as those effects that exceed the normal range 

of variation (or the 95% region) of reference observations. in general, critical benthic effect sizes 

that coincided with ecologically relevant effects on fish were less than 2 standard deviations, but 



varied with factors such as the type of benthic smpling apparatus, the microhabitat benthos were 

collected hm. and the nature of the study design (i.e., whether it incorporated regional-refmce 

or site-specific reference locations). Aithough the fi&-benthos correlations were significant 

regardless of the level of benthic identification, idmtifying benthos to species multed in more 

accurate preâiction of the condition of fish communities. In addition, the reliability of benthos 

was higher when the r e f m c e  fish community was a b m k  abut community, or when the 

assessrnent was site specific. In both situations, changes in fish communities h m  reference to 

impacted conditions were abrupt 

The r d t s  fkom this thesis have obvious application to aquatic environmental 

assessments, particularly strem assessments in southem Ontario. Most of the streams in this 

study were smaller wadeable streams that are trîbutary to larger systems such as the Grand and 

Thames Rivers that support game fisheries (i.e., brown mut, walleye). These smaller systems 

are of some interest to the Ontario Ministry of Transportation, Ontario Minism of Naturiil 

Resources, and severai municipalities (Metro Toronto and Region Conservation Authority, Credit 

Valley Conservation Autho~ty). Al1 of these groups hope to demonstrate that such small 

streams, within their jurisdictions, are in relatively good condition (i.e., support, or could support, 

a relatively unaitered fish h a ) .  Since the relationships betwem fish and benthos (and 

associateci benthic decision criteria) varied with benthic sampling approaches (i.e., whether 

benthos were sampled h m  nffles, n u i s  or a combination) and study design (Le., whether 

regional refemce or site-specific refennce locations werr used), the use of benthos as a predictor 

of the condition of fish conmnuiities would require calibration for each application (Le., new 

locations). Altematively, standardization of data collection protocols would make the derivation 

of critical benthic effect sizes a more feasible possibility. 

Benthic cnteria, such as those derived in Chapter 5, should be applied in association with 

relevant statistical procedures, primarily non-central interval or equivalence tests. T'hese tests will 

provide exact probabilities that bmthic community composition in impacted locations exceeds 

the benthic critical value. Exceedence of these critical values would imply that fish communities 

at those impacted locations either are cunentiy significantly impacted, or will be in the fiiture. 

in contrast, nondetection of a significant impact in benthos would irnply either that the fish 

corrimunity is not currently significandy impacted, or will at some point recover. Measures of 



reliability are funher required to provide some estimate of the Iikelihood that the inference based 

on benthic community composition is incorrect for that location and tirne. 

Throughout this thesis, it has been suggested that macrobmthos are merely a smga te  

measurement for the condition of fish cornmunity composition. The use of benthos as monitoa 

has advantages over fish community work in that it is less damaging to the fishery resource itself. 

and benthos may provide early waming of impending impact on (or recovery of) a fish 

community. There are however, seweral other ways to rnonitor aquatic ecological condition, 

including surveys of adult tish populations, algae, plankton, toxicity, and physical and chemical 

properties of the environment. Understanding how each of these are related to our ultirnate 

ecological goals (i.e., cornpliance endpoints) is essential if we are to conduct environmental 

assessments in a clear and logical fashion. 



Appendix A 

Stream Locations 
The following table lists each of the streams included in the various chapters of the thesis. Study 
numbers are (1  ) = Farrara and Reid (1995); ( 2 )  = Barton et al. ( 1  985); ( 3 )  = the study 1 
conducted with the Ontario Minisûy of Natural Resources in 1995; (4) = Bowlby and Roff 
(1986); and (5) = the study 1 conducted in 1994. Geographic locations for stations are giveri 
either in degrees, minutes and seconds latituddongitude, or in Universal Transverse Mercator 
Grid (UTMG) coordinates (metm northing and easting). In some cases. both are given. UTMGs 
were taken h m  topographic maps at 150,000. Stream codes were takm h m  the original 
publications when available. or created for the purposes of this study. 
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Slte Data base 

