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ABSTRACT

AN electrophoretic survey of 16 enzyme Ieci in nine of

Ehe eleven British Nemopuridse  (Insectars Plecoptera) was
carried ovk in order to assess kEheir syskematic relationships
and to determine the level of genekic wvariation iin Ethese
primitive inseckts. The species screened were : Nemoura
cinerea, N. cambrica, N. dubitsns, N. avicularis, Nemurella
picteki, Protonemura meyeri, e. praecox, gmphinemura
sulcicollis and - A. standfussi. The Nei genetic distances
tetween all the species are large, ranging from 0.53 to 2.07,

and are consistent wikth Ehe proposed ancient origin . of Ethese
species. The phylogeny derived using biochemical characters is
in agreement with the taxocnomic classification of this family

based on morphological feakures. The amount of wvariation
wikthin each species is small, with an overall mean expected
beterozugosity per locus of 0. 047, mean proportion of
polumorphic logl of 0.148 and mean number of alleles per locus
of 1.25. A reasonable explanation fTar these | ow ievels of
variability in comparison wikth most other inseck species is

that wvariastion has been Jost during periodic population
bott le—necks. fin efeckrophoretic key for the identificskion of
these species was devised.

The influence of stream water acidity on genetic
variabtion was imvestigakted by comparing allele frequencies at
four pPolumorphic loci (Aminopepkidase — 1, Phosphoglucose
Isomerase, Phosphoglucomutbase and Hexanol Dehudrogenase - 1)

in populations of Nemoura cinerea from streams with different
pH's. There was a clear difference at the HDH-1 lopcus between

upiand, acid streams and |lowland circum—-nevtral streams with
Ehe 30 allele only present in Ethe Iatter. The results from
acukte toxicity tests showed khat there was no difference in
tolerance Eto low pH of nymphs from alkaline or acid streams.

The 96 hour LC-%0 ramged from pH. 2.396 to pH 3.22. No
difference was found between the genobtypes of survivors or
those kiilled in the toxiecity kests,

Differernces in life-history charascteristics of Ltwo
populations of N. cinerea from the same catchment were
invest igated and appeared to result from differences in the
thermal budget ak each site rather than a'difference in pH.

lLow pH did not appear to have any effect on the rate
of oxggen uptake of N. cinerea which was arocund 1000 uWil/g dry
weight /hr. ' '
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CHAPTER 1

GENERAL INTRODUCTION

In recent uears there has been growing public concern
‘as reports of widespread serlous pollution caused by acid
rain have appeared Iin the media. However, as Cowling (13980)
and obkhers  (Last and Nicholson,13982;: Franks,1383) have pointed
out, this is hardliy a new phenomeron, and the kerm “acid rain®
was firsk used by Smikh ((1872) in his sktudy on regional

variation in precipitation chemisktry in Brikain.

Generally, Macid rain™ is btaken ko mean precipitation
{rain, hail, sfow and fog) wikh a pH of less than 5.6 (the pH
of distilled water in equilibrium wikh atmospheric
concentrat ions of carbon dioxide). Precipitation becomes

acidic when moisture in the astmosphere combines with suiphur
¥
dioxide (S0:) and nitrous oxides (NOx) tEo form sulphuric and

nikric acids.

Natural sources of sulphur and nitrogen compounds
exist which can cause a significant decrease in pH
(acidification) of atmospheric wakter (Charlson and

Rodhe, 19862). These include hydrogen suiphide, ammonia and

nitrous oxides frem biological decauy and soitl resctions, and

'sulphates from sea salts. Volcanoes alsa provide a source of
sulphur and nitrous oxides.

In the Industrlial reglons of the northern hemisphere,
however, anthropogenic emissions can equal those from natuwral
sources, causing further acidification (Doviand, Joranger and
Semb,13976). The main producers of .Sﬂz are power stations,
smelters and refineries. Nitrous oxides are also emitkbed from

* NO and NO, | 1



these sites, but another main source is from bhe exhaust fumes
aof mabtor engines.

Some complex chemical processes are khought Eo be
involved in the formakion of sulphuric and niktric acids in kEhe
atmosphere. These include photochemical oxidatiﬁn and
oxidat lon of the gases digsoived in water dropiets or adsorbed
to solid particles. Therefore the Ilonger the gases remain in
the air, the greater the ﬁhance that they will combine wikh
water to form scids and return to earkh as “wek deposikEion®™.
Fall—out of EtEhe uncombined gases is termed “dru deposiktion.
This too will cause acidificatien if it combines with surface
water. Dry deposition can often contribute more sulphur and
nitrogen than wet deposition (Fowler,13680). Hence the term
“"acid deposition” is &8 more a&ccurate descripkion of this
pollution phenocmenon tEhan "acid rain'.

Several researchers in both Europe and Norkh America
studied Iisolated aspecks of atmospheric and surface waker
chemisktry during the first half of this century. However ik

was only in Ehe 1950°'s that Gorham established bthat acidikty in

precipibtakion was correlaked with industrial sources of
poliukion, and seemed ko have tnfluenced the chemiskry of
| akes, bogos and sollis (Gorham,195%,1958 and 13961).
Unfnrtunateig. tike Smikth's work =a century earlier, the

Impllcatians of this were not recognised and acted wupon.

It was Oden in 1368 who stimuiated wider concern over
polivkion by acid deposition. His analyses of rainwater
chemistry daka showed that bobth precipitation and surface
wakers in southern Sweden were becoming more acidic., This was
atkributed Eto 1ong range transport ﬁf sulphur and nikrous

oxides emanaking from outside Sweden in kthe indusktrial
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countries of Europe. 0Oden élso hypothesised kthat tEhe probable
ecological consequences would be a decline in fish populations
and decreased forest growth.

These conclusions and hypotheses led to an wpsurge in
research’ ackivity in this field bbth in Europe and Norkth
ﬁmerica; The Norwegian government provided Ehe main ihpetus by
estabjishlng Ehe "“SNSF Projeck" in 1372 with a2n annual budget
of over ore million pounds.

- The results of this projectk  (Overrein ekt =2l,1380;
Drablos and Tellan,1380) Eogether wlth other extensive
research (noteably the 0O0ECD Study on the LOﬁg_Range Transperk
of Air Polivtanks,1377), have confirmed some of Oden's
hypotheses. The transporkt of poilutants over f(ong distances
has been demonskrated in Europe and Norkh America, and
precipikakion has been showun to have become more acidic over
the Jast two decades in several areas (Doviand et al,1876;
Mathews et 2!.,1980; Loucks, 1382). This increase in acidity
parallels khe dramatic rise in S0z and NQx production BEhat bhas
taken place over the same time period (Doviand aond Semb,1380;
Brimblecombe and Stedman,1382).

The adverse effecks accredibted to scid deposition
include corrosive damage ko buildings and monuments, and the
release of copper and lead from water pipes into drinking
water supplies (Glass et =al,1382). However, the probablie
effecks on agquatic ecosustems and on crop anmd forestk growkh
have received kthe grestesk stkenkion. In Ehese cases focal
geology is the principal factor determining which areas are
sensitiVe to acidification. Sensikive areas are ones Wikth
weathering resistant rocks such as granites and shales. Here
the overluing scils are Ehin and deficient in bases (calcium
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and magneslumj giving poor bﬁffering cabacity. Similarly the
surface waters have a Jow ionic concentratldn and poor
.resistance to changing pH.

The afforestation of upland catchmenkts has been shown

Eg cause acidification of skreams in some areas of Scokland

(Harriman and Hnrrison.VIQBE). However, it is.unciear whether
Ehis is atkributable Epo the Etrees .callécting more =acid
potiutants than natural uwpland wvegetation, the removail of
bases from Ehe soil inkto Ehe vegetaktion coupied wikth hydrogen

ion producktion during EtEree grouth and |itker decay, o~ to
changes in Ehe hudrology of the catchment broughk about by
modern planting techniques.

Several reporks have been made on the die-back and
decl ine of foresks in bokh Europe ‘and HNorth America
(Toml inson,1983;:Johnson  and Siccama.1383: Aicid News, 1384),
where hundreds of kthousands of hectares of conifers are
affecked. This could. have serious economic as well as
environmental implications. However, a universally accepted
mechanism by which acid deposition can cause forest decline
has yet to be establ ished.

One widely accepted kEheory was proposed by UWirich
(13B80). He postulated thakt acid deposition acidifies the soil
leading ko increased concentrations .of aluminium in Ehe sali.
wakter. High aluminium concentrations are thought to be koxic
ko planks,. affecting rootk drowth and interfering with the
uptake of essential calcium and magnes ium ions. However, nokt-
all scientists accept that Ehis is the real cause of the
observed foresk declime. The absence of tree damage in many
areas sub jected to scid depesition (mosk moteably Scandinavia)
suggests - that other factors may be involved, In parkticular
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direct damage to folliage by ozone, produced by photachemical
oxidatklon of NOx, appears ta be more Iimporktant Ehan was
formerly recognlised.

The evidence |inking acid deposikion ko disturbances
of freshwater ecosystems is far more compeliling., Oden's
hupothesis on declining fish populations was based on eariier
ocbservations of Tishery losses in Scandinavia (Dannevig,
1359). Today, khousands of |lakes and rivers.in Southern Swedep
and Norway are kthought to have Iést their fisheries since kthe
beginning of this century (Overein ekt al, 1380). Similar
losses have been reported from Canada (Harvey, 1380; Watk ekt
al, 1983) and the United States (Schofieid. 1976: Pfeiffer and
Festa ,1380). In many cases a8 concurrentk reducktion in pH has
been recorded.

Experimenktal work has shown Ehat egg hstching and
early growkh is severely affected at pH's commoniy found where
fish stocks have been lost (Brown, 1881: Peterson et al ,1380;
Swarts et al, 1378). This indicakes that recruitment failure
is Ehe main cause of stock decl ines.

Studies on adult fish (Dickson, 1378: Baker and
Schoffeid. 1980) and Investigations of siktuat ions where
fish—kills have been observed (Muniz et al, 13975, 1373; Grahn,
1380) show Ehat aluminium toxicity is aften a major factor in
adult morkality. The aluminium is {eached from acidified soils
in Ehe catchment (Cronam and Schefield, 1979). Fish die due ko
mucus pProduction a3k Ehe gills which interferes wikh ionic
regulat ion and oxygen uptake (Muniz and Leiveskad, 1980).

Acidification of freshwaters has also been shown to
cause a reducktion in diversity of the plant (Hendrey et al.,
1376) and inverkebrate communities (Sutcliffe and Carrick,
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1373: Hendrey and Wright, 13S76: Fiance, 1978; Hall et al.
1380)., This is due ko khe loss of acid sensitive groups such
as molluscs and crustaceans, leaving 2 few kolerant species
(Overein et al, 1380). These tolerant species have often only
been identified from iarge scale surveys where presence or
absence data is taken to imply tolerance., Relstively few
{aboratory experiments have been performed to dekermine
tolerance limiks in invertebrates (Singer, 1381). However, the
studies khat have been made indicaeke Lthst, as .in fish,
mortality is due Eo a FTailure of ionic reguiation and,
perhaps, oxugen uptake (Vangenechten and Vanderborght, 1980;
Havas, 18681;: Raddum and Steigen,1981;: Al ibone and Fair, 1381).

Several researchers have found that differenkt
Ppopuilakions of fish differ in Etheir abilikbky to withskand
experimental acidification (Gjedrem, 1976: Swarks EE al, 1378
Rahel, 1383). These d!ffefences in tolerance were shown to be
heritable and Ehus had a genetic basis,

One of the malin aims of this study was ko look for a
similar genetic difference between populations of an aquatkic

invertebrate, HNemoura cinerea (Imnsecta: Plecoptera). However,

rather than looking for heritable differences in ktolerance ko
jow pH, electrophoresis was used to measure genetic variation
between populations inhabiting acid or circumneukral streams
and-thus revea| ang correlations between genobkype =a2nd skream
acidity, N. cinerea was chosen because it is widely
distributed and ﬁan be found in a range of skreams with
different wacidities in Britkaim (Elton, 1956; Huynes, 1977;
'pers. obs.)

It was thowght Ehat an inveétigation such  as this
would be of wvalue to those examining the effecks of acid
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deposikt lan on aquat lc environmenks since, as Last and
Nicholson (1982) point out, few studies have been made in the
Unikted Kingdom. However, khis part of the invesktigation will,
perhaps, be of greakter interesk to populaktion genekicists as a
survey ko determine if genetic variation has been influenced
by environmental paramekers.

Electrophoresis is a technique for khe identification
of aenetic variation at gene loci coding: for proteins,
especial ly solub{é erizymes. Mutabtions causing 2 change in kthe
met charge carried by a proktein molecule can be deteckted from
Eheir differentk rates of migratkion through =3 gel medium
(usually starch, agar .or poly-acrylamide) when an eleckric
potent ial is applied across the gel. After several hours, the
positiarns of the wvarianmts of individual pretein loci can be
made wvisible by stainimga Ethe gel with Ethe appropriate
histochemical stain.

The technique was  Tirst used in the 1960°'s by
Lewontin and ‘Huhbg (1966) and Harris (1366). These, and
subsequent studies, have revezsled Ehat high tevels of
variation are present =] the molecular level in most
populations of outcrossing species, with 25-5S0 % of the loci
examined belng Palymarphic per population and 5-15 %
beterozygous per individual (Selander, 1876). Generally,
invertébraté specfes have been found ko be more variable khan
vertebrates (Nevo et ‘gl. 1884). Electrophoresis dektecks oniy
those genic substibtutions that cause a difference in the ionic
charge carrlied by the proteins. Since only sbout 26-28 ¥ of
substibtukions cause a chamge in charge (Lewontin, 1974), Ethe
measures of polymorphism must be an underestimate of the
total variation. This has been highlighted further by the
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discovery of more extensive 'hidden* variation when gel,
buffer, pH and temperature condiktions are varied in
electrophoresis (Coune, 1376: Singh et al. 13976).

The discovery of the high levels of molecular
variation led to the stiil wunresolved debsatke over how khis
variation is maintained wikhin a population, and what is iks
adaptive significance. The debake is often termed Ekhe
‘neukralist — selectionist controversy', though proponents of
beoth 5ch0q!s of tHDught appear Eo dislike the Isbels
(Leunntfn. 1974%; Kimura, 1983). Ik really is an extension of
the arguments that bad dominated popuiaktion genekics theory
for the previous twenty years. These were caktegorised by
Dobzhansky (1355) as kEhe 'classical’ and 'bhalance’ hupobtheses.
The main point of contenkion was over the role plagyed by
natufal selection in evolution.

The classical Eheary, ascribed o Muller (18350) and
his co-workers, saw seleckion acting in the way proposed by
Darwin (1858), purifying the species of deleterious mubtations
and leading Eo the fTixakion of Ehe Tfitktest genotupe. As a
consequence ikt was thought Ethat individuals in sexually
reproducing populations wowld be homozygous fTor a "wild-btype’
aliele at aimost altl their tloci. 1In contrast, the balance
theory (Dobzhansky, 1555: Wallace, 1958) proposed that natural
sé!ection ackted mot only Eo remove genetic wvaristion by
‘directkional selection’ against deleterious mutants, but also
ko promcte and conserve variation through ‘balancing
seleckion' (heterosis or frequencu—dependent selecktion). This
would lead to I[ndividuals being bheterozygous atk nearly all
their loci.

The observations from electrophoretic investigstions
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and ffom other technigues employed by molecular genebtlicists,
such as amino-acid sequencing of proteins and, more recenbliy,
DNH | analysis, which have also revealed extensive
polymorphisms, appear to support Ehe predictions arising from
the ‘halance’ hupokhesis rather than Ehe ‘classical®
hypothesis. However, prﬁponents of the classical school have
mainktained their view that balancing selecktion is relakively
unimporktantc in evalution by questinniﬁg the biological
significance of the molecular variakion revealed by Lthese
techniques.

.The new hupothesis is based on Etheoretical arguments
develnped by .a number of authors (Kimura amd Crow, 1984; King
and - Jukes, 139689: and Kimura and Ohta, 1371 =a,b,c). They
propose that khe ma_jority of the molecular wvariation has no
effect on kthe fikness of an organism. The alternakive
varieties, or alleles, atk any locus ére selectively equivalenk
(neuvtral) so that Eheir fregquency within a population or
species 1is largely determined by mukation rakes and random
genetic drift. Hence this theory has been termed the nevkral
mubat ion - rardom drift hypokthesis, or mneutral thecory in short
(Kimura, 1983), and adherenkts to this theory are called
'neutralists’'. Proponenks of Ehe opposing school of thnugﬁt.
the ‘balance’ school, are now referred tg as 'selectionisks’.

Nucﬁ of kthe’ deﬁate has centred on makhematical

caonsiderations of the predictions made from models proposed by

both schools of thowughk, using data from experimental
observat ions (see Lewontin, 1374 and Kimura, 1983). However,
all the models depend on paramekters bthat cannot be measured

with sufficient accuracy and thus are difficult ko falsifu.
Neutral Etheory relles on estimates of mutation rates and
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effeckive population size; seiecktionist models are greakly
infiuenced by estimates of fibtness and migration rates. All
depend oﬁ esck imates of gene frequencies in matural populations -
which invaolve sampling errors (Lewontin, 1974). Hence,
arguments for bokh view points can often be made from the same
Uﬁservations giving firm evidence for neither.

The failure of these mathematical atbtempts ko resolve
the conkroversy has led manyg geneticists to believe that,
in tEhe absence of a statiskical test with sufficient resolving
power, Ehe accumulation of direct experimental evidence is
the most useful way to settle the debate (Nevo ek al, 138%:
Shorrocks, 1878; Clarke, 13975). DOne way of providing this
evidence is ko carrg out an exktensive survey of populstions
such as khe one reported here. ANy correlstions of genetic
variation wikh environmental paramekters would provide a skrong
iﬁdicatinn thet selection of some kind has occured and be
difficult to interpret from s neuktralist view. As shown
earlier, acidification of fresh waters can have very severe
ecological effecks and has aiready been implicstked as Ehe
selecking fackor producing acid kEolerant strainms of fish.

A number of studies have revealed significant genctupe
- envircnment associations in & range of orgsnisms. For
example, Schopf and Gooch (1571) found a clime in the
frequencg of a: Ieucine—éminopeptidase allele in Bryozoans
associated wikth a 86°C change in August water tempeéature.
Johnson (18S71) discovered correlations in an allele frequency
cline for |ackate dehuydrogenase in Ethe crested blenny with
temperature, oxuygen concentrstlon and the incidence of another
blenny. Several studies have found cofrelatians between allele
frequencies ak thé lewcine—aminopept idase locus im Mykilus
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edul is and salinity (Koehn et al, 1376; Lassen and Turano,
1378; Koehn et al, 1380). Place and Powers (1373) found an
allele frequency cline associated with temperature ak the
lacktate dehydrogenase-B locus in the fish Fundulus

heteroclibus on Ehe Aitlantic Coast of bthe USA. Hoffman (15981

b) found ‘Ehatk both phasphog lucose fsomerase and
phosphaog lucomutase showed clinal variation in Ehe anemone
Netfidium senile wikh an apparent associakion with

temperature. Smith et al (1383) found significant correlations
between several Ioci in kthe mosquitcf!sﬁ and temperature, flow
and elevation.

Correlations between temporal changes in allele
frequency and an apericdic festure of Ehe environmenk, or
repeatsble cyclic fluctuations in allele freguency would also
provide sktrong evidence that seleckion camn influence molecular
variaklion {(Lewontin, 13974%). In one case.'Eerger {1371) found

Ehat the 'siow’ allele at kEhe «—GPDH locus in Drosocophila

melannogaster doubled in four populations from Jumne ko November

in kuo different years. In the present skudy, samples of N.
cinerea were taken from some sikes in the Peak Districk
through—-owt a bthree uear period in order Eo dekeck possible
Eempurat changes in gene frequencies.