4809095 553984 

112 MNR.1995 Mt. Plleasant MPBD 3 4768795 556504 

113 MNR. 1995 Devlls MRGU 3 4802401 553926 

114 MNR 1995 GanarasLa ORMOI 3 4882409 7059 ï 2 

Orom ORMOZ 3 4875404 690542 
T 

116 MNR.1995 SOW's ORM03 3 4874375 686 1 09 
Cmk 

117 MNK 1995 Hams ORMM 3 4878380 692321 

I l8  MNR 1995 Port Bdam ORMO5 3 4873299 708973 

119 MNR.1995 Graham ORMM 3 4870231 697049 

120 MNR 1995 Colonci ORMO8 3 4875740 713652 
mes 

- - - - - - - - 

121 MNR 1995 Ewtcmm P\KRD 3 4796343 555424 
1 

122 MNR 1995 Mill SMCA 3 4803558 558475 

123 MNRI995  Mill SPAU 3 4801472 556434 

124 Bowiby.1982 BlueSprings BSO 4 4828200 577100 
I 

125 Bowlby. 1982 Biue S- BS1 4 4827600 573400 

126 Bowlby. 1982 Black Creek BI 4 4830900 579700 

127 Bowlby, 1982 Biack Ciicck B2 4 483 1500 580500 

128 Bowiby. 1982 Hanion Hl 4 4816600 560400 

129 Bowiby. 1982 Hdon H3 4 48 1 7000 56 1700 - - - -  
130 Bowlby. 1982 hüud L 1 4 4841100 562800 

131 Bowlby.1982 Mill GO 4 4813900 568600 

132 Bowlby. 1982 Gait G1 4 481 l2ûû 566900 

133 KiIgora.1994 Canagagigue cl 5 4832%00 534500 

134 Kilgour. 1994 Caaagagigue c2 5 4831700 534000 

135 Kilgour. 1994 C w g u e  c2.5 5 4829100 535500 

136 Kilgour. 1994 C-gue c3 5 4828200 535900 

137 Kilgour. 1994 Canagagque c4 5 4827900 535400 
: 

138 Kilgour. 1994 Canagaglgue CS 5 4827400 536300 

139 Kilgour, 1994 Canagagigue c6 5 - 



142 Krlgour. 1994 btare 

143 Ugour.1994 btm kt 5 4778800 498300 

144 Kiigour. 1994 K m m  W 5 4778600 498200 

145 Wgour. 1994 Krotorc k4 5 4782700 495 1 O0 

146 Kiigour. 1994 Waubuw 4782700 495100 

147 . Kilgour. 1994 Gregory kS 5 4784200 49 1 500 

148 Kilgour. 1994 Phelam k7 5 4787400 41630 

149 Kilgour, 1994 Trout Ck eib k8 5 4788200 403300 

150 KiIgour.1994 Laurei I I  ds 5 4814000 532100 

t S I  Kilguur. 1994 Lairrri Il dis 5 4814300 532000 

152 Kilgour. 1994 h i  11.5 5 4814100 533000 

4814400 535200 

154 Kiigour. 1994 Lami 13 5 4812500 535900 



Appendix B 

Fish Species Abbreviations 

The table below lists the fish species that were membm of the data sets for this study. MNR 
s~ecies codes are given, as are latin names, connnon names and abbreviations used in the figures. - 
for somc species, c o m n  names were short enough not to require abbreviation. 