ﬁltﬁough correlations between allele frequencies and
‘spatfal‘or temporaf differences in kEhe environment provide
evidence that natural selection rather than random drift has
influenced bthe frequency disktribution, they do not inm
themselves indicate Ethak seleckion is acking direcktiy on the
loci being ohserved., They may be carried along by |inkage to
other ioci which are the real target of selection (Clarke,
197%). This problem can only be aovercome by demonskrakting
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biochemical and. phusiclogical differences between Ethe
enzymat ic producks of the alleles counsistent with tEhe proposed
selective agent. Koehn et al (13580) demonstrated khat allele

frequencd clines in Mytilus edulis were probably due Eto

functional differences in response to salinity between the

aminopept idase-1 alleles, anfman.(iSEl'a) showed that Ethere

were significant differences in the activities of
‘Phosphoglucose Iisomerase allozyumes in Mekridium which coulid

explain the observed frequency diskribution in populations
along the northeast coast of kthe United States,

In some cases inter-specific comparisons have been
used ko test selectionist theories in which the amount of
genetic variation that can be supported in any situation is amn
adapt ive strategy to increase the mean popuiakion fitness in
spat lo—ktemporal ly heterogeneous environmenkts (Dnbzhansky.'
1351). Perhaps the most popular of these is the niche—u}dth
variation hypothesis (Van Valen, 1965). This expecks kEhere to
be a positive correlation between niche-breadcth and genetic
variabil ity, The grain theory (Ludwig, 1350; Levimns, 1968;
Selander and Kaufman, 1373) has essentially the sSame
predictions, Several electrophoretic comparisons bebween
broad-niched and narrow*ni:hea species bave supported khe
theory (Avise and Selander, 1372; Levinton, 1373; Nevo, 1376;
Lavfe arnd Nevo, 1981; Lacg; 138E)._Howevér. the expeckakion
Ehat deep-sea fauna from a stable, monotonous environmenkt
woulcd have Iow var#étlon was nat fulfilled (Gooch and Schopf,

1972; Ayala and Valentine, 1974%). This leadsto an alternative

explanation, the time divergence hypothesis, which predicts
‘that constancy of environmental parameters, such as kErophic
resources, promokes allelic diversity. Arrays of morphs are
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produced, each best at Explajting a' narrow niche, .so
intra~specific competition is reduced.. Gernetic uniformity is
predicked in unskable environments becavuse a8 generallsed
genotype uwouwld be betbter adapted ko cope with uncerkainky
(Valentine, 1371; Alyala and Valenktine, 1974; Valentine 13876;
Valentine and. Ayala, 1375).

Perhaps Ehe main applicatiocn of elecktrophoretic
techniques has been Lto measure the amount of genestic
differentiation between related species. Phylogenies or
species relakionships can then be inferred from Ehis
informaktion. The . advantage that electrophoresis has over
classical morphological characters for deriving phylogenies is
that proteins, 2s primary ktransiations of bthe genetic code,
are Jliktkie influenced by environmental fackors, allowing
similarities and differences ko be treaked in & more rigorous,
numerical way (e.gq. Nei , i137e). Electrophoresis has also
proven ko be of perticular value in the identificakion of
cryptic species EtEhat have defled sysktematic analysis by
skandard morphologieél criteria (Hanken, 1983). In some cases
a biochemical idenkification key has been devised (Buth,
1973; Beriocher, 13680). However, the technique is limikted to
compar isons between kaxa of |lower skatus than families as the
likely number of gene substitutions accumulated since such
distkankly related species shared common ancestry is too greakb
(Ayala, 1983).

Whilskt the main emphasis of - Ehis Ethesis is on Ethe
biochemical- genekics of the Nemouridee and especially on

variation between populiak ions of Nemoura cinerea, the

mostk widespread species, deta from invest igations into the

broader effects of environmenta!l acidity on Ehe ecology of
<
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skreams are also presented. The abilitky of N.cimerea to
tolerake condlibtiaons  of tow pH has teen examined by
respirometry and acute toxicity tests, providing physiclogical
tedence tD. T complement the genet ic studies. By
‘elecktrophoreticatly screening the animais used in the toxicikty
Fests, itk was hoped that any differential survival of
individuals with a particular genobtupe couid be detecked. The
influence of low PH on the respirstion of N. cinerea was
invest igated because, zlthouogh a reduckicn of oxygern vptake
leading to eventual mortality at low pH has been demonstrated
in fish (Havas, 1981), only one study appears to have been
made on the effects of acid per se in invertebrates (Al ibone
and Fair, 1981).
| The main 2ims of khis investigastion were, btherefore ;

i) To determine the amount of molecular genektic variation in
the nmemourid skoneflies (Plecoptera) in Brftain and ko examine
Ehe genet ic relationships bebtween species using enzgmé
electrophoresis.

it) To study the effeckt of skream acidikty on genektic varistion

in Nemoura cinerea, the most widespread species of Ehe British

Nemour i dae.

iil) To investigste the response of N. cinerea to acid stress
through respirometry and acute toxicitg tests in Ehe
laborakory, and EhroUgh comparlsoné of life~-hisktkory in natural

populations.
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EHAPTER TWO

MATERIALS AND METHODS

2. 1.Experimental Croanisms

The Plecoptera form one of Ehe most primitive extant
orders. of winged insecks. In Britain, there are thirty-two
species (two obher species in Hunes' key (1377) are described
as being of uncertain DBritish status). The Nemouridae, wikh
eleven species in Tour genera, is the largest Briktish
‘skonef iy’ family. The numphs of species in two of the genera
are charackterised by Ekhe possession of prosternal gilts,
whilst nymphs of the other two genera are gilli-less. The
faollowing is a species list of Ehe Brikish Nemouridae :

Nemoura cinerea (Retzius).Pliate 2.1.

Nemoura cambrica (Stephens)

Nemoura dubikans (Morton)

Nemoura avicularis (Morbton) GILL-LESS

Nemoura erraktica (Claassen)

Nemurelila picketi (Klapalek)

Protonemura meyeri (Picktek).Pliate 2.C.

Protonemura pragcox (Morton)

Protonemura montana (Kimmins) GILLED

Amphinemura standfussi (Ris)

Amphimnemura sulcicoll is (Stephens)
All Nemouridae Etake one yesr to compltekte Eheir
life~history in Britain - a ‘wnivoltine' life—cycie. The

aquatic nymphal phase is the longest — lived stage anmd is,
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therefore, the most important in théir ecology. Generaliy,
numphs hatch from eggs in  Iate summer/early auvtumn., Theu grow
skeadilu through Ehe winker months, moulting manu Etimes., The
axéct number of instars is uncerkain, being influenced by
temperasture and .sex (Khoo, 1964). They are herbivorous,
feeding mainly on allochthonous material or vegetat ion growing
on the skream bed.

Most numphs reacﬁ maturity in the period extending
from March through Eo August. They crawl out of bEhe water on
to the bamks or exposed bouwiders jn khe stream and, afker a
final moult, adult stoneflies emerge (Plake 2.3.).

fidults 1ive for a relatively short BEime (from Ewo Eo =2
makimum of Tifty days (Hynes,1342)). Theg are poor fliers and
are rarely found far fram the water from which kEhey emerged. A
few dggs atter makbking the females exbrude an egg mass which is
carried on the under—-side of Ehe Ltip of the abdomen. The eggs
are then deposited on the surface of the watker and have
attachment mechanisms to anchor kthem to the skream bed where
Ehey take several wé;ks to develop (Khoo, 13G64%),.

The nymphs are intolerant of pollution and are mainly
canfined Lo headwater stresms where bthey ofkten dominate Ehe

benthic macro-invertebrate fawna. Notezble excepktions are

Nemoura avicularis, which is mainly found on the shores of

unpal juted takes or sluggish streams with emergent vegetatbtion

(Hurnes, 1377), and Nemoura cinerea (and ko & lesser exkent

fimphinemura sulcicollis) which occur in organically rich

towland streams as  well as in upland areas (Brinck, 1349,

Humes, 1377:; personal observabtions).
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e.2.Colleckinmg Sites and Col leck ing Mekhods

2.8.1.The Derbuyshire Peak Districk

The Peak Diskrict of Derbyshire around Snake Pass was
chosen as the iniktial sampling area because earlier work had
shown Ehat acid sktreams could be fowund Ehere (Brown & Martin,
1980). The =2cid skreams drain peatk bogs that blanket Ehe flat
summit of Kinder Scout and the surrounding peaks. Peat is a
verd acid soil due Eo humic and organic acids being formed as
vegekaktion slowly decomposes. This means thakt rain falling in
this area will nok be neuvtrzlised before enktering skream
chamnnels and may be acidified furkher bu organic acids being
T lushed out of the peak. The Iatker causes the brown
discolourat ion of stream water that is common in this afea.

In addition to Ehe natural source of acidity in the
peat, khe rainfall here is itself acidic (Brown & Marktin,
1980; Ferguson & Lee, 1383),. This area of the south Pennines
lies at khe centre of the region where khe induskrial
revolubtion started dver two hundred yesrs a0o0. Evidence from
the dramabtic decline of Sphagrnum mosses in the bogs, btogetkher
with records of alr and rain pollution measured in the nearbuy’
industrial Etowns since before the skart of Ehe century,
indicates kEhat tEhis area has probably been expossed to damaging
levels of atmospheric pollution for fonger than any other
area in &khe worid (Ferguson & Lee, 1383). It is, therefore,
an obvious place ko look for evidence of the impact of acid

deposition on Ehe environmenkt.

There are no historical datka concerning trends in
stream watbter acidity. Today, however, these headwater streams
are typical of acidic streams found in areas where acid
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deposition is reported to have cauwsed environmenktal probiems
over kthe last few decades (Drablos & Tollan, 13B0). No fish
are present and the inverktebrate fauna is Iless diverse Ehan
that of more meutral streams, wikh a few speclies of Plecopkera

‘being dominant in numbers for most of the wear.

2.2.2.Col lect ing Methods

Invertebrates were collecked by Ehe kick—-sampling
technique (Morganmn & Eggl ishaw, .1855) usfng a harmd held 1
mitlimekre mesh nek. During lake summer énd autumn, an
additional fime mesh net (E50 vpm) was used ko colleck eariy
instars., Al pérts of the skream (riffle, pool, edge, cenktre
and vegetaktion) were sampled to ensure, as far as possible,
Ehat all species present were collecked. Adulkt stoneflles,
when presenkt, were collected from bthe vundersides of boulders
probtruding cut of the wster, using a pookah. Samples were
returned ko Ehe laboratory, or temporary base, for sorbting and
identification. Whemn necessary, aﬁimals were stored frozen at

—20°C prior to use for electrophoresis.

The resulbks of the early eleckrophoresis indicated
Etvak N. cinerea would be the most suvitable species for
inter-population compar isons, due tEo iks greater
electrophoretic wvariabilikty than Ehe ckher Nemouridae,
Furthermore, it was found iin bokh acid and clcumnevkral
streams in Derbyshire and was reported to be ocne of the most
widespread species (Hynes, 1377). The Peak Districk sktreams
known to contain N. cinerea were kept as regular sampl Ing
sites ko investigakte temporal changes in genetic variation and_
for life-hiskory comparisons. These streams also erovidad a
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plentiful supply of specimens far jaboratery experiments. In
addition sampling was extended tEo encompass ckbther éreas of
Brikain, both ko tncrease the number of popuiabtions iIn kEhe
surved, and to colieck species mot found In the Feak Districk
for =a2an inter—specific eleckrophoretic comparison within the
Nemouridas., Mosk sampling Etrips were to.locatinns studied bu
previous investigators (Hynes, 1952,1961; Elton, 189%5: Brown,
€ragg & Crisp, 1984; Lengford and ©Bray, 19683; Fawcett, 1371;
Casey & Ladlie, 1976; Maitland et al, 1981: UWade & Rhodes,
1382) though some were ko areas where previous invertebrate
surveys have nok been reported. The sikes which provided
specimens for electrophoresis are jisted in Table 2.1. Their

locstions are indicakted on Figure 2.1.

2.2.3.Wster Analysis

At every site visited, a water sample was collected in
a 500 milliliktre screw—-top plastic bektble. Immediately on
returning to Ehe sampling basé. Ehe pH and conduckivity were
measured. The pH uaé measured using a Radiometer PHMB0O pH
meter wikth a GKE401C combined eleckrode. The conductivikty was
measured ak 20°C using 2 Radiometer CDMB0O conductivity meter
with a CDCi04 electrode. When possible tEhe samplies were
analysed further to determine concentrations of calcium,
magnesium, sodiuvm and potassium ions using a Hilger and Watts

H1170 'ATOMSPEK' atomic absaorption spectrometer.
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2.3. Annua!l Growtkh Patterns

2.3. 1. Measurements of Growkh

Whilst collecting invertebrate samples in the FPeak
Diskrict, it was nokiced Ethat Ehe life—hiskory of Nemoura
cinerea appeared ko be slightly different at two sites in the
same cakchment. The sites were Thomasons' Hollow and Lady
Clough (indicated by arrows in Figure 2.2.). Thomasons®' Hollow
is a8 headwater stream at 457 metres above sea level and has a
iow pPH all year round. Lady Clough is a higher order stream,
further down the caktchmenk at 321 mekres zbove sea level, and
has a varying pH dependernt on Ehe conditions of flow (Brown &
Iﬂartin. 1380). fidult emergence appeared Eto be delayed st
Thomasons' Hollew relstive to Lady Clowgh, so that numphs
could be collected for two ko Ehree months after they had
disappeared from kthe botkom faunma at Lady Ciouwgh (in June).

A monthly sampling programme was undertsken to skudy
this difference in Iife—ﬁistnrg timing., Each month. twenky
numphs (or as many és possible when the tota!l collecked was
less) from each samplie were measured using a Zeiss binoc utar
microscope fitked wikth an eue-piece graticule. Three measures
were taken ( Figure 2.3.) :

8) Toktal body lemgkh (excluding cerci and anbtennae)

b) Head-capsule width

c) Hind ktibial fengkth

For adult flies, the body-lengkh measurement was:

replaced by kEhe lengkh of Ehe forewing.

£0 -



2.3. 2. Temperature Measuremenk

Tempergture has been found to be =2n important factor
in controlling growkth and emergence patkerns in Plecopktera
{Nebeker & Gaufin, 1867: Nebeker, 1971; Hynes, 1976).
Temperature readings were taken, at the bEime of sampling, with
a2 mercury in glass chermomeker. HoweQer.. such - shnt readings
are of limited value since kEhey cannot be representative of
Ehe actual temberature regime of the skream (Macan, 1358a).

To overcome this problem of measuring the long term
temperature patterns in remote sikes, & method based on a
contrat led chemical reaction was used (Ashworth, 1380)., This
employs the acid -hudreolysis reaction of potassium ethyl
xanthake soluk ion (KEEX) which is sktrongly temperature
dependent.

i known weight of KEEX (0.5 gramme) is allowed Lo

huydrolyse in an aqueous buffer soljution (50 millilikres) in a

bottle, left in situ for the messurement period. Then nickel
sulphate solukion Is added Eo precipitate.'the remaining
xankthate as kEhe insolubie nickel salk. After filtering and
drying, Ehe weight of Ehe salt is converted ko & corresponding
méan.temperature by reference to a cal ibration curve obtained
ak krown constank temperatures in the |aboratory. .
‘» The pH of the phosphate buffer solution was increased
from pH 6.2 ko pH 7.2 to increase the reackhtion time from one
to Eten weeké. in accordance with &the recommendations in.
Ashworth (1980).-

Three replicate botkles were firmly anchored to the
stream bed atk each sike, in a positicn‘that ensured a constant

covering of water for Ehe ten week measuring period.

“
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The reacktion mixtures were made wp in the |aboratory
and btransferred to and from the Peak Districk in a cooied ice
box ko prevenkt any variations im heat ing during.

Eramnsporktation.

c.4.Electrophoresis Techniques

Whole =animals were ground wup individually with 1-28
drops of 0.02 M Tris-HCl buffer pH B.0 in a 24 well perspex
block wusing a hand-held glass rod. The homogernate was either
absorbed on te smzal ) squares of Whatman No.3 filter paper for
starch—gel eleckrophoresis, or mixed 1:1 with 10 % sucrose’
solution and |oaded un to vertical polyscrylamide gels using a
23 microl ikre micro-pipette.

Horizonkal starch—gel eleckrophoresis was carried out
using 11 % Cnnnaught starch gels and ShHandon egquipment. Four

buffer systems were used as fol lows :

i) Continuous tris-citrate (Ward & Beardmore, 1377).
Eleckrode : 0.29 Eris. 0.057 M citric acid, pH B8.0. Gel :
25:1 dilukion of electrode buffer. Running condikions ; 200 V
for 4.5 hours,

2) ODiscontinuous kEris-citrate (modified from Ashkton &
Braden, 1361), Eleckrode : 0.3 M boric acid, 0.1 M sodium
hydroxide, pH 8.9, Gel : 0.0866 M kris, 0.007 M citric acid,.pH
8.6. Running conditions : 150 V for 1 hour, the 300 V for 4
hours.

3D Discont i nuous Eris-ciktrakte (Foul ik, 1957).
Electrode : 0.3 M boric a2cid, 0.068 M sodium hgdroxide. PrH B.6.
Ge | : 0.076 M EkEris, 0.005 M ciktric acid, pH 8.2. Running
condibtions : 200 V for 1 h?ur. then 300 V for 4 hours.
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“) Cont i nuous tris-citrate (Auala et al,1372).
Efectrode: 0.135 M Eris, 0.045 M cikric acid, ad_justed to pH

7.0. Gel

15:1 diluvtion of eleckrode buffer. Rumning

conditions : 200 V for 4.5 hours.

Vertical polyzcrylamide gels (7 ¥ Sigma gelling =agent,
0.1 ¥ ammeonium persuwiphate + Temed.) were run in an LKB 2001

verktical electrephoresis unit. The buffer system was :

5) Discontinuous tris—glucing (modified from Davis,
1384). Eleckrode : 0.05 M &Eris, 0.383 M glucine, diluke 1:3
buffer:distil led water for use, pH B8.59. Gel : 0.19 kris, 30
mitlititres 1 N HCI, 0.15 Millititres Temed, per likre,. pH
8.9. Running conditiocns : 90 V for 30 minutes, then 300 V for

Y4 hours.,

Forty~four enzyme staining techniques were Etried,
adapted from Harris and Hopkimson (1376) and Shaw and Prasad
(1976).

For Ethe comparisons between populations of Nemoura
cinerea, only four polumorphic loci were routinely screened :

Aminopept idase—1

Hexanol dehydrogenase

Phosphoglucose isomerase

Phosphogiucomut ase
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2.5. Measurement of pH Tolerance

2.5.1 Apparatus

The tolerance of Nemoura cinmerea numphs to low pPH was

investigated wusinmg specielly construcked, plaskic 'bioassay
chambers”’ (Figﬁre 2. 4). Everg chamber was divided ihto three
separate compartments, each aerated through an inverted
syringe needle. The tops of the chambers reduced evaporative
water loss and prevented the escape of emergent adults or

roving numphs.

2.5. 2. Experimenktal Procedure

Acid Etoleramnce was determined using 396 hour acute
Eoxicity tests (APHA,1376: Murphy, 1378; Buikema et al, 1982)
to find khe concentration thak wouv!d kill balf Ehe Etesk
arganisms in this Eime. This is tEhe median lethal
concentration (36 -hour LC30)..

Field samples were rekturned to the | aboratory fnr
sorcing to ensure ‘that all the numphs wsed in Ehe ktestks were
similar in size.‘ Numphs were acciimated GEtao experimental
conditions for four daus prior ko the Eoxicity tests. They
were held, unfed, in a 2 litre beaker conktaining ‘artificial’
water at pH 6.5 (ionic composiktion asrgiven.in seck ionéd.
except for the addition of calcium ions). -The beaker was kept
aerated inside a Fisons' growth cabinet at 10°C and 16 hours:B
hours light:dark lighting condibtions.

Twenty—four hours before the experiment, Ehe bioassay
chambers were filled with ‘artificial’® water and the pH
ad_jusked using 0.1 M sulphurtc eacid. These were placed inside
the growkh :abiq&t and zerated. A pH ramge of pH 2.8 - 4.0,
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with 0.8 pH unit intervails, was used in all the Etesks. The
conkraol was unad_justed ‘arkificial® waker. alt three
compartmenks in gach chamber had the same pH.

Ten nuymphs were placed in each compartment along with
a piece of cotton netkting ko provide an artificial subskratum,
This arrangement ensured that there was no nvercrqwding. and
made ik easier ko count Ethe number of survivors. In some
tests, a8 shortage of specimens meant khat all three
compartmenks were not used.