MNR Species 
Code 

Latin Name l Common Name 

- 

Ichthyomyzon fossor northem bmok lamprey lamprey 

Oncorynchus mykiss rainbow trout rbw trout 

S b  tmtta bmwn trout bmwn trout 

Salvelinus fontindis brook trout b m k  trout 

1 northern pike 1 pike 
-- 

141 
I 

163 

165 

1 70 

18 1 
L 

182 

183 

184 

1 heterolepis 1 blacknose shiner 

central mdminnow 

cornmon white sucker 

northern hog sucks 

golden redhorse sucka 

goldnsh 

northern redbelly dace 

finescale dace 

redside dace 

- - 

Umbra limi 

Catostomus comrnersoni 

Hypentelium nigricans 

Moxostoma e r y t h m  

Carassius auratus 

Phoxinus eos 

Phoxinus neogaeus 

Clinosotomus elongatus 
- - 

186 

189 

- 
194 

196 

198 

mudminnow 

white sucker 

hog sucker 

redhrs scker 

goldfish 

redbeily 

finescale 

d i d e  

cornmon carp 

brassy muinow 

- 

Cyprinus carpio 

H y bognathus hankinsoni 

C a r P  

braW 

- - 

Notemigonus crysoleucas 

Notmpis atherinoides 

Notropis comutus 

homyhead 192 

golden shiner 

emerald shiner 

cornmon shiner 

Nocomis buguttatus 

gld shiner 

emerald 

cmn shiner 

hornyhead chub 



MNR Species Latin Name Cornmon Name Abbrevia tioa 
Code 

20 1 Nompis hudsonius spottail shiner spottail 

202 Nompis nibellus rosyface shiner rosyface 

203 Nom pis spiloptenis spotfin shiner sp0& 

204 Notropis saaaùneus sand shiner sand 

205 Notropis ubratilis redfin shiner redfin 

206 Notro~is volucellus mimic shiner mimic 

209 Pimep hales promelas ( fathead minnow fathead 
I 

210 Rhinichthys atranilus blacknose dace blacknose d 

21 1 1 Rhinichthys cataractae 1 longnose dace 1 longnose d 

212 1 Semotilus atmmaculatus 1 creek chub 1 cretk chub 

214 Semotilus margarita peul  dace pead dace 

216 Campostoma anornalum 1 central stonerolls stoneroller 
- - - - -  

217 Notropis c hrysocephalus sûiped shina striped 

232 Ictalurus nadi s  yellow bullhead 

233 Ictalurus nebulosus bmwn bullhead 

235 N o m s  flans stonecat stonecat 

28 1 1 Cdea inconstans 1 bmok stickkback 1 stickleback 

311 Ambloplites nipesm's rock b a s  

3 12 Lepomis cyanellus green sunfish 

313 Lepomis gibbosus pwnp kinseed 

3 14 Lepom's macmchiw bluegill 

315 Lepomis megalotis longear 

316 Micropterus dolomieu smallmouth bass smallmouth 

317 Microptems salmoides largemouth bass l argemouth 

33 1 , Perca flavescens yellow perch perch I 



# MNR Specica 1 Latin Name 
Code 

336 Etheostorna blemioides gms ide  darter gmnside 

337 Etheostoma caeruleum rainbow darter rnbw drter 

11 338 1 Etheostoma exile 1 iowa darter 1 
11 339 1 Etheostoma flabellare 1 fantail darter 

34 1 Etheostoma nigrurn johnny darter johnny drter 

344 Percina maculata blackside darter blksd darter 



Appendix C 

Average Weights of Fish Species 

The table below lists fish species for which average wet body weights (g) were detexmined at 37 

locations in southem Ontario during the spring and fall of 1994. These average weights were. 

used to transfomi abundances to biomasses for analyses in Chapten 4 and 5. Average wet 

weights for other species encountered in data sets for Chapters 4 and 5 not listed h m ,  were 

obtained h m  data given in Scott and Crossman (Freshwater Fhha of Canada,  bulle^ 194 of 

the Fisheries Research Board of Canada, Ottawa, 1973) a d o r  Cariander (Xundbook of 

Fresliwater Firhery Bwlogy, Volume 2, The Iowa State University Press, Ames, Iowa, 1973). 

- - -- - 1 white sucker P r  45 1 57 

II northcrn redbelly dace 1 2 1  2 

nordiern hog sucker 

golden redhorse sucka 

49 1 

136 

brassy minnow 
1 

homyhead chub 

1 1  

198 

3 

3 

2.5 



golden shiner 8 

# bluntnose minnow 1 2 1 2 

emerald shiner 6 

II Iongnose dace 

fathead minnow 

1 creek chub 

1 

II b m k  stickleback 

2 

yellow bullhead 

brown bullhead 

II largemouth bass 1 126 1 338 

2 

102 

25.5 

(1 iowa daner I 1 



fantail darter 

johnny darter 

m d e d  sculpin 

I 

2 

1.5 

5 

- 

2 

2 

5 



Appendix D 

Benthic Family Abbreviations 

The table below lists the benthic families that were members of the data sets for this study. 

Abbreviations given were used in some of the figures. 

Asellidae Asel 

Baetidae Baet 

Brachycentridae Brachy 

Cmbaridae Camb 

Capniidae Capni 

Ceratopogonidae Cerato 

11 Chimnomidac 1 Chir 

- 

Corixidae 

Corydalidae 

Corix 

Coryd 



- -- 

Haliplidae Halip 

Helicopsychidae Helico 

II Heptageniidae 

Hydropsychidae K Y ~ P S  

Hydrop tilidae Hydropt 

Lepidostornatidae Lepido 



Leptoceridae Lep= 

Lep tophle biidae L V W  

Leuctndae Leuct 

Perlidae ~ P Z T  

Planariidae PIanar 

Planorbidac Planor 

Pleuroceridae 1 Pl- 
- - - -  - 

Poduridae Podur 

Pol ycenmpidac Polycmt 

Psep henidae Pseph 

Psyc hodidae Psychod 



/( Tabanidac 
- -- 

Taeniopterygidae 

Tipulidae 

Tricorythadae 

- - 

Taenio 

Tipul 

Tricor 

Tubi ficidae 

Valvatidae 

Tubif 

Valv 