The numbers surviving were checked every twelve hours
and dead animals removed wuntil the testk was finished after
ninety-six hours. At each countk kEhe pH waes checked and
ad_justed: if necessary, If there was greater than 10 %
mortal ity in any of the conkrols kEhe kEesk was terminated.

In the tests using numphs from alkalinme streams, all
the-ngmphs were frozem either when Ehey died or st the end . of
bthe tesk bto determine their HDH-1 genctupe Iater.‘

Paral lel tests in uh;ch the ionic composition of the
test water was doubled, nr‘the concentration of the calcium
ion (added as calcium nitrate solution) altered, were rﬁn or
three occasions to determine if Ehis could influence btolerance

to low pH.’

c.6. Respirometry

2.6.1. Apparatus
An open—-flow respiromekter was constructed to measwure
Ehe passible influence of low pH on BEhe oxygen consumption of

Nemoura cinerea nymphs, The design was based on bthat used by

4
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Nagel! (1975) and is shown in Figure 2.5.

The cylindrical vessel A (made of perspex, with a
volume of - 1.5 litres) contained the experimenktal water. The
glass flost B was 3 centimebtres deep with a diameter 4
millimetres smaller than the inside of the vessel. The fleat
was weighted so that the lower 28 centimebtres wete submerged.
This crested an effective boundary ko axygen diffusion Iinto,
or ouvt of, the reservoir, since conveckive currenks within the
vessel were minimised by placing Ethe whole apparatus in a
water—bath, enmsuring even temperature distribukion.

zter was drawn ouk of veésel A by means of Ethe
peristaltic pump L. This was efleckrically driven and could not
be submerged in Ethe wakter—-bath, Imitial Etests wikth the
apparatus showed that.water warmed up as it passed through kthe
pump, reducing ikts axwgen carryging cespacity and fteading to
the formzkion of air bubbles which cowld then pass inko the
restk of kEHe syskem. To overcome kEhis problem, the pump was
enclosed in an insulated box and cooled with a commercial
ice-pack.

The water passed from Ehe pump intkoc the respiratory
chamber D, which contained Gthe 'experimental animals. The
respiratory chamber was the bulb of a 85 wmillilitre glass
pipetkte. The animals were prevented from escaping bu nyulon
mesh fixed ak the douﬁstream end of the chamber (E),., and a
removeable plug wikh nylon mesh at F.

Afeer passing through the respiratery chamber, the

waker fiowed to the oxygen eleckrode, G . This was a Clark,
membrame caovered Eype, manufactured by Rank, wibth a
replaceable, .0005% millimektre teflgn membrane. The electrode

was connecked to an MSE ‘Spectroplus’® to measure the dissolved
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oxygen concentrat ion ¥y 'the water. The 'Speckroplus’® was
conneckted ko a Philips PMBE51 pen recorder. ko give a
cont inuous record of bhe oxygen concentration throughout bBhe

experiment., The stopper for Ehe eleckrode, H, was modified ko

allow water to flow Ethrough Ethe sysktem. The flow rate was
measured wikh 2 253 millilitre measuring cylinder. The volume
of the elecktrode chamber was Y millllitres. Water in Ehe

chamber was circulated usimg a magnetic stirrer.

The original dissolved oxygen concenﬁration in vessel
A was measured by switching tap I so0 that only wsater
by—-passing tEhe respiratory chamber entered the oxygen
eleckrode. The flow through Ehe respiratory chamber was
maintained via outlek T, The speed of bEhe pump was doﬁbled
whilst the wakter was passing along khe two rouvktes Lo keep the
flow ratke through the electrode constant. The oxygen
concenkration in water passimg Ehrough the.respiratorg chamber
was meassured by repositioning Eap I, reducing Ehe ovtbtput from
Ehe pump, and preventing outflow Ehrough J by raising it above
Ehe level of tEhe ouEflou from the oxugen electrode.

The temperature of the waker baskh, contafning the
respliratory chamber and vessel A, and of the insulating _ackek
surrounding the oxygen electroqe. was maintained at 10°C wikh
a Churchill *Thermo-circulator’.

The outlekt K.-frnm vesse! A, was used to take éamples
of wakter to determine the oxygen concentration by the standard
Winkler mechod (Golterman, Clymo & Chnstad, 1978).

Narrow diameker (1.5 millimetre) 'Portex’ nylon tubing
was used for inter—-conneckting the ma_jor components of Ehe

system to minimise the dead volume,
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E.E.E.Experimehtal Procedure

After sorking, freshiy coliected nymphs were

accl| imakted to experimental condiktions for four daus. They were

held in a two litre bezker ‘cnntainlng well aerated
‘artificial’ water st pH 6.5, and maintained at 10°C wnder
1Ehuués : é hours, light : dark illuminakion IIn a Fisons
orowth cabinekt. Cotton nekting was spread in bBEhe beaker to

provide an arktificial subskratum.

Tuwenbty—four hours before Ehe experiment, the nymphs
Qere Eranstferred to waker with a8 pH a_justed to either 3.0
using 0.1 Molar sulphuric acid, or ko 7.0 Qsing 0.1 Molar
socdium hgdraxide‘ soluk ion, This zllowed acclimskion ko kEhe
experimental pH, and also ensured tEhat the digestive tractks of
the numphs were empbied Lo prevent Ehe deposition of fsecal
pellets in the respiratory chamber.

The ‘artificial’ uaker used in the experiment was
maintained wnder Ethe same candiﬁions aof temperaturg and
aeration prior to_ the respirometry. The water was made up
from a stock solukion and diluked wikth deionised waker (10
miililitres sktock per likre) when required., The composition of

Ehe stock solution was as follows:

Sodium Chlaoride 3.0 grammes/litre deionised H?0
Magnesium Suiphate 1.4 e
Potassium Bicarbonate 0.2 "
Ammonium Sulphate 0.1 | "
The fimal ionic concenkrations were intended ko be

similar to Ehose found a2t Lady Clough in the Peak Districk
(Brown & Martinm, 13B80).

finimals were introduced into the respirstory chamber
after removing plug F. A piece of cotkon netting was aliso
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placed inside the chamber. This acted as a substrate for the
rnymphs and reduced their level of ackiviky.

After sealing the chamber, Eap I was posikioned so0
that water flowed directly from vessel A to Ethe oxugen
eleckrode ko record the initial oxygen concenktration. A CS0
milliliere sample. was drawn off through K for UWinkler
tikrakion. Approximastely one hour was allowed for the animals
ko settle and ko check the sktabiliky of the electrode before
tap I was reposiktioned to determine tEhe oxugen concentrastion
in Ehe waker passing through the respiratory chamber.

After six hours Ehe dissolved oxygen concentration in
vessel A was re—checked bhefore the water was drained via
oubtlet K and replaced with fresh water of different pH. During
tfis operation the pump was stopped bto prevent air being drawn
inko the sustem. fresh waker was wused, rather than chang-ing
Ehe pH of the existing water, because rapid acidificabtion can
raiée Lhe concentration of dissolved carbon dioxide ko levels
known te affeckt the activikty of aquakic invertebraktes (France,
19ce). A 220 mil!illEre sample was ktaken from bEhe replenished
reservoir fTor Winkler titrakion and the oxygen concentrations
measured gs before.

Regular checks were kepkt on bthe temperature and Tlow
rate Ehroughout Ehe experiment. Flow rate tended Eo decrease
gradually as the water level fell in reservoir A. This was
caused by the Increased effort needed to pump the water as the
height ldifference between Ethe reservoir and pump grew,
Unfnrtﬁnatelg. the pump conkrol was limited Eto five pre—seb
speeds so that fine-scale adjuskment was impossible. The
problem was overcome by putbting Ehe pump on an adjustable
plakbform so that ikts height could be chamged to compensate for

23



the fall in water level in A.

éreQious workers (in Hunes, 13970; Correa et al, 1383)
have reported. thakt Tflow rakte can be a major influence on the
rate of oxygen upktaske in some, Ethough not all, aquatic
invertebrates. However, the resuits of preliminary
investigatinns showed that fiow rate had no effect on oxugen
vptake in N. cinerea under the siouw flow conditions used in
Ehese experiments, atthough the speed of flow through the
respiratory chamber did appear to affeck Ehe mixing of the
water. This resulked in some oscitiation of the read-ouk Trom
the oxygen electrode under the siowest flow condikions (arcund
S ml/hr). The rate of flow itself bhad mno effeck on the
stability of the eleckrode read-out when the flow by—-passed
the respiratory chamber, A higher flow rake of around 100
ml/Zhr was used whenever possible. However, when smal |l numphs
were used, -only a small reduckion in Ethe dissolved oxygen
cnntentrétion could be achieved sk this flow rake due Gto
problems in collecting a sufficient rnumber of similar éized
specimens. ﬁccordiné Lo Nagel! (1975) and Forsktner (13983), the
precision of measurement of the dissolved oxugen concentration
is diminished when there is a small difference between the
initial and final concentrations. Therefore, the flow rate was
reduced ko produce a concentration difference of between S
and 10 %. A similar reduction in dissolved oxygen
concentration was wused for the larger specimens at the flow
rate of around 100 mi/hr. A greater reduckion was not used
because, although Ehe differemnce in oxygen concentratiom could
be measured more precisely, numphs at_the downstream end of
the respiratocry chamber would be subjecked Eo differenkt
conditions than those upstream, and they could be under
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respiratory sktress. Nagell (13975) comsidered that a reducktion
of abouk 10 % was an appropriate compromise bekbtuween
measuremenk precision and the need for uvniform condibtions in
thHe respiratorgy chamber.

A furkber consideration at the skark of each
experiment was the speed of the magrnetic stirrer in the axggeﬁ
electrode. If this was koo slow, or so fastk that it became
erratic, smail oscillations were produced in the electrode
read-oukt.

fitTter the respirometry the numphs were dried at 100°C

for 2% hours and weighed.
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Table 2.1.

WONDON£WR

Site

River Alport
River Ashop
Beacon

Birchin Clough

Blackstone Edge

Burbage Brook
Narnt gy Bustuch
Cabin Clough
Charnwood
Liunn Cwel lyn
Dalnacarn

Dean Clough
River Derwent
Nant 4 Fannog
Frank lyden

.Blebe Farm

Glen Rait
Gordale
Grinds Brook
Hoby

Holden Clough
Knock Ore Gitl
Laduy Clough
Lincain.

March Hill
Moor House
River Noe
Norkth Wales 3
Odin Siteh
Owston

Oyster Clowugh
Risimg Clough
Roman Road
Scaleber Force

Thomasons Holli.
Top Lady Clovgh

Nant Trawsnankt
Thrussingkon
Wareham 1
River Westend

Wymondham

0.5.

arid ref.

SK1428386
5K108307
SKSegiv7
5SK10331%
sD3BB18Y
SKEZBe80s8
SNEBO75E8
SK072333
SKS18155
SHSBES4S
NDOO36C8
SEQOBZ063
SK171346
5NB11518
NOZ2 16234
SK733032
NOZ2OBE78
sD314638
SKl1g3see

SKEB7172

5K0B3326
NY715310
SK108307
TF168313
SEOQ03130

NY737323

SK11E847
SH3B424S
SK142834
SK7Br0OS7
SK11B830c
SKE158735
5K103328
5DB416235
5K036327
5K0634328
SNBOS489
SKE44163
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SK134320
SK737214
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43 Moor House Mine NY724313 » - - - - - - -
44 North Wales 4 SH3152e8 » - - - - - - -
%S Ogden spaBile? »* - - - (] - - -
48 Port Erin SC13cE84 £ - - - - - - -
47 Shiny Breook SEQS5067 » - - - - - - -
48 Wareham ° SygSe4831 »* - - - - - - -~
43 Baluain NNB37658 » - - - - - - -
S0 Cressbrook Dale SK172735 E - - - - - - -
91 Lutkterworth 1 SP5358864 E - - - - - - -
52 Luttkerworth 2 SP530853 . - - - - - - -
S3 Millers Dale SK140735 * - - - - - - -
54 Nailstone | SK425084 * - - - - = = -
55 South Beacon SKE0814%4 » - - - - - - -
Species: 1, Nemoura cinerea; 2, N. cambrica; 4, N
avicuwlarls; 6, Protonemura mpeyeri; 7, E. praecox; 8,
fAimphinemura standfussi: 3, A. sulcicollis.
The okbkher species sampled was: d. Nempura

dubiktans : Cames Farm, South Winterbourne, Dorsek, SYZ712B883.

x = species presenk and screened eleckrophoreticaily
for species comparisons.

o = species presentk bukb nok screened
electrophoretical ly for species comparisons

* = osgmples for inter-population comparisons of

Nemoura cinerea
No entry indicates the species was nok dektected at
Ehat site,

Table 2.1.



Plate 2.1. Nemoura cinerea nymphs, x 10

Plate 2.2. Protonemura meyeri nymphs wikth prosternal gills, x B

Plate 2.3. Adult Nemoura cinerea, x 10.

Blaes 2.31. — 3.
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Figure 2.3. HNeasurements of Nemoura cinerea. a) Tokal body
length, b) Head-capsule width, ) Hind kibia lengkth.
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CHAPTER 3

LIFE-HISTORY PATTERNS DOF NEMOURA CTINEREA FROM .TWO STREAMS

3.1. Inkroduction.

The first requirement of kEhe invesﬁigatinn into Ehe
influence of skream wakter acidibty on genetic variation was ko
determine which species could be found iin bokth aclid and
circum—neutral sktreams. The aim of field trips in the eariy
months of this stwdy was, therefore, to locate streams in kEhe
Derbushire Peak Districkt which had a range of differenkt .
acidities (pH) and to identify their Plecopteran communibties.

During this period, an observation was made that the
numphs of seme species couid be found in Ehe  higher altitude
skreams for over a month after theu had.emerged as aduwlts from

| ower altitude . skreams nearby. This was parkiculariy

noticesble im Nemoura cinerea from two sikes in the same
cabchment area. Therefore, a program was Iinitiated Gteo
invesk igate this observation further: to see if ik wes a

recurrent feature in these skreams and to identify possible

causes.

Similar observatijons of altitude related,differences in
[ife-history have been reported from several areas (e.g.
Brimk, 1343; Gledhiil, 1360; Maitland, 1366; Lillehammer,

1984). Inm all cases the consisktently |ouwer témperature of high
2ltitude streams had been thought Eo be respaonsibie for the
retardation of the life-cucle.

Initizl measurements taken at .the two Pesk Diskrick
siktes did. not  show - any difference in tempersture, This was
taken as an igdicatinn that okther factors might be more

32



important In Ehis case. Previous studies have shown Ehat
differences in photoperiod (Nebeker, 1971) or food supply
(UIfskrand, 1868, and Lil iehammer, 1374) may influence graowth
and emergernce in Plecoptera, and a3 decrease }n the growth rate
of mayfly ngmpﬁs occurred following acidification of a stream
(Fiance, 1578). It has also been suvggested that alterstions in
the Iife cycle have resuvikted from genetic change in different
iocakions (Macan, 1956b.,1961; Or#s=in. , 1973; Lillehammer,
1976). However, spok kemperature readings bhave been shown ko
be poor indicateors of the thermal budgekts of skreams (Macan,
1958 q, and Smith' and Lavis, 1375). Therefore, a3 more
informat ive, ionger term measure of the temperatures
experienced sk both sites had ko be found in order ko sssess

Ehe imporktance of this factor.

3.2.Makterials and Mekhods

3.2.1.Description of Ehe sikes.

The geographfc locak ion of Ehe two streams has already
been indicated in Figure £.2. Bokh sites were close to the
Smake Pass (AS7) road in the Peak Diskrick. The sampling site
on Lady Clough (SK 10B307) skt 321 mekres above sea level is
136 metres lower and approximately 3 kilomektres 'dnun stream
from the site ét Thomason's Hol lew (SK 08S6827). The reiative
sizes of the two streams carn be seen from Fletes 3.1 and 3.2.

Thnmasﬁn's Hollow is a headwakter stream draining Ethe
peat mooriand - plateau around Featherbed Top (5K 031321). The

dominant wvegektatiomn of this area is cotbton sedge (Eriophorum

vaginabtum) and grasses such as Festuca ovina and Nardus

stricta furnish rough grazing for sheep. The stream is between
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0.3 and 1.5 mekres wide. The substratum comsists of bedrock
and medium sized boulders (25 to 80 centimetres in diameter).

Moss (fontinalis) is found growing in the stream In patches

where the bottom is sktable.

Lady Clough is a much larger sktream 5 bto 10 metres in
width. The gradient of the skream bed is less and Ehe
lsubstrétum mainly consists of smal ler boulders (13 to 30
cenk imektres in -diameter). Here again moss is found growing in
patches where the substrabtum is skable. Figure 2.2 3nd Plate .
3.2 show Ehak the dominant vegekation in the wvalley is a
coniferous wocdland plantakion.

The pH and conductivity of tEhe sktreams were measured
throughout the study period when invertebrate samples were
col tecked. Figures 3.1 and 3.2 show that bokth messuremenks
than varied considerablu between sampling dates. A similar
pacttermn of flucktwating pH wvalues, particulariy from Lady
Clouwgh, was reported by Broun and Martin (1980). They found a
.significént inverse relationship between pH and stream l(evel.
Observat ions made in the'present study are in agﬁeement with
Ehis;: the lowestk pH values at Lady Clough all being recorded
whern stream flow was high following periods of heavy rain and
the high pH. wvaluves a2t both sites occuring during periods of
low flow,

The overall mearn pH and conductivity ak Thomason's
Hol low was pH 4.5% (range 3.65 to 6.2) and B80.7 p5-' (range 52
Eo 130 1u5-1') respectively. The corresponding values for Ladu
Clouwgh were pH %.3% (range 4.4 Eto 7.0) and 101.7 pus-!' (range

81 Eo 140 wS-1).

a4



3.2.2.Calibration of the Pokassium Ethyl Xanthate measurement

of Eemperature.

The method for calibrating the rate of hydrolusis of
pokassium ekhyl xanthakte (KEEXZ2) in the buffer solukion was
basicallu Ehe same as that described by Ashworth (1980). Two
ugter baths were used to maintain constant temperstures. One
was Tilled wikth 8 mixture of water and ethuyleme glycol and
kept at 0°C £ 0.5°C for the ken week measurement period wikh
Ehe aid of a chiller unik. The other wakter bath was maintained
at @0°C * 0.5°C. Two replicate botktles conkaining kEhe reaction
mixture were placed in each bath and weighted down to ensure
Ehat they remained fully submerged.

"Afker exsacbkly ten weeks the reaction was. halted by
adding excess nickel sulphate solutkion and Ebhe dry weight aof
the precipitate measured to EtEhe nearest mitligramme. The
weights of khe precipjtates obtained =akt 0O°C and 20°C cowuld
Ehen be wsed ko calculate expected weights ak E&Ehe other
temperastures so that & calibrastion curve could be conskructed
by substitution into the equation derived by Ashworth (13980).

The above method overcomes the problem of maintaining a
series of constant Ltemperature environmenks in order to
conskruckt a calibration curve. However, two additinna! wakter
baths, one st 12°C * 1°C and the okther at 25°C t 1°C, were
used to compare the resuikts obtained with bthose predicked by
interpolation and exktrapolatkion from Ehe calibrations at 0°C

and Z0°C.
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3.3.Resulkts.

3.3. 1. Temperature.

The temperature readings Etaken on sampl ing daktes
between July 1981 and Auguskt 1983 are shown in Table 3.1 and
Figure 3.3. The monthly alir temperature records from Gthe
nearest Meteorological Office Stakion at Buxton, 17 ki lometres
from Ebe 5Snake Psss, aE an alkitude of 307 mektres, are
included in Figure 3.3 for comparison. It can be seen thakb
skream Etemperabture Etracked air temperature quite closely
Ehroughout this period. A similar observakion was made by
Smikth and Lavis (137S) in their more detailed investigation of
Ehe envircnmental influences on the btemperature of a small
upland skream.

The dry weights of Ehe nickel ethyil xanthate (NiEEXE)
precipitasted after the calibrakion runs ak 0°C and £0°C are
given in Tabie 3.2 kbogether with Ehese at  128°C and 25°E. The
values opbtained at 0°C and £0°C were substituked inko the
equation derived Eg Ashworth (1980) to calculate expected

values at other temperatures as folicws:

loglO(loge(yos/y))y = ~E/2.303 R T + constant (1>

where, yo = dry weight of NIEEXD obkaimed at kKime zero .

n| dry weight of NiIiEEX2 after 10 weeks at

temperature TK

E = activation energy of the. reaction
R = kEhe gas consktant
T = temperature in K

38



At 0°C

-E/2.303 * 8.3 * 273.15 + C

09l loge(.Y62/.363))

Therefore, -E -3384.826 — S5221.2349C {(2)

fAc 20°cC

~E/2,303 * 8.3 * 2393.15 + C

loglO(loge(.462/.087))

Therefore, -E = 1243.424 - 5603.5323C (D

By solving (2) and (3) simuitaneousiy,
4628, 3506 = 3IBC2.c238C

12. 1067

Therefore, c

Substituking in (2),.

m
]

-66.537 KJ.mol -1

Using the =bove values of E (in Joules.mel-1) and C,
and equation (1), the dry weight of NIiEEXE expecked at other
temperatures could be calculaked, assuming that E remains
constant (Table 3.3), and Ethe theorekical graph of Ethe
variation of y with temperature was construcked (Figure 3.%).
The curve passes Ehrough the values of 4y obtained at 0°Cand
c0° C since-these were used in ik s consktruckion. The values
at 12°Cand £25°C also fall near the caleulated line giving an
indieat ion of kEhe saccuracd of this mekhod.

The dry weights of NIiEEXEZ obtained from Lthe botkles
lefk ]n the streams for 10 week periods, and the corresponding
mean temperatures_ :écuiated from Figure 3.4. are shown in
Table 3.%. Unfortunately, the bottles were lost from one of
the sites during kthe first two measuremenkt periods. However,
it can be seen thsakt in tEhe following 30 weeks Ehe mean
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“kemperature at Lady Clough was consiskently higher than at
Thomason's Hol low. There was a particulariy large difference

in February and March 1883.

3.3.2.Life~Histories.

The annual growth . patbtern of N, cinerea in bokh streams
can be seen, for three different body parameters in Tables 3.5
and 3.6 and Figures 3.5 to 3.7. Each point on the grouwkh
curves is the mean of kthe sampie measured on thabk dabke and kEhe
vertical I tnes indicate the size range of the nymphs. Three
differenk slize measurements were used ko record the grouwth of
the numphs to act as conkrols for each okher and ta see ¥ any
would prove easier or more reliable ko use. A straight |line
relationship was found betbween the three measurments from a
plot of head capsule width and hind tibial lengkh againsk body
lengkh (Figure 3.8.), using Ethe mean figures given in Tables
3.5 and 3.6. The regression equations of the straighk |ines
are given in Table 3.7. together with the correlation
coefficients. All four correlations were found to be highly
signifTicant (P < 0.001).

The morphology of Ehe nymphs was compared bebween the
two streams by a test eof khe homogeneity of khe regression
coefficients (Ba=iley,1953). The null hypothesis Ho : bl - b2 =
0 was tesked where bl = the coefficient of regression bekwueen
head capsule width and body length at Lady Elough and b2 = the
coefficienk of regression of the same measurement akb
Thomason's Hoilow. A ‘slmi[ah test was made betbtween the okher
tuo regression coefflcients. In both caseé the null hupotbthesis
was accepked indicskimg that ngmphs had Ehe same morphology

Ebhroughout the size range in both skreams (Table 3.7).
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The close correlation of the measurements is reflected
in the similarity of the growth curves (Figures 3.5. ko 3.7.).
Of Ehe three charscters, head capsule widkth was the easiest ko
measure. The hind leg had to be removed before the kibia could
be measured and the abdomen is often distorked and telescoped
making body length more difficulbt to measure.

Figures 3.5 to 3.7 clearly indicate that N, cinerea had
a vniveoltine life hiskory (one complete life cucle per year)
in both streams. This is in zagreement wikth previous records
both in tEhe United Kingdom (Humes, 1341, 19B1) and continental
Evurope (Brink, 1343, =and Bengksson, 13984).

The flight period of Ehe adulik flies (tbhe dates between
which adulks were coliecked from Ethe streams) is shown on
Filgure 232.7. Although there was some variation between years,
'there was a consistent pakttern of late adulk emergence ak
Thomason's Hol low compared wikh Lady Clough., In 1881 adulkts
were found ffnm April ko July at Lady Clough and from May to
fiugust ak Thomason's Hollow. In 13982 and 1983 adults emerged
from Lady Clough in May, June and July. At Thomason's Hol low
adults were col lecked from June tEo September in 1368 and from
June to the last sampiing date on August Bkh in 19B83.

The first small numphs were fTound fram eariy September
ak both sikes, 3 or 4 months after tEhe adulks began to emerge.
This suggesks Ehak bhe egg incubation period Eakes aboubt the
same lengkh of Eime, and accounts for the appearance of small
numphs in all sampies unkti |l Ehe end of bEhe wuear (3 o % months
after the last adulkts were recorded). Previows workers have
found egg incubation periods of 3 to Y monkths in N. cinerea
(Khoo, 1968%, and Bengtsson, 1384). The persistemnce of smél!
ngmphs in the spring samples, mosk nokbkiceably in 1581, could
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have resuited from either the sicw growkh of nymphs hatched in
the coldest momths of the year, or from Ehe delayed hatching
of some eggs. The occurence of an egg diapause has been
reported in other Plecoptera (Maitbtland, 1966; Eltiot, 1367,
and Hymes, 1370).

The [ong hatching period of Ehe eggs resuwlts in Ehe
wide size variations in each sampie.The variation can be most
easily seen from the size group hisktograms drawn in Figures
3.3. and 3.10. The length of Ethe hind tibia was used to
construck the histograms because, of the three measurements
taken, tEhis one showed the greatestk difference between aduilt
flies and Ehe numphs (Figure 3.8), so kthakt the size variations
of both adulks and numphs could be clearly shown in the same
Figures.

The exteqded recruibment of the numphs will reduce Ehe
mean size in each sample, making it difficult Eto assess the
ackuvai growth rates. One possible way of overcoming this would
be to find the mode in each sample so that the change in khe
size attainmed by khe grestest number of numphs can be fol lowed
throughout Ehe tife cycle (Macan,195B8b; Eiliok, 1967).
However, the small sample sizes in this study meamt tEhat EtEhere
was nao cbvious modal class on many cccasions (Figures 3.39. and
3.10.). Alkernativeliy, the growth rake of Ehe earliest hatched
aroup of numphs can be inferred from kthe maximum size attained
on each sample date.

The variaktions between the years and Lthe occurence of
vnusual fy low Etemperstures in the winkter of 1981/2 (Figure
3.3.) make it difficult Eto determine a general pattern.
However, if khe 1981/2 gereration |Is excluded, Ik sppears bhat

grouwth was continuows from hakching in auktumn through to
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emergence in spring or summer (Fligures 3.5. to 3.7.). There
was some slow down in winter, particulariy in Thomason's
Hotllow, but there was mo evidence of a winter diapause unlike
Ehe findings of Khoo (1364). Ngmphs could be found at

Thomason's Hollow for more Ehan a month afkter they had
disappeared from samples taken at Lady Clough in each summer.
Late hatchimng nymphs presumably grew at an accelerated rate as
the temperature rose in spring in order to emerge in summer,
They also seemed to mature at a fTaster rate so that they were
not 25 large as the early emerging adulkts (Figures 3.9. and

3.10). Khoo (1964) showed thak in Capnia bifrons Lthere was a

similar decrease in the size of emerging specimens as the
season progressed. He suggested thak this was caused by the
increasing day length hurrgiﬁg numphs tEo emerge before growkh
is compieted ko évoid high summer temperastures.

In December 13981 and Jsnuary 13982 ‘Eritain experienced
extreme winter condikbtions. Air temperaktures below —-10°C were
recorded at Buxton in both monmths. Thomason's Hollow was
completely frozen DQEP and both anchor and stush (frazil) ice
was encountered at Lady Clough. Figures 3.5. to 3.7. show that
Ehese conditlions resulbted in a marked slow down in Ehe growth
of the nymphs, especially at Thomason’'s Hollow, and laker

adult emergence compared with other uears.
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3.4.Discussion.

Cont inucus monitoring of the growth and development of
N. cinmerea over a three year period has confirmed thakt each
year, adultks emerge from Lédg Clough a month or more before

emergence begins at Thomason's Hollow (Figure 3.7.). Other

workers have reporkted a simitar effect of altitude on khe {ife
cycles of Plecoptera. Gledhill (1960) reForted that Leckra

inermis, L. hippopus and Chloroperia Etorrentium emerged a
month earlier and over a shorter period from 3 lowland skream
(albtibtude 45 metres) Ehasn from & high mountain sktream

(alkitude BB metres). Maikland (1966) found that the rmnymphs

of Amphirnemura sulcicollis took longer to develop in kthe
extreme wpper reaches of the River Endrick in Scotland.
Minshall (18639) determined thak nymphs of Capnia wvidua,

Chioroperia Eteorrentium and-Leucktra hippopus persiskted omger

(by st least @ monkth) st higher elevaktions in Gaitscale Gill
in Ehe English Lake Districkt. Nebeker (1971) found that Ehe
emergence of several species was delayed by 4 Eo B mnﬁths ak
high elevations In the Rocky Mountains and Lil lehammer (137S53)
recorded a difference of 768 and 96 days between the firskt

emergence of L. hippopus and Protonemoura meyeri respecbkively

from & coastal sktream and a high alkibtude skream in Norway.
Lillehammer (188%) also reported delayed emergence a2t high

alkiktude in two other stoneflies, Isoperla obscura and

Amphiinemura skandfussi, in Norway., In each case, the | ower

temperatures &k high altitude have been proposed as bEhe most
likely explanak ion for the delayed emergence. However, other

fackors swech as food supply (Ul fskrand, 1968, and L} lehammer,
1375.,1984), acldlby (Flanca, 1978) or photoperiocod (Hymes,
1970; Nebeker, 1971) may be of equal importance. The
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temperature difference revealed wusing the KEEXE mekhod seems
to support tﬁe view that temperature is an importank fackor
reguiat ing growth and development In aquatic insecks.

This study has shown that the KEEXEZ method can be a
useful and reliable means of monitoring temperaktures over
extended periods at remote sites. 0On each occasion the
replicate bokkles gave similar results and the eskimstes of
mean tempersature were im Ehe range expected from Ehe air
temperatures and spokt readings. The main problem in the fTield
was to anchor the bottles to the skream bed so that they were
nok lostk or damaged during spates or lefk exposed during
periecds of low flow.

The loss of boktkles from Thomason's Hol low in November
1982 and from Lady Clough in Januwary 1983 meant Ethat mean
temperatures could only be compared between the sites from the
beginning of February ko tEhe end Sepktember. Throughoub Ehis
period Ehe mean btemperasture was locwer a2t Thomason's Hol low,
especlally from 1.2.83. to 13.4.83. (Table 3.4.). The
northerly aspect 6f Thomason's Hollow, Etogekther wikh Ehe
higher altitude, could account fTor the difference in
temperature for most of the year buk the extra reducktion in
ke winter monkhs is probably caused by Lthe persistence of
snow im the deep peat groughs on Featherbed Moss which feed
into Thomason's Hol low.

This method of temperakbure estimation gives a more
accurate indication of the differences in the thermal budget
of tEhe streams than spok temperature resdings. The |attbter gave
a useful check on kEhe chemicai dekterminaktion. However, they do.
ok measure Ehe wide diurnal fluckuat ions that commonly occur
in skreams or focal variations caused by different conditions

¢
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of flow (Smith and Lavis, 1975). The chemical method also has
an advantage over maximum and minimum thermometers Tor the
est imation of mean temperatures over long periods. The
Ehermometers only indicake the range that . has occured since
they were Jlast resek, They do not give a conk inuous
measurement of temperature change. In addition the chemical
estimate does‘ rot risk Ehe loss or damage of expensive
instrumenks lefk in tEhe field. The major disadvanfages of
using'the KEEXZ method are that there will be recurrent cosks
for Ebe chemicals, and the Eime needed to prepare chemicals
and weigh tEhe end productk may become prohibitive I a large
rumber of streams were bto be monitored.

It appears, then, that khe delfay in sdult emergence at
Thomason's Hol low cam be explained by the comnsisktentluy lower
temperatures relastive to Lady Clough. The dekail of how Ehis
actual ly occurs is not clear due, in part., to thé difficulties
of détermining irakes of growkh from the samples measured.
Howsver. Ehe greatest temperature difference occurs in kEhe
winkter when Thomason’'s Hollow receives inflow from snow Tiltled
groughs. This coincides with an apparent slow down in tEhe
growth of numphs in Thomason's Hollow compared with Lady
Clough 2nd their development seems ko lag behind from then on.
This is in 2ceord wikh Khoa (1386%) who demonstktrsted that the
arowth of N. cinerea was considerably slowed by cold
temperakuwres in tEhe |aboraktory. Ward amd Stamford (18B2) have
also found Ehat cold may be responsible for slowing
development in stoneflies. Brink (1943) recorded 2 similar

effectk of climate on life history. He found thast many species
had a progressively Iakter energence from soubkbern Eo oorbhern

' Sueden associasted with tEhe increasing severity of the winter.

¢ .
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The difference in the Eiming of aduit emergence does
nck seem to be due to the life cycle beginmning earlier in kEhe
uear at Lady Clough. Small mnumphs firsk appeared in Ehe autumn
samples. collecked =at khe same btime from each sitke and the
similarity in size suggeskts that the eggs muskt have hatched at
about the same time. The eggs must, therefore, take longer to
develop and hatch at Lady Clough since Ehe adulk T1ight perieod
occurs a3 montEh or more earlier than st Thomason's Hol low. The
delay in egg hakching seems to be caused by the higher summer
temperatures at Ladg Clough. Khoo (1364%) found that eggs of N.
cinerea hatched more siowly atk room temperatures bthan at |ower

temperatures and in Amphinemura standfussi and Brachyptera

risi hatching was inhibiked ak temperatures ashove those bhak

are commonly found in sktreams. Similar reductions in the rate
of egg  developmenk with increasing tempersture have been
reported” for several skeoneflies and mayflies (Brittain,

1877 .,18828, and Brittain and Mukch, 13884%).

Further- evidence that temperature is a ma_or influence
on the life historgfnf N. c¢inerea came from the effect of the
severe ‘winter of 1381/2. Foliowing the period of intense colid
in December and Jamnuary, the growth of Ehe numphs asppeared Eo
have been markediy reduouced. This was particularily evident st
Thomason's Hol low where there was a decrease in the mean size
from 3.51 mm Lo 2.63 mm bedy {ength (Table 3.9) due tn.the
absence of the |larger specimens in the January sample (Figures
3.5 ke 3.7, and 3.9.), The loss of the bliggest numphs may have
occurred because bEhey inhabit Ehe undersides of |arge boulders
and riffles in the stream bed where ice is |likely kLo form mosk
quickiy. Smal ler specimens can live deeper in Ehe sediments
where they are protected from ice by the percolation of ground
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water (Hynes, 1970). The retardsktion of growth resulted in
Iste adult emergence at both sites. A similar observation was
made by Ei{liok (13S67). Following tEhe unusﬁallg cold winter of
136273 the emergence of several skonefly species was delayed

and mortalikty was high amongst Protonemouwra meueri and

Perlodes microcephala. Also Lil lehammer (1975) reported that

Diura bicaudata emerged over a month latke from a Norwegian

lake after a cold winter in 1967 and Macan (1981) found kEhat

the emergence of kEhe mayfly Ecdyonurus was later following the

persistence of cold weather in 1979.

‘The discoveruy of a markeﬁ di fference in kEhe annual
Ehermal budgets of Thomason's Hoilow and Lady Ciough, and the
observak ion that emergence was delaued following an uwnusually
coid winter, 5upports the view Ehat temperature is tEhe most
important fTactor controlling growth and emergence in skream
inseckts. There is no evidence that any okher factor is
involved here. Differences in photopericd can be ruled ouwt due
to Ehe close proximity ‘of the two sites and a difference in
the quartity or quality of Tood items seems an unlikely
explanation for bEhe observed patbtern since the organic input
frem the conifercous Erees surrounding Lady Clough is of pocor
qual ity and non-seasonal,

Fiance (1378) reported a dramatic (3J0%) reduction in

the growth of the mayfly Ephemerella funeralis in BEhe USA

following the addition of sulphpric acid Eo a stream. This was
Ehowght to have been caused by a greaster energy demand for
ionic regulation in the acidified section. A similar
sub—letkhal effeck of environmental acidificakion could be
influencing Ethe growkh of ﬁ. cinerea In Thomason's Hol low.

Unforktunately, an experiment designed ko kest this falled due

46



to poor survival of numphs under control (neutral) conditions.

However, it seems less |ikely to be an important fackor here
for two main reasons: firsk, N. cinerea iives naturally in the

conditions found ak Thomason's Hol low and so is unlikely ta be

as stressed as E. funeralis was wunder the experimental
condiktions used; and second, there is 83 smaller difference in

-the pH between Thomason's Hol low and Lady Clough, particularly
during peak flow conditions (Brown and Martin, 13980).

An additional explanation for the difference in life
history could be that iE has a genetic basis..Brittain (1373)
suggested thak this could aeccount for differences in the

growth rate of Nemoura avicularis in Sweden and Wales, and

Lillehammer (1973) reporked thakt Leuctra hippeopus from one

" Norwegian populat ion had different mnrphplogical
charackteristics and emerged earlier than those from ockher
populations, even wnder control led laboratory condibtions. This
indicated that a unique |ife—cycle had evolved in the wnusual
~environment occupied by this population. However, there is no
evidence ko suggest thast the delayed emergence from Thomason's
Holiow is the result of a genestic change, Specimens from both
streams are -marphologicallg similar (Figﬁre 3.8,Table 3.7),
both popuigtions showed 2 similar response bto extreme winter
conditions, and there was a wide variation in the duration of
egg  hatching and speed of develnpmeht atk botkh sites. In
addition the two populations have very similar allele
frequencies at the four polymorphic leci examined in Ehis
species (Tables 5.3-6., Figures 5.4-7.) and it is likely that
‘there is appreciable gene flow between these two close sites
"in contrast wikh the isolated populaktions I(Investigated by
Brittain and Lil lehammer,
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TABLE 3.1, Temperature

Date

readings ta
Hol low and Lady Cilough. (°C).

Lady Cilough Th

ken &bk Thomason's

omason 's

.07.
. 08.
. 03,
.10,
.11,
.01,

3
3
a8
=)
10
13
£6.03
1%.06
8
ig
13
25
1
B8

.07,

.07

. 08.
. 10.
. 0z,
. 08.

TABLE 3.2. The dry weight

81.
81.
B81.
B1.
B1.
Ba.
. B2,
. BE.
ac.
. B2.
Be.
ac.
B83.
B3.

14%.
15.
13.
g.
S.
0.
8.
1e.
ige.
15,
13.
3.
g.
13.

H

Moo oUNoQmUNONF M

10 weeks atbt conktrog!lled temperahbures

ol low

MNOMOOQODMOO

[
NLUONNWM,ODOOC U O

=

of NIiEEX2 (y) recovered after

Mean Temp. (°C) Dru weight(g) Mean y

(a)

0. 363
0.205
0.0B7
0.050

- Q.462

for 10 weeks of NIiEEXE (y)
g1 0. 367
0.371
12 0.203
0. 206
o0 3 0. 084
0.030
&9 0.031
0. 028
At ‘zero’ 0.464%
time (u ) 0.460

(1) - used ko conskruct calibration curve

Table 3.1. and 3.28.



TABLE 3. 3. Expecked dry weights
using equation (1)

Mean Temp. (°C) Dry Weight of

of NiIiEEXZE

NiEEX2 (g)
01 (273.15K) 0. 369
5 0. 316
10 0. 245
15 0. 164
£0t 0. 087
£5 ©. 033
30 0. 008
(1) experimental wvalues uwsed to derive

equation (1)

TABLE 3.4. The dru weight of NIiEEXE

C

calculated

and E in

recovered afkter 10

week periods in Ehe two streams and tEheir corresponding

mean tbtemperstures

Measurement Thomason's Hol low
Period Ory Mean Temp.
We. (g) We.Cgy (°C)

Lady Clough

Ory

Mean

Temp.

we. (@) WE. (g) (°C)

13.03.8¢. ——— - ——
te 23.11.82,. -

23.11.82. . 294 . 230 6.75
Eo 1.02.83. .E87
1.02.83. . 320 . 318 5.00
to 13.04.83 .311

315
9. 0%, 83. .13% .136 16.390
ko 18, 07.843. 135

133
18.7.63. 214 .£203 12.85

to €7.039. 83. . 204

. 227
. 2c4
. 223

.2728
. oB3
. cB8

. 135
. 123
.132

. 1681
. 183

Tabte 3.3. and 3.4.

. 287

. 265

. 133

. 182

11.00

17.00

14.00

2



TABLE 3.8, The mean size (head capsule width, hind Eibisl
length and body length) of mumphs collecked on the dates
shown ‘at -Thomason's Hol low.

Sample N Measuremenk (mm)
- Date - Lengkth Capsule Tibia
mean 5.0, mean S.0. mean 5.0D.
J1.10.80 @20 c.46 .69 0.55 0.09 0.77 0.17
+.01.81 20 3.08 0.83 0.64% 0.16 Q.92 0.85
4.02.81 20 3.83 0.79 .78 0.14 1.08 0.E8
3.03.81 £0 4.01 1.4 0.77 0.23 1.13 0. 34
7.04.81 20 Y.69 1.864 0.81 0.&7 1.18 0.45
12.06.81 16 S.%3 1.00 0.834% 0.10 1.45 0.23
6.07.81 20 5.¢8 0.862 1.00 0.08 1.56 0.16
3.08. 81 3] 6.11 1.02 1.13 0.08 1.85 0.2
‘8.093.681 3 1.32 0.13 0.c6 0.04 o. 4% ———
6.10.81 20 £.31 0.45 0.52 0.09 0.74 0.14%
10.1:1.81 20 3.51 0.65 0.57 0.12 0.81 0.18
13.01.82 16 2.683 0.41 0.57 0.08 0.7% 0.15
15.0e.82 @20 3.068 0.83 0.66 0.17 Q.92 0.23
17.05.82 @20 3.15 0.66 0.70 0.14% 0.385 0.22
1%.06.82 20 .44 1.07 . 0.84 0.1i8 1.85 0,31
65.07.82 20 %.83 0.85 0.9% 0.11 1.42 0.21
13.08. 82 B8 5.70 0.83 1.06 0.11 1.67 0.E4
13.09.82 16 1.66 0.29 0.36 0.05 0.4% 0.10
£26.10.82 186 c.87 0.72 0.48 0.15 0.56 0,31
£3.11.82 20 2.48 0.68 0.59 0.06 0.83 0.12
4.02.83 20 3.64% Q.61 0.70 0.10 1.00 0, 18
£25.04.83 20 4,867 0,98 0.93 0.80 1.28 .31
J0.08.83 16 5.51 0.72 1.00 0.11 1.93 0.21

Table 3.5.



TABLE 3.68. The mean size (head capsule widkh, hind tibial
jength and boduy length) of numphs collectked on Ehe dakes
shown at Lady Clough.

Sample N ‘Measurement (mm)
Date Lengkh Capsule Tibia

mean S5.0. ‘mean 5.0. mean 5,0,
J1.10.80 15 2.95 0.58 0.58 0.12 0.81 0.18
4.01.81 20 3.54 0.87 0.89 0.15 0.99 0.4
4.028.81 20 “.27 0.91 0.78 0.15 -1.15 0.25
9.03.81 20 4.58 1.20 0.78 0.19 1.18 0. 32
7.04.81 20 5.88 1.41 0.92 0.ce .1.38 0.38
12.06.81 15 5.18 1.34% 1.02 0.15 1.42 0.48
8.03.81 12 1.21 0.21 0.29 0.05 0,40 —-——-
5.10.81 20 1.87 0.42 0.43 0.07 0.53 0.14
10.11.81 18 c.3% 0.58 0.57 0,11 0.70 0,185
13.01.8¢2 7 .33 0.45 0,863 0. 12 0.95 0.17
19.02.82 8 3.67 0.32 0.77 0.17 1.11 0.286
£3.04.82 6 4.33 0.88 0.87 0.12 1.32 0.21
17.05.82 &0 5.89 1.286 1.0 0,17 1.83 0.48
6.07.82 9 %.69 0.55 0.33 0.07 1.33 0.11
13.03.82 15 1.36 0.39 0.31 0.07 Q.36 0.039
26.10.8B2 20 1.67 0.43 0.38 0.10 0.850 0.18
7.02.83 20 4.54% 1.33 0.686 0.18 l1.28 0.c8
c4.04.83 18 5.72 0.70 1.09 0.08 1.59 0.21

TABLE 3.7. The relationship between head capsuie widkh ar [IOAA

tibial lemgth and body length of Nemoura cinerea from Lady Clough
(L.C) and Thomason’'s Holiow (TH). N = number of paired observations.

Site N HMeasurement Regression Equak ion Corre[atidn Homogeneity
Caoefficient of regression
{Ess values)

Th 22 Head capsule gy = 0.117 + 0.183x 0. 98

v 0. 004
LC 17 Body lengkh y = 0.132 + 0. 168% 0.98
Th &2 Hind tibia y = 0.085 + 0,877x 0. 38

v 0.070
LC 17 Body lengkEh 4y = 0,097 + 0,2549x% Q.93

Table 3d.8. and 3.7.



Plate 3.1.
Thomason's
Hol low

FPlate 3.2.
Lady Clough

FPlate 3d.1. and 3.2.
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CHAPTER FOUR

GENETIC VARIATION WITHIN THE NEMOURIDAE

4.1. Introduck ion

Several species of Flecoptera.: maihlg Tfrom Ehe
families Nemcuridéa arnd Leuctridae, were found Iin .samples
col lecked from skreams in the Derbyshire Peak Districk. Al
were used inikially ta.devisg- elecktrophoretic methods and ko
determine which species would give the best resuits following
elecbkrophoresis. ‘The classical key for stone—-Tly
Jidentification (Hynes,1877) is based on the feabures of well
grown, lake instar nymphs. Difficuikies encountered wikh Ehe
identification of small numphs, collected in early winter,
suggested BEhat an electrophotetic key for identification wouid
be of wvalue, The Leucktridae were excivuded because early
eleckrophoresis was Iess successful with Ehese species.
Therefore. one of the main aims of this section was to produce
an electrophoretic key for Ehe fdentificaklion of as many of
the Brikish Nemouridae as was possible,

When che elecktrophoretic mobilit[gs of multbtiple
allozymes have been examined, the phulogeny of species groups
can be estimaked and compargd with the accepted syskematics
derived from.conventional kaxonomic charackters. The genektic
similarity between species is assessed and quantified using
such méaSures_as the idenktity. and distance statistics of Nei
(13972,1978), Rogers (1372), and Cavaili—-5forza and Eduards
(1967).

In addibtlon to its application in systematics studies,

electrophoresis provides information on how much genetic
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variation is present within a particular population or
species. Hundreds of electrophoretic studies have been made on
a wide renge of organisms since the technique was firsk vsed

in the 1360's (Lewontin & Hubby, 13886; Harris, 1866). Mosk

inveskt igakions have found high levels of variation in almost
all popuiations of oukcrossing species. These data have been
used as the basis for more global analyses (egq. UWard, 13977;

Nei, Fwerst & Chakrcborty, 1378; Ward & Skibinski, 1382;
Skibinski & Ward, 1381, 1982; Thorpe, 1383; Nevo, Beiles &
Ben-Shiomo, 1384). However, from these overviews, ik can be
seen that, in relation to the number of species wikthin the
class, kthere have been few electrophoretic compsrisons between
insecks other than Orosophilidae.

The restricted popuiation sktructure of the Briktish
Nemaﬁridae raised such queskions as whether bthese species are
iess genetically variable than more veagile insecks, and

whekther tEhe more widespread stone-flies (Nemoura cinerea and

fimphinemura sulcicollis) are more variable than the more local

species. The answers to these Qquestions could help ko give an
insight into the evoliutionary significance of the molecular
variaktion dekecked using electrophoresis. There do not appear
to be any previous reports of multi—-locus eleckrophoresis
investigstions uwsing Plecoptera; Picker (1980) used only one
enzume (esterase) in am examination of the taxonomy of some
South African stoneflies.

- Parkt of the work reported in this section has been

publ ished (Lees and Ward, 1387).
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Y.2.Makterials and Mekhods

The sampling sites which provided the animals for Ehis

swurvey are shown in Table 2.1, and Figure £2.1. (Chapter 2).
Sampiés from more than one population were wsed for
electrophoresis in all species excepk Nemowura dubitans and
Nemurella pictekir which came from singie populations,
although not all populations were screened for all the
enzymes.

A comp lekbe listk of Ethe enzume sktaining sysktems
invest igated is given in Table 4.1, The stains' were mostly

skandard ones adapked from Harris and Hopkinson (1376) and
Shaw and Prasad (13976). The | stains for Erehnalase,
fructose-6-phosphate dehydrogenase and bEhreonine dehudrogenase
were as described by Meredith (13980).

Several other buffer sysktems were kried inm addition to
the Tfinal ornes listed in chapter Gtuwo, in an attempt to
increase the number of loci screened and improve resoivution,

but these were unsuccessful.

The BIOSYS 1 program (Swofford & Selander, 1381) was

used to analyse the data anmd to gemerate dendrograms.
4.3.Results

4.3.1.5pecies Col lected

De;pite exktensive field trips around the United
Kingdom (khe sites lisked in Table 2.1. represent |ess than
one third of the total number of streams samplied), only nine

of the eleven British Nemouridae were collected. These were :
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Nemouwura cimnerea (Retz.)

Nemoura dubikans (Mork. )

Nemoura cambrica (Stkeph. )

Nemoura avicularis (Mork.)

Protomemura meyeri (Pick.)

Pratonemura praecox (Mork.)

Amphinemura sulcicollis (Steph. )

Amphinemura skandfussi (Ris. )

Nemurel la picketi (Klap.)

The two species not found were Nemoura errabtica

(Claas.) and Protonemura moantkana (Kim.). P. montana is

described as rare in Britain, and has only been fouwund ir
skreams over S00 mebtres above sea level (Hunes, 1977). Samplies
were coliecked from two skreams where ik has been recorded ih
Ehe past: Rudal Beck, Cumbria (Kimmins, 134%1) and Knock Ore
Gilt, Cumbria (Brown, Cragg & Crisp, 1964), buk the species
was not found. N.erratica has been reported in several sEream
surveus where N, caﬁbrica was found ak the same site (Broun,
Cragg aﬁd Crisp, 136%; Langford and Bray, 18639). Sampies were
Eaken from some of bthese skreams bubk only one species appeared
tEo be present..There were no ma_jor biochemical differences in

Ehe N. erratica/cambrica samples and there was no octher

evidence such as an excess of homozygotes at the Est-2 or PGM
loci to indicate that two species weré present. The identity
of N. cambrica numphs was confirmed from aduits collected from
the FPeak Disktrick streams. Therefore, all similar specimens
col lected from other areas were subsequently classified as N.
cambhrica, it is difficult Eto separate the nymphs of N.

erratica and N. cambrica using morphological charackters (Bird,
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1383). It seems |ikely, therefore, that some previcus records
may be inaccurate unless the identifications were supported by

aduwlt specimens.

4,3.2.6el Interpretation

Fourteen enzume stalning suskems gave satisfacktory
results, interpreted as tEhe produckts of sixteen gene ioci,
Ebhat ecould be scored Tor all nine species (Tabie %.8.). For
each locus, bhe enzume bands were scored relative Eto the
position of the commonest allozyme of N. cinerea which was
designated as *100'. Higher numbers indicate faster migrating
{more anodal) bands on the gel.

Stained gels showed oriy one zone of activity Tor most

enzymes in all the species. The excepbtions to BEhis were gels
skaimned for thannl dehydrogenase, esterase and leucine
aminopept idase, These =zones were inkerpreted as the producks
of different loci. The moskt anodal were Iabeled iocus 1 for

hexano | dehgdrogenase and eskterase (Noke that a third. s | ower
zone appeared on gefs stained for esterase for all species,
but Ethis was never interpreted satisfactorily). Gels stained
for leucine aminopeptidase displayed kwo monomﬁrphic bands of
ackivikty. The most strongly stainimg one appeared in identical
positions on gels of a veriety of buffer sustems skaimed for
acid phosphatase and alkal ine phosphatase as wel| as leucine

aminopept idase. This phenomenon has notk been reported in obther

elecktrophoret ic studies. However, in kthe absence of any
variaktion to help clarify the situation, all these were
conservakively assumed to be the productk of a single
'phosphaktase’ locus producing an enzyme wikth a broad substrate

specificity. The faster migrating band, which appeared oniy on
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gels skaimed for leucine aminopeptidase, iz tEhe leucine
aminopepk idase of Table 4.3,
| Two Turther poinkts of interest were:

1., Hexanol dehydrogenasse appears to have =2 subskrake
specificiky for hexanol since cockanol, ethanol and isopropanocl
were inactive as substkrates.

2. All P. meyeri screened for phosphoglucose isomerase
produced & three banded patktern on kEhe zymogram (Plate
4.2.).The bands could be caused by species specific
post-transiational modificakiorns of the original isozyme or by
the hybridisation as dimers of the products of duplticate loci.
The absence of any cbserved genetic wvariation for Ehe enzume
in Ehis species meankt that ik was rnot possible ko discriminate
between the btwo explanations. The first interpretation, thakt a

single locws is presenk, has been used in all Ehe analuses.

The genotypes of the animals screened were determined
from their banding pattern om the gels (see Plates 4.1. and
4.2.). Al lele fréquencies atk each locus could -then te
est imated and are presented in Table 4.3, along with sample
sizes and the number of populations used for each locus. Note
that nok all enzumes were screened in all populations. Allele
frequencies were caiculated from the sum of the genctupes
cbserved in all populations screened for bthak enzume.

As with most studies of khis Ekype, bthe absence of

formal breeding data means Lthat the genetic basis for the
enzyme banding paktkterns can only be inferred. However, the
appearance of Ethe heterozygotes of the polymorphic loci is

consistent with the quatkernary structures of the enzymes
determinsd inr obEher surveys, and the lack of significant
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deviations from Hardu-Weinberg expectations in individual

populations adds further support to a genebtic interpretation.

4. 3.3.Anzlysis

Estimates of overall genetic variability (observed and

expected mean hekerozygosities per laocus; proportion of
polumorphic loci: and mean number of aslleles) are given in
table 4.4%. All the measures of varisbility were low. The mean

chserved heterozuqQosiky per species ranged from 0.0059 for

Nemurel la picketi to 0.0687 for N. cinerea and the overal! mean

observed and expected hebterozygosities were 0.0368 and 0.047
respeckt ively. The cbserved heterozugosikty = less than
expected for mosk species due to bthe effect of combining data
from severa!l populations, causing a ‘Wahlund effect'% The mean
proportion of jeci that were polumorphic per species was
0. 148, and the mean number of alieles per locus was 1,E9.

- The B10SYS1 Program calculates genek ic diskance
stkakiskics betueen papd!ations or spécies using most measures
that have been employed im the past (ie. Cavalli-Sforza and
Edwards, 13967; Edwards, 1371, 1374; Nel, 1372, 1378; Rogers,
1372; Wright, 18978). The most widely uwused skakistics in khe
jikerakture are those of Nei (1372,1978). The main reason for
Ehis appears to be thak Nei's measures of gemebtic distance and

identibty were devised expressiyu ko estimake a3 biological

akttribuke, the average number of amino =scid subskitutions per
protein, whereas Lthe obther measures are based purely on
skat istical considerations (Nei , 1975). However, Nei's

measures have been criticised by Farris (1381) because they do

not satisfy the tEriangie inequality , where, for any three baxa,

ABC. distance (A,C) < distance (A,B) + distance (B.;z) and are

* A deficit of hEEernggctes in @ sample cesused by .the
inclusion of individuals from two or more seperate populations

where different alleles predominate.



therefore, considered less appropriate Tor phulogenetic analusis
Ehan kthe okther statistics. A matrix of KNei's unbiased genetic
distances and identibties (1978) is presented in Taeble 4%.5. Eo
facilitete comparisons with obkher work.

Dendrocgrams or phalogernetkic Erees can be conskruckted
from gemetic distance matrices ko give a.cleérer‘presentatiunnof
the phulogeny. As with the genekic disktance staktiskics, numerous
methods have been used in the literature to est imate
phylogenetic krees (eg. Sokal and Sneath, 13963: Cavalli—-Sforza &
Edwards, 1967 ; Fiteh & Margoiiash, 13967 ; Fearris, 1872
Felsenskein, 1381). There is cnnsiaerable debate over which
approach gives the 'best' bkree (Farris,1372; Sneakth & Sokal, .
1973; Nei, 1975; Prager & UWilson, 1578; Swofford, 1881).1 Trees
construcked using two of Ethe more widely used mekthods, the
unweighted pair group methed of anmatluysis (UPGMA)Y of Sokal &
Sneath (19683) amd Ethe distance-Wagrner method of Farris (1372),
are presenked in Figures 4.1, to 4.86. allowing a direct
compar ison of the resuiting.phglogenies o be made.

Nei's genet{c diskance and identikty sktaktistics cannok be
wsed to conskruct distance-Wagner trees because LEtheuy do nok
satisfy Ehe Etrianglie inequalitby. Distamnce—lWagner Ltrees were
produced wsing the other distamnce measures available om BIASYS1
in con_junction wikth E&he alternative bramch-length opkimisation
and roecting procedures, Very similar tree topologies uwere
produced from all the differemt diskance matrices. However, the
trees generakted using Edward's (1971, 1974) distance measure
(FiguTas 4. 3-6. . Tabie 4.6.) had kthe best fit Eo Ehe inpubk data
as measured by ail the tree comparison methods: ¥ skandard
deviation, Fiech and Margol iash (1967Y. Farris’ (1372)

f-skakistic, Prager and UWilson (1376) F.?and Ehe cophenetic
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correiation. The ‘'goodmess of fit' stakistics are given in the
iegends to bthe dendrograms, Figures 4.3, snd 4.5, show the kErees
that were generated using eikther addiktion criterion 1 of Farris
(1972) or Ethe multiple addibtion criterion of Swoffaord (1981).
Figures %.4. and 4.06. were generated using addition criteria &
or 3 of Farris (1372). These aqditiun criteria use different
methods ko determine the order that taxa are added to the
dendrogram to minimise the tokal distance bebtweern members of the
group. Figures t.5. and 4.6. were rooted st the mid-point of the
tongest path. Figures 4.3. and 4.4. were rooted by the ouvkaroup

method; Nemurella pickekti having been preselected as the

ouvubtgroup species from the UPGMA Erees.

Y.3.%. Eleckrophoret ic key

The key shown below is divided into three seckions
becawse even small mymphs cam usuwally be ascribed ko omne of

the groups using the number of prostermnal gillls (Hynes, 1977).

atl mobilities are scored relstive to FProtonemura meueri,
since Ehese are the largesk Nemour dae in streams ak the kEime
of year when moskt difficulties are |ikely Eo be encountered in

identifuing other species. Many Iloci are diagnostic between
species (Tabie 4.3.). The four uvsed here, PGI., AP, EST, and
PGM, have been chosen because they have good activity in smalli
specimens (the dehuydrogerases in particular show weak ackivity
in small nymphs). Also, since the stains for PGM and PGI can
be combined, all Ehree enzymes can be typed on 8 single gel
(buffer system 1) sliced into three. This saves kime and money
and is particulariy useful when very .small specimens are
involved. Naote, however, that resolution of EST is betbter on
buffer sysktem 2. Figures 4.7. (PGI), 4.8B. (AP-1), 4.9. (E5ST.

v
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on buffer systeml ) and 4.10. (PGM) show the banding patkerns
observed for Ekhe species under discussion. Where a locus is
polymorphic, all the observed phenctypes are shown in the

figures,

SECTION 1

Genus: Protonemura (3 prosternal gills on each side) .

PEI (i) three banded patbtern ... ... rerease.. P megeri

(ii) single band ............ fe e cesssae P prascox

SECTION €

bBenus:Amphinemura (5 to B prosternal gills on each side)

AP-1 (i) mobility less than P. meyeri........... A. standfussi
(i1i) mobility greater than E_. meyeri......A sulcicollis
or

PGM (i) mobility greater or equal to P. _meyeri..A. standfussi

(i) mobility less khan P. meyeri.f.........ﬁ. sulcicollis
SECTION 3
benus: Nemoura or Nemurel la (No prosternasl gills)
1) PGI (i) mobility approximately equal to P. meyeri ........ 2
(ii) mobility less than g{ meyeri..........N, avi;ularis
(iii) mobility greater than P. meyeri......... N. duhitans

2) AP-1 (i)mobility approximately equal to P.meyeri.N.cambrica

(ii) mobility greater Ehan P. meyeri............... P

)

=



3) ES (i) mobility eof £€5—1 much slower than P. meyeri. and

close to E5S5-2 (which is fasker Ethan ES—-2 of

E. MEWER I ). s vt vesvstecssssanesacaNemurella picket |
(i) ES-1 onty slightly slower than P. meyeri, and E5-1

and ES5-2 well separated.. ........... seseesaNo cinerea

An alkernative key using eleckrophoretic markers only

is shown below. This may be needed when all specimens are
small. Again, all the enzymes can be screened on 2 single gel
using buffer system 1. Here mobilibties are scored relaktive ko

N. cinerea since this is the most widespread species.

1 AP-1 i) mobiliky greater than commonest allele

in No Cinerea. ... ittt ainitstasrstaasiaean
ii) mobility less than in N, cinerea.................. 3
) PGI i) moblility of commonest allele greater

- "than N. cineres loolallele..,.....r..ﬁ. sulcicollis

if) mobilitgtuf commoneskt allele equal
Eo N. cinerea 100 aliele...............Nem, picktet]

) PGI iy mobil|lity of commonest allele abouk
twice N. cinerea 100..............+.....N. dubitans

i i) mobility of commonest allele half
of N. cinerea 100................ vee.o N avicularis
iii): mobility equal to N. cinerea 100....... -N. cambrica

iv) mobility slightly greater than

N. cinerea 100...,.........., ......... A, standfussi
v) mobilty slightiy less than
N. cinerea {po......;.............................%
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4) PGI i) all three banded phenotypes...............P. meyeri

ii) not all Ehree banded.....................P. praecox
or
PGM i) mobility greater than N. cinerea.........P. meyeri
ii) mobility less than N. cinerea...........P. praecox

Y. %.Discussion

Electrophoretic keuys are becoming. more commen in the
literabkure (eq. fivala and Powell, 1372; Avise, 1974,
Ber locher, 1380). The main disadvantage of using -

eleckrophoresis for species identificakion is Ehe cest of

equipping a8 |laborstory and . rektraining personel.flso, because

ernzumes are denztured by alcochol or heat, itk Is necessary ko
transport material for analusis either live or frozen.
However, the capital costs are probably abouk Ehe same as a

research quality dissecking microscapé and bEransporkt problems
can be overcome. The additional recurrent costé of chemicals
for the enzume staiﬁs mad be more than balanced by Ehe time
saved in making a positive identiffcation (Berlocher, 13980).
This is particularily true of the keys presented here, where a
ciear diagnosis can be made using only one starch getl.

The use of elecktrophoresis for inseck identificakion
has several advantages. The lack of clearly distinguishing
morphological charackers in certaln groups has already been
ment ioned and ,unlike morphology , enzume mobiliky is largely
uvnaffected by enQianmental variables allowing wnambiguous
classification of species. Another feature of electropharetic
keys is that badly mangied specimens and anomalous morphotypes
can be identified.

¢
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The key proved lks value in identifuing some anomalous

specimens of P. meyeri and A. standfussi collected near Lliyn

Briarmnme in Dyfed, Wales. The Protonemura were completely

gill-less and were initially considered Eo be in EtEhe genrnus
Nemoura , whiilskt Ethe Amphinemura possessed only short gill

skumps giving an ‘appearance similar to a tupical Protonemura,

Also, N. dubibtans was only inicially detecked by
e leckrophoresis. The mnumphs of bthis species resemblie those of
N. . cinerea very cioseiy making It wvery difficult Eo

diskinguish bebtween them. They cam be easily idenkified by

eleckrophoresis, however, and many loci are diagnosktic (Tabile

4.3.).

A feature common to mosk invertebrate eliectrophoretic
compar i sons is Ebhe iocw numbers of loci thak have been
successful ly resolved , relative to vertebrate skudies (Nevo

et al. 1384). This seems to be mainly due to the.lack of Ehe
multipie Io;l which often appear when vertebrates are.scréened
for single enzgmes.' In Ethis investigation, only gels stained
for eskerase and hexanol- dehydrogenase (and possibly
Phosphoglucose isomerase in P. meyeri) gave band patterns that
could be interpreted as LEthe prodocts of more Ehan one
focus. When attempbting Eto quankify genetic' similarities
between popuistions, the sizes of. the erreors atktached Eo bEhe
esk imates of genetic identibty or disktkance are more dependent
-on the numbers of loci screemned kthan on numbers of individuals
examined (Nei, 1978; Gorman and Renzi, 13738). Fifteen loci is
perhaps a minimum acceptable number,

There were ciear differences in Lthe topolpbgies of the
Erees prPduced by the UPGMA or Distance-Wagner prdcedures from
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Ehe data on 16 enzume loci (Figures 4.1-6.). The trees
generated by UPGMA (Figures 4.1 and £.) are in agreement wikh

the phulogeny derived using morphological features, wikth bEhe

family comprising four distinct germera ; Nemoura, Protonemura,
Amphinemura and Nemurella (Hunes, 13977). However-, none of the

'Distance-Wagner trees conform with Ehe classical sustematics

of the. familly. In 3!l Ehe Distance-Wagner trees, the genus
Nemoura is split and the positions of N. cambrica and N.

avicularis varies depending on which - addiktion criterion or

mekhod of rooking the trees is used (Figures 4.2-6.). Suwofford
(1981). alsa Tound that different Etree Eopologies and
branch—lengkths were generakted when different addibtion criteria
were uwused, He suggested the use of his ‘muiktipie additbtion
crikterion’ (MAC) ko circumvent kEhe probiem. In EtEbhe dakta
presented here, however, the trees generakted using MAC are
identjcél in topology to Ehose generated wusing Farris® (1372)
addition crikerion 1 (Figures 4.3 and S.)

The debate over which mekthod of Qenerating trees is
most appropriate fn; variovus biochemical data seks has usually
involved the evaluation of alternative trees using 'goodness
of fit skaktisktics’ (for example, Prager and Wilson, 1378, and
Swofford, . 1581). A comparison of the UPGMA Eree and
BDistance~Wagner trees derived using Edward's le?l. 1374)
cgenetic distance (Figures 4Y.2.-8.) shows thakt the UPGMA tree
gave a bekkter. fikt to Lthe inpuk distkance makrix BEhan any of
tEhe Disténce*Magner trees (low f-value, low percent standard
deviabion and high cophenetic correlation). The superior
performance (as measured by goodness of fit) of the UPGMA
procedure over the Diskance-Wagner procedure contrasks with
the findings of Farris (1372), Prager =z2nd Wilson (1378) and

<
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Swofford (1881). who all recommend the Distance-Wagner method.
However, Rohlf and Sokal (1381) re—examiﬁed several published
compar isons bektween Ltree generstking mekthods and found bhat
UFGMA gave the besk fit when kesks were correctly formuwlakted.

The fit-to khe input data of the Distance-Wagner Lrees
can be improved by using Swofford's (1381)‘ branch—-!engkth
optimisat ion procedure. This mekthod was devised Eo minimise
Prager and Wilson's (1978) F-value, and is claimed ko aliow a
fairer comparisons. wikh Ethe o©obther tree generating methods.
This is becsuse Farris' (1978) Distance-llagner procedure
requires all output (branch—-lengkth) distances to be greakter
than or equal ko tEbhe inpuk distances whereas UPGMA does not
allowing an wuwnfair advantage for UPGMA in goodness of fit
comparisons (Swofford, 1881). After optkimisakion, all Ethe
Distance-Wagner kErees had a betkter fitk to Ehe inpuE data than
Ehe UPGMA bEree. However. the Erees shown in Figures 4.4. gnd
4.6. have a betker Tit than those in Figures %.3. and 4.85.
afbker optimisation, which is the reverse of the ouktcome using
the original, non-nﬁtimised method.

The main advantage claimed for the Distance-Wagner
(or Fikch—-Margol lash) methods over UPGHMA i=s Ehat trees
produced using:UPGMﬁ can only be regarded as btrue evolubtionary
trees if the rate of gene substitution per vnit lengkth of Eime
is constant in all phyletiec lines and this assumpbtion may not
be valid. The other methods do notk require kEhis assumpkion.
This may be amn advantage for Ethe Distance-Wagner procedure
when examining the evﬁlutionarg' relationships of closely
related spe;ies. However, in cases such as in the Nemouridae,
where the genetic aistances bekbween kaxa are large, the UPGHA
method may perfafm better kthan Lthe cokhers because the error
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values attached ko the distance estimates make it more likely
that erroneous treés will be produced by Distance—ﬁagner
mekhods  (Nei, 1975)., This seems to be Etrue of EkEhe dakta
presented bere since, ahart from Ethe UPGMA Lkrees having a
betkter Tit to Ethe input data thamn standard Disktance-Wagner
trees, the branching sequences of the- laktter trees seem ko
indicate some unlikely cCommon ancestors. Also when
Distance~Wagner trees are rooted 83t the mid-point of the
tangest pakh (Figures %.5. and 4.6.), equal rates of gene
subst itution along the two phulekic limes is inferred,
negating one of the claimed advantages of Ehis method.
However, recent work (Nei ekt al, 1983) has shown Ehskt Ehe
accuracy of bthe topology and bramnch-length estimakes is |ow
for trees generated by any method when less than 20 leci have
been examined, though Ehe UPGMA metbhod performed the best.

The intra-generic genetic distances are large (Table
4.5.%, which contraskts Qith the close external morphalagicél
similarities of some of the species. Indeed, these
inEra—-generic disténces are of a comparable magnitude ko
inter—-generic esktimates reported for other invertebrates
(ARyala, 19795; Ferguson, 1380). This supports the accepked vieuw
‘Ehat the Plecoptera are an evolutionsrily archaic order
(Rausser, 1371) and kthat mosk species pre—date Khe Pleistocene
giacigtian (Illles, 1968). If cerktain assumpbtions are made
(Nei, 13975), a8 crude estimakte of tEhe elapsed time since two
| ineages separated can be obkained from the genetic distance
measures, Based on Ltkhe correlation proposed by Maxsomn and
Maxson (1973), in which a8 Nei distance of 1.0 equals 14
millicn years, the Ltime elapsed since kthe diveréenca of P.
meyeri and P. praecox, the two most closely related species,
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is about 7.5 nmilllion years, 2nd the four genera appear to

have diverged around e22-287 million years before present. It

should be pointed oukt, bhowever, Ethat as 3 consequence of bthe
relatively small numbers of joci screemed, the standard errors
attached to the D values are |large, being around one~third of

the actual values.

Within the genus Nemoura, the numphs of N. cinerea and
N. dubitans are the most simitlar in external morphologu and
are difficulk for the non—specialisk to  separste on
morpheological grounds, slkthough Ehey may readily be separated
ailozymically, This similarity appears to be reflecked in the
phuiogenies shown in Figures 4.2.-6. based on Edward's (1971,
1374 genekt ic distance. (The distance measures of
Cavalli—-5forze and Edward’s (1967) and Prevosti (in Wright,
i378) gave the same resulkt but Ehese are nok shown). However,
the phylogenies derived using Nei's (1372, 1378) gensktic
diskance indicate that N. cinerea is more closely related ko
N. cambrica.A The same resulbk was obkzined using Roger's
(1972) genetic distance (not shown). Differences in the
ordering of species in phulogenekic Etrees depending on which
distance measure was empiowyed have been reporked before
(Rogers, 1972). Based on the goodness of f}t skat iskbtics and
morpholoagy, it appears that the UPGMA tree produced using
Edward’s (13971, 1974) disktance fFigure 4. 8.) is khe moskt
accurate representstion of the species relationships in Ehe
Nemouridae. Nei's distance estimates appear to favour Ethe N.
cinerea / N. cambriﬁa cluster because of the fixation of the
PGI-100 alleie in N. caembrica. This produces a smaller genetic
distance than that resulting from 3 shared alieles at Ehe PGM
locus between N. cinerea and N. dubitans.
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Nemoura avicularis appears to be genmeticalliy diskant

from the other three Nemoura species (Figures 4.3.- 6.). This

may be a reflecktion of adapktion to @ more special ised habitabt;

N. avicularis iIs mostk common in lacustrine environmenkts

whereas the other species mainly occur in small sktreams.
However, the large standerd -errors attached to the genetic
distance est imakes mean thakt comclusions abouk species

relationships can oniy be tenkative.

The ampurt of overall genetic variabllity is low in all
the species relative to that found in okher invertebrate
surveys {(Ferguson, 1980), and is below the averagé for
non—Drcsophila_insects in Nevo ek a2i’'s (138%) study. There,

the mean expected heterozygosity per locus over 122 species
was 0.089,and the mean proportlion of paolumorphic loci  over
130 species was (.351, compared with an expeckted
heterozuygosibty per Idcus of 0.047 and proporktion of
polumorphic foci of 0,148 for Nemouridae.

Many different tupes of explanations have been put
foruard to accoumt for differences in heterozygosity betbween
species. Non-adapt ive or “meutral ist” interpretaktions atbtempt

to explaln such variation in terms of variation in demographic

paramekters, such as effeckive population size, population
histories (T rates of migratktion, whereas adapbtive or
"seleckionisk™ explanations invoke wvariation inm ecologicsl

features such as nichewidkbh or trophic resource wtilizaktion.
The moskt probsble explamaktion for Ehe | ow levels of

variakion in Nemouridae is that variation has been losk during

pericdic populak ion crashes preducing bokbkle-rmecks in
popuiation size, The disjunct diskEribution patterns and poor
mohiliky means that re-colonisakion is likely to have occured
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from a few survivors uwithin a particular stream rather than
from another popuiation, so tEhat any aileles lostk during the
populaktion crash would not be replaced when the sktream was
re—colonized., Drasktic fluctuations in fresh-water invertebrate
numbers between uyears is 3 common observabtion (Hunes, 1370).
A0 alternative, - selectioniskt, interprektakion of Ehe low

variability might be kbhak Ehese insecks occupy rather marrow

Nniches, where seleckion might favour singie special ised
genokbtuypes.

Nemoura cinerea and Amphinemura sulcicollis are the
two most variable species wikhin the family whern ail
measures of variation zre considered. This appears to conform

o the prediction of the niche-widkbh/variation hypothesis,
Ehat Ehere is a positive correlation between niche breadth and
amount of genekic varistion (Somero and Soule, 1374; Levins,
1978 since these two species bhave the widestk Etemperature
tolerances (Brown etk al, 1964) and are found in a greater
range of envircmnmenkts Lthan the okhers (Brinck, 13%5:.Hgnes,
1877). This Is espec}allg true for N. clnerea which has been
termed a “eurycoenic” species from its wide distribukion In
Europe (Rausser, 1971). A selecktionist interpretaktion of these
data would be, Eherefore, Ehat the greater gernektic variation
of these species has resulted from adaptetion for survival in
var ied enviromnmental condiktions. However, an equal ly
pfausibie explanation is that species which can survive in the
widest range of habibtaks have the largest effective populzation
sizes, since migration bebtween isoiskted uwpliand areas via
lowland drainages is more probable. This would then conform Eo
a newkralist interpretstion of the results since the number of
neutral alleles Ehat can be maintained im a population is
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dependent upon its effecklive size (Kimura and Ohta, 1971;
Ohta and Kimura, 1973). Unfortunately, Ethe distribukion of
Plecoptera in most lowland regions of Britain has mnot been
fully inveskigated (Hynes, 1977), and informed estimates of

effective popuiakion sizes can not be made.

The high level of gernetic variation found in
Frobomemura praecox seems rather enigmatic. This sSspecies is
stenokhermic (Brown et al, 1964) and its present distribukion

is more restrickted than that of P. meyeri {Hyres ,1377). All
the populations of P. praecox were from large skreams which
may provide a wider range of habikak than Ehe bead water
.streams where mosk of the other species were collecked.
This wovuld constibtute a selecktionist interpretstion. However,
a neutralist couw!d argue that thgse larger streams have a
greater effective population size due ko the drift of numphs
down—stream from streams higher up the catchmenk.

A nevktralist explanaktion for the apparently iow level
of veriation in populations aof P, meyer | is more difficulk
since it is one of the most numerous snd uwidely distributed
members of the British Nemouridae. This species has been found
to have a8 habitat preference for patches of moss growing on
the stream bed (Hymes, 134%1; Brown, Cragg anmd Crisp, 1364%;
pefsnnal cbservations). The low amount of genekbic variakion
cowld, Eherefore., be taken as support for Ethe niche-widkth
variation hypothesis since, by selecting a particular habitat,
P. meyeri may experience a narrower range of environments. -

Thus Ekhe overall patkerns of varﬁation of the
Nemour idae appear, as is so opften kthe case, to Tit equally
well Ethe expectsations of both Ehe selecklionisk and neutralist
schoois of thowght, The bicological significance of Ehis
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variation is'questicnable: what is not questionable is khakt it
provides a vseful toal for species identification and

charackterisation.
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TABLE 4%.1. The enzumes invesktigated in the Nemour idae

ENZYME ABBREVIATICON E.C.NUMBER
ficid phosphatase ACP 3.1.3.2
Acid phosphatase (U.v.) fCP(u.v.)

Adencosine deaminase AbA 3.59.4%. 4
Aderylate kinase AK c.7.4.3
Alcohal dehudrogenase ADH 1.1.1.1
Aldehyde oxidase ' (&[8] 1.8.3.1
Aldolase ALD 4.1.2.13
Alkal ine phosphaktase ALP 3.1.3.1
Amino acid ktransferase AAT 2.6.1.1
Aminopept idase Phe-leu . ar 3.4.11.¢2
" Phe=pro AP-D 3.4.13.3
" l.Leu-tyr
Amy i ase AMY 3.c.1.1
NAD diaphorase DI 1.6.2.8
Esterase ES 3.1.1.1
Fructose-B-phosphate dehydrogenase FBFPDH %.12.13
Fucose FUC .
Fumarase FUM 4.2.1.2
Glucose—G6—phosphate debhudrogenase G&PDH 1.1.1.43
Glubkamate dehydrogesnase GOH 1.4.1.2
Glyceraldehyde—~phosphate dehydrogenase G3FDH 1.2.1.1¢
«<—-G lycerophosphate dehydrogenase GPDH 1.1.1.8
Gluoxalase GLO 4.4%.1.5
Hexanol dehydrogenase HDOH i.1.1.1
Hexokinase HK 2.7.1.1
Hydraoxubutyrate debhudrogenase HBDH
Isocitrate dehuydrogenase : IDH 1.1.1.42
Lzckate dehudrogernase LDH 1.1.1.87
Leucine aminopept idase LApP 3. +%.11
Malate debudrogenase MDH 1.1.1.37
Mal ic enzyme ME 1.1.1.40
Manmose phosphakte isomerase MPI 5.3.1.8
Nuc leoside phosphorylase NP . 2.%.c.1
Octanol dehudrogenase O0H 1.1.1.1
FPhosphoglucose isomerase PGI 5.3.1.3
FPhosphoglucomutase PGM 2.7.59.1
B8-Phosphog lucose dehudrogenase SP50H 1.1.1.4%
Protein PT
Sorbitel dehydrogenase S0OH 1.1.1.14
Tektrazol ium oxidase TO 1.15.1.1
Threonine dehydrogenase TGH 4. 2.1.1.68
Trehalase TRE 3.2.1.28
Xanthate dehudrogenase - ®DH

Table 4.1.



Table
Species

Enzume

Aldehyde oxlidase
a—amylase
Aminopept i dase~-1
Aminopept idase—-D
Esterase
Hexokinase
Hexano!l dehydrogenase
Lacta&e dehudrogenase
Levucine aminopept idase
Maiaste dehydrogenase
Malic enzume
Phosphag]ucose isomerase
Phosphog lucomuktase
Phosphatase

Note: Aminopeptidases

dipepkide

substrates.

OQuaternary strucktures are
enzymes, and are
patkterns.

4.2. The enzymes succesfully

resolved

in

9 Nemourid

EC No. No.loci Structure Buffer
1.2.3.1 1 - (=
J.e.1.1. i - =
3.4.11. 2 1 dimer 1
3.4.13.93 1 -— 1
3.1.1.1%. 2 monomer [
2.7.1.1. 1 - 1
1.1.1.1. [ dimer 3
1.1.1.27. 1 - 3
3.%.11, 1 - 3
1.1.1.37. 1 - 4
i.1.1.40. 1 - 4
5.3.1.8. 1 dimer 1
c.7.35.1%. 1 monomer 1
3.3. 3. 1 -— 3

and D used phenylalanyl-ieucine

only given
interpretat ions

for
of heterozygoke

the

and phenylalanygi-proline dipeptide respeckively as

Polumorphic

banding

Table 4.°2.



TABLE 4.3.Allele frequencies at 15. loci in S Nemourid Species

Species

locus allele a1 [= =3 M S =l Z _a 3
AD 133 59 23 18 15 =13 16 38 23
N B 2 3 a
112 - - - - 1.000 ~-- - - -
110 - - - - - 1.000 1.000 --— -
108 - -— - 1.000 -~- - - - -
105 - 1.000 -—- - - - - - -

Zi3
[
Q
m
N
(1]
-

100 1,000 - 1.000 -— - - - - -

a-AMY

AP-1

AP-D

Zid
>
Q
£
N
1]
]
m
w
-+
Q

110 - - - - -- -- - --  1.000
108 -- - -~ == -- -— + == 1,000 --
107 -- - - - ~- --  1.000 -- -
105 = -- —- -— = -~ 1,000 -- -- o
102 - -- -~  1.000 -—-— - - . --

Table 4.3.



ES-2

HK

HOH-1

HOH-2

LAaP

LDH

1212

105

13
3
1.000

5S4

1.000 -- -
- - 1.000
45 13 S0
i 3 1
- - 1.000
- 1.000 -—-
1.000 =—- -
a2 1B 16
1 c 1
- - 1.000
1.000 - -—
- 1.000 ~--
co c1 [=3=]
1 3 1
1.000 - -~ -
- - 1.000
- 1.000 --—
ig 21 £8
1 3 1
- - 1.000
1.000 1.000 1.000 =--
s 15 18
1 2 1
1.000 1.000 1.000
ia 18 17 .
1 c 1
- - 1.000
- 1.000 -—-
1,000 -- -

0. 841

115
11

21

21

0.4%07
0.5393

a4
I.’

23

0.413

1.000 0.587

c3

1.000 21.000

a2 17
3 1
1.000 1.000
144 g3

3 3

1.000 1.000

= e

s2. 73

% 8
.E12 0.260
788 0.S96
-= 0. 144
17° 38

1 7

1.000 1.000 1.000 1.000

114 101
10 10
1.000 1,000

114 66
10 - 10
1.000 0,328
-= 0.674
1B 16
1 3
1.000 1.000

103 104
9 11
- 1.000

Tabie 4.3,



-~

MO n
N 12 8 1 1 1 a8 S 1 Y4
110 - - - 1.000 -~ - - - -
100 1.000 - - - - - -— -— -
80 - - 1.000 — - — - - -—
70 - 1.000 =~ -= - - bl - -—
60 - - - - 1.000 -- - - -
50 - - - - - 1.000 1.000 ~- -
40 - - - - - - - 1.000 1.000
ME n 214 =15 23 268 4 117 39 23 £8
N 11 7 1 2 1 11 b 2 =1
118 - - - - - - - —-— 1.000
110 - - - - - - - 1.000 -
108 —-— - - - - -- 1.000 -- -
102 - 1.000 -- - - - - - -
100 1.000 - = - — 1.000 —— - -
95 - - 1.000 ~- - - - - -
[0 - - - - 1.000 -—-— - - - -
a85- - - - - 1,000 -—-— = == - -
PGI n 1095 171 33 43 6% 194 67 77 101
N 10 3 1 G 1 15 g 3 12
c0 - - 0.74%2 -— - - - - -
200 - - o.g287 -- - - - - -
150 - - - - - - -- 0,188 0.015
120 Q.007 - - - 0.033 - ——  0.803 0.370
100. 0.94% 1.000 0.030 —-— 0,961 -—-— -~ 0.006 0.015
[0 - - - - - 1.000 1.000 -—- -
(18] 0.048 - - 1.000 -—— - - - -
PGEM n 979 h e | 16 (== =1 £69 70 sz 100
N 10 3 1 3 1 15 8 =) ic
130 - - - 0.068 -- - - - -
120 0. 004% - - 0.932 — - - - 0. 845
115 - - - - - 0.953 -—- - 0.155
110 0.3z - 0.438 -- — haied - - -
105 - 0.573 - - 1.000 0.007 -—— - -
100 0.597 - 0.5317 — - — - - -
97 —— -— - - - - - 0.043 -—-
as - 0.407 - - - - - - -
b==4 - — —— - - - - 0.3957 -—-
a0 0.028 - 0.031 - - - - - -
a3 - Q. 020 - —— — - — - -
a0 - - - — - -— 0,814 —— —
70 - - - - - - 0.186 -- -
PHOS n o683 a7 16 31 15 120 28 21 20
N 13 4 1 3 1 ig 5 1 |
100 °© 1.000 1.000 1.000°'1.000 1.000 1.000 1.000 1.000 1,000
Species: 1, Nemoura clnerea; @2, Nemoura cambrica; 3, Nemoura
dubitans; Y, Nemoura avicularis; . 5, Nemurellas picketi; &,
Protonemura meyeri ; 7. Protenemura praecox; a.
Amphinemura standfussi; 8, Amphinemura sulcicollis.
n = number of individuals sampied
N = pumber of populations sampled

Tablie 4. 3.
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TABLE 4.%. Measures of

genektic variaktion

in 9 Nemourid Species

Species Mean sample Mean no. % locit Mean hekerozygosity
size/locus ajleles polumorphic Observed Expected?
7/ locus

N.cineres 417.8 1.63 25. 00 0.067 0.073
(B4.1) (0.29) (0.033) (0.033)
N.cambrica B61.1 1.25 12.50 0.031 O, 043
(11. 3> (0.17) (0.023) (O, 034)
N.dubitans £4.3 1.31 i2.%0 0. 0860 0. 062
(2.8) (0.22) (0. 043) (0.043)
N.avicularis 2e. 93 1.086 6. 25 0.009 0.008
(2.1) (0. 08) (0.00%) (0.008)
Nem., picteti £9.6 1.08 6. 295 0. 005 0. 005
(4.3) (0.06) (0.009) (0.005)
P.meyeri. 117.9 1.13 8.25 0.010 0.018
(18.6) (0.03) (0. 003) €0.017)
P. praecox 3.2 1.18 18.75 0.033 0.0B1
(4.1) (0.10) (0.9031) {0.045)
A.standfussi 50.8 1.25 18.75 0. 026 0. 046
(9.1) (0. 1) (0.015) (0. 0E28)
A.sulcicollis SB.5 1.36 £9. 00 0. 063 0.083
(8.1) (0.18) {0.032) (0. 044)
overall mean 1.85 14.58 0.036 0.047
(0.18) (7.685)  (0.085) (0.031)

1) 0.99 crikerion.

£) unbiased estimake (Nei, 13978)
Figures in-parentheses are standard errors.

Table 4Y.4.



TABLE 4.5,

Nei's (1978) genetic

and distances (D, below disgonal)

TABLE 4. 6. EBEdward’'s (1371,

LE~NOWNFWwme=

L
T
1
0
®
0

EMm.

cinerea
cambrica
dubibtans
avicularis
pictekbi.

12D ID|ZIZIZIZIZ

meyer i
prascox
stangfuss i
sulcicollis

of species.

HONO WO £ WMk

N
0
o
0
M
n

cinerea
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dubiktans

avicularis

em,

pictet i
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.18
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.22
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.ce
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.20 0.193

D.26 0,23
0,13 0.13
-==--0.13
2.07 ———-—
2.07 2.06
2.03 2.03
2,05 2.03
1.48 2.01

.83 ===
.23 1.23
.22 1.22
.22 1.28
.15 1.21
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0.18
0.13
0.13
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0,53
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above diagonal )
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1974) gerekic distances between pairs
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1,18 —==-
1.17 0.91

Table 4.5. and 4.86.



PLATE %.1. Gel slice stained for Hexanol| dehydrogenase (N.
cinerea)

HDH-1 Genotypes

100 110 100 100 110 100 100 110 100 110 110 100 100 110 100
100 110 100 100 100 100 100 110 100 100 100 100 100 100 100

110 110 110 110 100 110 100 100 110 110 110 100 100 100 100
110 110 110 100 100 100 100 100 100 100 100 100 100 100 100

Genotype Frequencies-
1007100 100/110 110/110

16 g S
Allele Frequencies
100 : 3e o 3 = 41/60 = 0.6B3
110 : 3 i 10 = 13/60 = 0.317

Plate 4%.1.



PLATE Y.E.

Phosphoglucose
N. dubitans, N.
standfussi, N.

Gel

slice

isomerase.
avicularis,

stkained for Phosphoglucomutase and
lefe: Nemoura cinerea

Species from

Nemurel la picketii,

Amphinemura

cambrica, Protonemura meyeri.

Genokbtypes

PGM

PGI

110
100

105
105

100

100

100
100

110
100

105
105
100
100

100
100

100
100

105
105
100
100

100
100

110
100

105
105
100
100

100
100

110
100

=
=1
0
2e0

120
120

110
30

32
= [
220
220

120
120

110
110

82
(= [
220
cc0

120
120

110
100

105

g5
220
220

100
100

120
120

105
35
60
60

100
100

120
120

105
105
60
60

100
100

120 120
120 120

1155115
IS SIS

60 B0
60 B0

30 30
S0 90

Plate

. 2



N.cinerea

N.cambrica

N.dubitans

N.avicularis

P.meyeri

P.praecox

A standfussi

A.sulcicollis

N.picteti

18

*Ih 8Jan6t 4

76 1 12 1o o' 0' 04 o2 0'0

GENETIC DISTANCE (NEL,1978)

Figure U.1. Genetilc relationships between 9 Nemourid species
baged on allele frequencies at 16 loei (UPGMA cluster analygis).
Farr»isg (1972) £ = 6.196

Prager and Wilison (1976} F = 10, 5&1

Percent Standard Deviation (Fitch & Margoliash, 1967) = 13.91
Cophenetic Correlation = 0.831
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N.cinerea

N.dubitans

N.cambrica

N.avicularis

Pmeyeri

P praecox

A.standfussi

A.sulcicolis

N.picteti

1-26

112

098 0'84 070 0'56 042 028 014 00

EDWARDS (1971,1974) DISTANCE

Figure 4.2, Genetic relationships between 9 Nemourid species
based on allele frequencieg at 16 locl {UPGMA cluster analysis).
Farris (1972) f = 0,851

Prager and Wilson (1976) F = 2.037

X Standard Deviation (Fitch & Margeoliash, 1967) = 2.741

Cophenetic Correlation = 0.922_
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N cinerea

Ndubitans

P meyeri

Ppraecox

A standfussi

A sulcicollis

N avicularis

N cambrica

N picteti

] l [] 1 1
0’0 0'08 046 024 0'32 040 048 0'56 0'64 072 0'80

DISTANCE ( EDWARDS 1971,1974) FROM ROOT

Figure 4.3. denetic relatioconships between 9 Nemourid species
based on allele frequencliea at 16 locl (Farris, 1972
distance~-Wagner analyails, addition criterioen 1 and MAC). Rooted

by outgroup method.
Farrie (1972) £ = 0.981 (0.403)

Prager and Wilson (1976) F = 2.348 (0.964)
% Standard Deviation (Fiteh & Margoliash, 1967) = 3.337 (1.391)

Cophenetic Correlation = 0.957 (0.982)
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N, cinerea

N.dubitans

N.cambrica

P.meyeri

P.praecox

A.standfussi

A.sulcicollis

N.avicularis

Nem.picteti

i 1 1 1
016 025 0'33 041 049 0'57 0'66 074 0-82

DISTANCE ( EDWARDS 1971,1974 ) FROM ROOT

Figure 4.4, Genetlie relationships between 9 Nemourid species
bagsed on allele frequencies at 16 loel (Farris, 1972
distance~Wagner analysis, addition criterion 2 and 3). Rooted by
outgroup method.

Farris (1972) £ = 1.194 (0.384)

Prager and Wilson (1976) F = 2.857 (0.919)

% Standard Deviation (Fiteh & Margoliash, 1967) = 4.217 (1.327)
Cophenetic Correlation = 0.936 (0.983)
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N.cinerea

N.dubitans.

P meyeri

Ppraecox

A.sténdfussi

Asulcicollis

N.cambrica

N.picteti

N.avicularis

00

006 013 019 0'26 032 038 045 0'51 0'58 0'64

DISTANCE (EDWARDS 1971,1974) FROM ROOT

Figure 4.5. Genetic felationéhips between 9 Nemourlid specles
based on allele frequenciles at 16 1loci (Farris, 1972

distance-Wagner analysis, addition eriterion 1 and MAC). Rooted
at mid-point of longest path,

Farria (1972) £ =0,981 (0.403)

" Prager and Wilson (1976) F = 2.348 (0.964)

% Standard Deviation (Fitch & Margoliash, 1§67) = 3.337 (1.391)
Cophenetic Correlation =0.957 (0.982)
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Ncinerea

N dubita
N cambrica
N avicul:
N picteti
P meyeri
P praecox

A standfuss

A sulcicollis

- 0'07 013 020 026 0'a3 0439 046 0’53 059 !

- |
DISTANCE ( EDWARDS 1971,1974) FROM ROOT

Figure U4.6. Genetic relationships between @ Nemouridrspecigs
pased on allele frequencles at 16 loci (Farris, 1972
distancé-Wazher analysis, addition ecriterion 2 and 3}. Rooted at
mid-point of longest path. :
Ferris (1972) £ = 1.194 (0.3811; (0.919)

a¢e and Wilson (1976) F = 2.857 .
;rsiandard Deviation (Fitch & Margoliash, 1967) = 4.217_(0.936)

Cophenetic Correlation = 0.936 (0.983).
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‘Figure 4.7. Observed phosphoglucose isomerase banding patterns.
Gehotypes are ag follows:

a.
b.
c.
d.
e,
f.
£.
h.

P. meyeri 90/90

P. praecox 90/90

N. cinerea 100100, 60,100, 100120
N. cambrica 100100 ‘

Nem. picteti 100100, 120100

N. avicularis 60/60 '

N. dubitans 220220, .200/220, 200200, 100/220

A. standfussi/sulcleollis 120120, 120100, 150120

<

Figure 4.7
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100J

Figure 4.8. Obsgerved aminopeptidase banding pratterns.
Genotypes are as follows: ’
a. P. meyeri 55/55
b. P. praecox Us5/U0s.
¢. N. cinerea 100/100. 90100, 100/115
d. N. cambrica 50/50 -
e. Nem, pilcteti 1207120
f. A. standfussi 35/35
g. A. sulcicollis 110110

F}Qure %.é.



Fa

EST-1 1001
EST-2 1001

Figure U4.9. Observed esterase banding patterns..
Genotypes are aes follows:
a. P. meyeri ES-1 105/105: ES-2 Qu/94, g2/92, 92/94
b. P. praecox ES-1 107/107: ES-2 92/92, 90/90. 90/92'
¢. N. cinerea ES-1 100/100: ES-2 100/100
d. Nem. picteti ES-i 85/85; ES-2 106/106

Figuré H;éjmm
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Fizure ﬂ 1

0. Observed phospholecomutase banding patterns.
Genotypes are as follows: :

a. N. einerea 100/100, 1007110, 100/90C, 100/120
b. P. meyeri 1157115, 115%/105

¢. P. praecox 8d/80, 80/70

d. A. standfussi 92/92. 92/97

e. A. suleicollis 120120, 120/115

f S Flgure 4. 10



EHAPTER S
INTER-POPULATION GENETIC VARIATION IN NEMOURA CINEREA

5.1.Inkroduckion

The resclution of the debske over Ehe evolutionsry
significance of EtEhe wvariation revealed by molecular genetics
techniques appears to be almosk as far away Eoday as when
popuistion genetics theory was originally polarized into Ehe
sg called ’'neuwtralist’ or *selectionist’ schools of thought
almosk 20 years ago. Neubkral theory (or Ehe neutral mukstion -

rantdom drift hupobthesis) proposes that the ma_jority of

molecular variakion is caused by random fixaktion of
sejectively neutral or peerly mneutral mutants in a popuiaktion
or species. In conkrask, selectionist Etheory regards bthe
malecuiar polumorphism =3s adaptive, and argues Ethat it is
maintained in the population or species by some form of

batancing seieckbion (Kimura, 1383). Some erosion awsay from the
two opposing skandpoints has cccurred since tEhe early 1970's,
accelerakted by more recent findings of DONA  sequence
variability, so that today most populakion geneticists believe

that both steochastic (neuwtral) and selective processes can

account for Ehe observed molecuiar variation. The debate has
shifted from’® either or' to 'how much® of each (Nevo et al,
1383).

Mathemat ical attempts to answer kthe question of bow
much of the observed molecuiar variation can be expliained by
either a meutralisk or a selectionist interpretation have
foundered on the difficulty of measuring amy of tEhe fackors
involved, such as population size, rates of hutation .and

B3



migration, and  selecktion intensity, with sufficient accuracy.
It bas been suggested kthakt a more promising way to answer bthe
question is ko idenkify caorrelakbions betueen gene frequencies
and spatisl or temporal variakions in the environment., This

would provide strong evidence Ehat seleckion can influence

genet ic variation at the molecular level (Clarke, 1375; Nevo
et ai, 1384). The accumuiated evidence from many similar
inveskigations wouid give an indication of Ethe relative
importance of stochastic or seleckive forces. The resulkts of

an investigation into tEhe effecks of skream waster acidity on

molecuiar genetic variation in the plecopteran Nempura cinerea

are presented in this chapter.

The acidity of streah waker was | identifled as a
potenktial seleckive Tfackor from Ethe reports of seritus
environmental poluktion caused by ‘acid rain' in Scandinavia.
Cenktral Europe and North America, where the ecology of fresh
waters  has been severeiy disrupted (Oversin et al. 1380;
Haines, 1981). The FPlecoptera were chosen fnr.studg because
members of this i nsect order form Ehe main component of the

benthic macro-invertebrate community in many of the acidified

vpland skrams in Britasin (Hgnes. 1370).

S.2.Materiais and Mekbthods,

5.2.1.Experimental Organisms.

This investigation concenktrated on inter—-population

comparisons of Nemoura cinerea. The choice of species was made

primarily on bthe basis of it s reported widespread
distkribukion (Brink, 1343: Hunes, 1977y and high ievel of
genektic wvariation relative to other members of bhe Nemouridse

70



(Chapter 4).

The 31 sites from which colleckions of N. cinerea were
made are indigated in Table 2.1. (Chapter 2). The pH and
conduck Iviky were measured ak easch sike and tEhe altitude,

st itude and longibtude noted,

The temporal stability of altele frequecies was
monitored over btwo or three years in five populations in kEhe
Derbyshire Peak Districk. The five populakions were:

Thomasorn's Hollow, Top Lady Clough, Lady Clough, Rising.Clough

and Miller's Dale.

S5.2.2.Electrophoresis.

Only the four polumorphic loci (AP-1, HDH-1,. PGI and
FGHM, Table 4.3.) were routinely screened in all thirty—one

populations. The enzyme stains were as folilows:

Aminopepk idase (AP) -

Phenytalanyi~leucine 10 mg
Feroxidase 3 mg
L-amino acid oxidase 3 mg
Dianisidine : 3 mg
Manganese Chioride 2 mg
Buffer—-Tris—HC1 pH B.0O 25 ml
(1% Agar Overiay) 29 mi

Hexano! dehydrogenase (HDH) -

Hexano | 1.5 ml
NAD 15 mg
MTT S mg
FMSs c mg.
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Phosphoglucose

Phosphoglucomukase (FPGH)

Buffer system 1 was wused For AF, PGLRI and PGM,

Magrnesium Chloride

Buffer — Tris-HC1 pH 8.0

isomerase (PGI) -

Fruckose-&-phosphate
NADP

MTT

GE&PDH

FHMS

Magnesium Chioride

Buffer - Tris—HCl1 pH B:0

Glucuse-l1-phosphate

(eomt. 1% Glvwec—1,B-dipbos)
NADP

MTT

Magnesium Chloride

GEFPDH

FMS

Buffer -Tris—-HC1 pH 8.0

buffer system 3 for HDOH {(Chapter ).

The

allele

frequerncies were czalculated

samples of numphs from esach population.

20

30

10

g0

30

30

30

10

30

from

me

ml

mg

mg

mg

mg

mg

ml

mg’

mg

mg

mg

mg

ml

and

single
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53.8.3.Analysis,

The MINITAB (Pennsylvania State Universikty) staktistics
program was wsed to perform regression analyses bebkween the
five ernvironmemtal characteristkics of the sample sites, and
between the common allele frequencies at kthe four polymorphic
loci and kthe environmenmtal festures. Regressian has been used
in mary similar investigations into the effects of
environment on genetic varistion (Nevo et al, 198Z; Karlin st
al, 1984; and Carvalho and Crisp, 1387) and has been useful in
identifying possibile associzkions between allele frequency or

heterozyQosity and envirommenktai fTacgtors. However, the results

should alwuays be interpreted wikh cauvtion when the variables
are nok normal ly disktributed. Regression is also of value for
jdentifying unuswal observations which deviake from Ehe

general pattern (S5ckal, 1369).
All other analyses of the allozyme data were provided
by the BIOSYS1 program of Swofford and Seiander (1981).

5.3.Results,

5.3.1.5ike Attributes.

The fTive phusical charackeriskics recorded for all the
sampling sites are shown in Tabie S5.1. and the altituvde, pH
and conducktivity are shown in Figures 5.1 = 3. Waker chemisktry

shows considerable seasonal variaticon in some skreams (Figure
3.1. Chapter 3). However, the pH and conductivity shown in
Table S5.1. are values obtained from single samples ko avoid
any bias that may resuikt from using means from kthe regularly
monitored sites in khe Peak Diskrick. Latitude was recorded as
minutes morkh of 51°N, longitude as minutes west of 0°.

-
v
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The correlak ions betweesn the five physical
characteristics of the sites are shown in Table 5.2,
Statiskically significant associations (P < 0.09) were fﬁund
between the altitude, pH and conductivity. pH and conducktivity
both decreésed jn Ehe higher aikiktude skreams. Figures 5.1-3
indicake that Ehe sikes can be divided into two categories on
bthe basis of these three charackeristics @

CATEGORY 1.) Hiah altitude (>250 mekres). high
acidity (pH < B.0) and iow conductiviky

¢ < 250 pS.cm' ). Number = 17

CATEGORY &.) Low .altitude (<E50 mekres), low
acidiky (pPH > 7.0) and high conductiviky
( > 850 pS.cm' ). Number = 18
The only exceptions to this were Baluain (sitke 18)
where there was low conductiviky wikh 8 high pH, and Wareham &
which is EkEhe only low altitudeslow pH site. If bEhe daka from
these two sites are omitbked from tEhe analusis, Ehe correlations
between alktitude, pH and conductivibty are improved (Table

5.8.).

5.3.2.5patial Allele Frequency Variation.

The allele frequencies at the four loci are presented
in Tebles 5.3 - 6. together with the results of Hardy-Weinberg

®x2 analysis and the frequency of beterozygotes for esch

popuiation. In the X2 tests for fit to Hardu-Weinberg
equil ibrium, rare allele frequencies were combined ko overcome
the probiem csused by expected values of less than &5,

Heterozygosiky was calculated using Nei;S (1978) esktimate

which is unbiased by differences in sample sizes., The mean

‘
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heterozgéosities {He) over the four leci are included in Table.
9. 3. Figures k=1 7. give an illustrakion of bthe variakion
in aliele freguencies between the populations.

Ontly % out of the 124 comparisons betueen the ocbhserved
zgllele frequencies and those expected assuming Hardu-lUe inberg
equilibrium showed any Significantldeviation. The sample from
Rising Clough (site 30) had 3 slight excess of 90 alieles ak
Ehe AP Jocus (Tatle 5.3.). There was =a slight excess of &80
allgies at the PGI locus st site 4, Desn Clough (Table 5.5.)
and there was a hekeropzygote deficitk @t the PGM  locus i
sampies_from sike 15, Thomason's Hollow and site 18, Top Lady-
Clough (Tabie 5.6.)

Cont ingency Kz énalgsis showed that Ehere was
significant heterogeneity in allele frequency at st four loci
between the pnpulatiqns (Tabtie 5.9.). However, bthe expected
frequency foar several classes was low so kEhat Ehe results can

onty be interpreted with cauktion.

5.3.C.1.Aminopept idase

Three él[eles were found for Ethis locus though only
two (30 and 100) were present in mosk populations. The rare
115 atlele was found, in low frequency, in _ust Ehree

populations from the soythern Pennimes: Cabin Clough (site 3),
Holiden Ciough (sité S) and Shing Brook (site 14%). Oniy orme
population, site 13, Port Erimn on the Iste of Man, had no
variakion, being fixed for the 100 ailele. The frequéncg of
heterozygotes ranged from 0.00 to 0,431 wikh = méan of 0.183.
The.distributicn of allele frequencies shown in Figure
5.4, does not asppear to follow an obvious 'pattern' and
regression énalgsis did not reveal any significant

relationships'betueen Ehe allele frequencies at this locus and
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any aof the environmental fackors recorded for each site (Table

5.7.).

5.3.2. 2. Phosphoglucose Isomerase,

A tokal of four alleles was found atk Ehis locus. Only
Ewo alleles (B0 arnd 100) were present in fifeeem of Ehe
populakions, Four populations: Moorhouse Mine (site 8),

Nankt~y=-trawsmnant (site 10), Naiilstorne (site 25) and Wymondham
(site 23) were fixaa for the 100 alliele. The 140 alleile was
found in _Jjusk four scattered populations: North Wales 4 (sike
11), Ogden (site 12), Shing Brook (site 14%) and Wareham 1
(site 28). The freqguency of heterozygotes ranged from 0.00 to
0.34%% with a mean of 0.103.

The most noteable feature of the allele frequency
distribution, shown on Figure 5.5.,. is.the high frequency of
Ehe BO allele in Ehe Baluain populiation (siterlaj where, in
contrast to the other populations, this was the moskE common
allele. Regression of the frequencies of Ethe B0 and 100
salleles azgaimst EkEhe five environmeﬁtal variables indicated
Ehat there was a significant relationship bgtueen lak itude and
longitude amnd the frequency of both alleles (Table 59.7.) The
frequency of the 60 allele appears to increase to the north (r
= 0.667, p<0.001) and west (r = 0,400, p<0.0%) whilsk Ethe
frequency of the 100 allele decreases (r = -0.B8, p<0.001; r =
-O;%OS; p<0.05, respectively). However, closer amaiysis of the
results showed that the apparent relstionship was caused by
the inciusion of daka from Baluain, Scotlamd, wikth itks high
lak itude, westerly posikion and uanual allele frequencies
(Figure 5.59.). When the Baluain data were excluded from the
analysis, Gthere was no significant’ relationship bebween
altele frequency and any of the environmental paramebters
{Table 5.7.).
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5.3.2. 3. Phosphoglucomutase

Five alleles were éresent at Ehis locus. One
population, site B, Moorhouse Mine, was fixed for Ekhe 100
allele, The mostk common alleles were 100 and 110 in all
populaktions.,  The 80 allele was found in only one populstion,
site 27, Thrussington. Althouwgh the 90 allele was present in
fourteen populstions Ik was cniy found 2k & relatively high
frequency in Ehe Derbyshire Peak Districk, especially in
Rising Clough (site 30) amnd Burbage Brook (site 2) (Figure
5.6.). The heterozygote frequency ranged from 0.00 to 0.523
with a mean of 0. '43.

Regression aﬁaigs[s showed a significant association
between the frequency of the 100 and 110 alteles and [atitude,
longitude, alkitude -and conduckivity (Table 5.7.). The 100
aliele appears to increase 'in frequency, and Ehe 110 allele to
decrease in frequency, bto Ehe north, Ehe wesk, at high
altitude, and-in stkreams wikth a low conduckivity., There was no
significant associatiocn between allele frequemncy and pH.
However, MINITAB indicated that severzal populaktions had an
unusuzlily large influence on Ehe analuysis. These  were :
Baluain (Sike 18) and Warsham 2 (Site 17), Lthe Ewo siktes with
unusual Phusical characteristics (seckion 5.3.1.); Nailstone
(Site 2%) and Namk—y-Trawsnank (Site 10), which had very small
sample sizes; and Moorhouse Mine (Site B8), which was fixed for
the 100 aliesle. When Ehese populations were gx:luded from khe
regression, the only significant relationshfp was between
conducktivity and the frequepcy of the 110 alfele ¢(r = 0.4%39,

p<0. 05).
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5.3.28.4. Hexano! dehydrogenase.

There were three alleles present at bthis locus.
Eighteen popuwlations had only two alleies (100 and 110).
Thirkeen had =11 Ehree. No population was Tixed {or one
allele and the_frequencg of heterozugotes ranged froem 0. 1285 ko

0.610 wikh a mean of 0O.396.

Figure 5.7. clearly illustrates the division of the
populakions into .two groups on the basis of bhe presence or
abzence of the 90 allele. After consulbting Table 5.1. and
Figures 3.1 - 3. it becomes apparent that =all the populations

uHera Ehe 30 allele was present were from category £ skreams
i.e. they are atl streams from lower altikude with high pH and
high conductivikby.

An indication of the relstionship between Ebe ali=ie
frequencies ak this locus and tthe phyusical attkribvtes was
given by regression anaiysis (Table 5.7.). The 390 allele was
missing from over half of Ehe populakions amnd could not,
therefore, be included in the analyusis shown in Table 5.7.
However, it could be included in the regressiomn of the allelie
frequencies in Ehe cakegory bl streams against the
environmental charackeristics (Table 5.8.). There asppeared ko
be =a significant correlation between bhekerozygosity and
conduckiviky in bEhese streams, however, as iﬁ Ehe other cases,
MINITABS indicated that the Baluain data was exceptional. When
this'ues excluded, the refationship was not significankt.

There were no significant relationships between kthe
frequency of Ethe 110 allele and =any of bthe envirommental
factors, suggesting that the variation in frequency of this
allele is unaffected by either the environment or the presence
of the S0 allele. Statistically signifTicank proportions of

<
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the inter - populstion variation of the 100 allele were
explained by regression wikth pH and conducktivity (p < 0.001),
and, Eo a lesser extenkt, by longitude (p <0.05). The freguency
of Ehe 100 zllele incressed wikh lower pPH and conduckivity,
and Tfrom east to west. The single Jocus heterozygosity was
also significantly correlated with environmental features :
heterozygosikty Ekernded Eo increasse wikth increasing pPH and
conductivity (p <0.001), and decreased sk high tiatitude (p
<0,01) and from east to west (p <0.05). UWhen the two wnusual
sites (Baluain and Wareham 2) were exciuded from the analysis,
Ehe correlations were improved and significant associations
between the frequency of the 100 alleie and altitude (r =
D.39%, p<0.03%) and between heterozygosity and latitude (r = —
0. 3398, p<0, 05) were revesled. The main cause of the
differences in 100 zliele frequency and hekterozugesiky bebtween
Ehe two stream categories was bEhe presence or absence of bhe
90 allele. The 100 allele was more common 8and the

heteroczygosity [ower when the 30 allele was missing.

Following the observations from the HDH-1 locus, the
populations were divided into the two environmental cakbegories

ko further analyse the allele frequency data. UWright's (1378)

hierarchicai f-staktistics (Table 5.10.) are a measure of the
variance wikthin and bebtwueen the Etwo casbtegories for each
locus., The F-value or "inbreeding coefficient’ is the rakio of

the observed variamce in allele frequency betueern populations
to the wvarianmce thst would be observed betbtween isolated
populations fixed for alternate alleles. More than Tifky
percent of - the total variance at the HDH-1 locus was accounted
for by 3 difference between the bEwo categories, Between
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category varliance was relatively unimportant at the other
three loci. The value for within category variaskbtion at the PGI
locus was Inflated due Eo the Balusin population. When tEhis
was excluded from the amalysis Ehe wvariance was greaktly
reduced (Table‘ﬁ.lo.).

Nei's (1978) unbliased genet-ic distances over the four
logi, averaged for Ethe two populakion categories, are
presented in Table 5.11. The values given were calculated with
Baluain excluded since this population distorted the oversl|
figurés. The mean genetic diskarnce between the Baluain
populakion and the obther populakions was 0.223 wikh & range of
0.181 to 0.301. The mean gensbtic distances presented in Table
5.11, shouw thak there is a statistically significant
difference betweern the cekegory 1 anmd cakegory 2 prQ!atiDns
when thég are grouwped in Ethis way. The f-skatistics show Ehabk
thié is mainly due to the bekbtween group difference at the

HDOH-1 locus;

3,3.3. Temporal Allele Frequency Variation.

Compar isons 6f the allele frequencies at khe five sites
sampled in different years are preserted in Tables 5.12 — 15.
The X2 wvalues shouwn are for contimgency tables including
compariscns between all the samples taken st esch sike. The
"actual date of sampling varied betweem sites and betueen
uears. Colieckions were made from each skream M

November/December and June/Iulg to examine allele frequercy

changes wikhin single generations, The November/December
samples and June/July samples are Iabellied ‘"Winter'® and
'Summer'Ain Tabie S.12. Unfortunatélg, insufficient adult
flies were collected from each site ko facilitate a meaningful
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adult v. nymph comparison.

Statistical iy significant changes in allele frequency
were fupnd in % out of the 17 tests. Atk the AP locus, the oniy
variation'ﬁas an increase in the frequenrncy of Ehe 90 allele
from 1981 to 1983 over 3 gernersations in the Thomason's Haol low
popu l skt ion. The most significant chamnge occurred betwueen
"summer’ 1982 and 'Wwinter® 1368, two different gengﬁations
(Table 3.12.).

There was variation a& the PGEI locus in both Ehe

Miller's Dale and Lzdy Clowgh populatians (Table 5.13). In

MIller's Dale, there was a significant decrease in Ehe
frequency of the 60 allele between the  ‘winter® and - 'summer’
samples (khe same generskt ion}, In Lady Clough, the

heterogeneiby was caused by Ehe ‘winter® 1982 sanple where
Ehere was 2 higher frequency of Ehe BGB0 alle!el Ehan in.the
obher sanpies. The allele frequencies were identical in the:
Winter 1981 and Summer 1383 samp les.

For HDH kEhere was an increase in both Ehe 30 and 110
glleles in Ehe generation from ‘winter’ 1988 to 'summer ' 1983
in Miller’s Dale (Tablie S5.15.). There were no significant
temporal variatbions at the PGM locus im any of the populations

(Table S5.14%.).

S5.%.Discussian

5.%.1. Tempora! Allele Frequency Variakion,

The imvest igakion into temporal alleie fregquency
stability did not provide any clear evidence bthat natural
selection uas influencing genetic variation at these four
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palymarphlie logel. Lewontlin (1874%% painted ocuk bthat btemporal
changes must be well correlated with some environmental
variable to provide good evidence for selection., Only one of
the four significant temporal changes in allele fregquency

showed a suskained patkern. That was ak the AP locus in the

Thomason's Ho!l | ow prulatibn. However, no obvicus
gene/environment interaction was revealed from the spatisl
variaktion bebtusen populations, (Section 5.3.3.2.) and no
paral lel change in Ehe environment was recorded during kEhis

period which could account for Lthe wvariatlion (Chapkber 3,
Figurss 3.1-3>.

For Ehe other three cases of temporal variation there
was either no obvious pattern (PGI at Lady Clouwgh), or the
data was Ltoo limited Lo draw anyg firm conclusions (PGI and
HDOH-1 at-NiI}er's Dale). The laliele frequenci=2s at the HDH-1
locus were shown to be highly correlated wikh differences in
'stream tgpé, (Section 5.3.3.4%.), but Ehere was no marked
seasona l change in straam..uatef chemistry at Miller's Dale
which is 2 well buffered neutral/aikaline stream. Alsoc, both
the 30 and 110 alieleé increased in frequency and only the 30
alle%e‘appears Lo be selected against in acid streams.

The simplest explanaticn for the observations of
temporal frequency varistion is that they bhave resuibed from
sampling errors. This seems quikte probable in  view of the
smal | samples taken on some occasions (Tables §.18-15.).
However, the rnumber of significank changes is greaker thzn
expected due to chance factors,

A salectiqhist explanat ion for the observations could
be that_an unmeasuhed environmentat fackor changed khe =zl lele
frequencies tﬁrough natural seleck ion. However, if the
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" FesUitThg from distortions of the snalusis caused

temporail wvariakion has been caused by environmental seleckion,
similar changes in allele frequency might be expected in
ad_jacent populations (Thomason's Hollow, Top Lady Clough and
Lady Ciough), as Lkthey are |ikelw Lo experience similiar
environmental conditions.

&] neutral ist interpretak ion could be that the
fluctuations in allele frequency have been caused by changes
in population size =at Thomascon's Hollow, Lady ClLowugh and
Miller's Dale. This would be in line with the explanakion
proposed to account for the low Ievels-of genetic variation in
the Nemouridae (Section 4Y.%.). The increase in frequency of

tEhe AP 90—-allele in EkEhe Thomason's Hol low population could be

.due to migration into Ehe sampling area, either from higher-up

or lower down the stream, following a population crasb which
eliminated this allele before 'Winter® 1901.

It can be seen Ehat: these data on btemporal allele
frequency wvaristion provide no clear evidence for eibther a
selectionist or neutral iskt interpretat ion, Without sucﬁ
evidencé. specutakive, puskt—-hoc hypotheses can rnat answer kEhe
quest ion of bow much molecular gemebic variakbtion is influenced

by natural Selection (Lewant in, 1374).

SLW.E.SPatiaI Allele Frequency Variation.

For three of the four enzyme loci (AP, PGI and - PGM).

the results of the investigekion intkao spastial variation of
allele frequencles In 31 population failed to, provide
uﬁequivocabie supporkt for either the neutraiist or
selecktioniskt schools of bEkhought. There were no significant

correlakions bekween the environmenkal variables and allele

frequencies at these loci with the excepkion of those

By stupical _
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these éﬁﬁ?idagm'correiatidhs shous  that‘ réégli%;:ébgy!qm_ge
{fnﬁéhﬁ}étéaﬂ Wikh caution when smal i éa%éfé"sizés79f"§ﬁ98?§;§Qi

are used for redgression. However, ikt dees show that regression
analysis can be useful for identifyimng datka thakt is ouk of kthe
ordinary (eg. Bsaluain). Data from several popu[atiéns appeared
to upsek Ehe regression of allele frequencies akt the PGM locus
(sectiom 5.3.2.3.). All these had small sample sizes, so ik is
nok surprising Ethat they had uwvnusual!l allele frequencies st
Ehis locus where S different =l leles were recorded. Whilsk the

lack of any correlakion between allele frequency and the

enviraonmental fackors examinesd favours a neutral ist
explianation for kEhe variation at these loci (khe spatial
heterogeneity bekueen populatians arising from random

fluckuations in the frequencies of selectively neutral or
rearly neutral alieles), Ehe possibilitg Ehat naturail
selection could have caused khe inter population variakion in
allele frequency, due Eto unique environmental condibtions at
each sike, can not be excluded.

Bokh setectionist or neubralist interpretations could
account for tEhe relatively high frequency of the PGM 30
allele in populations from Ethe Derbyshire Peak Districk.fA

selectionistk explanation couid be Ethakt these populaktions

experience similar environmental condikions and, therefore,
simijlar seleckion pressures. High levels of airbo rne
pollutants from the indusktrial centres of Manchester and

Shef}ield could be a possible selecking factor. However, a3
neuwkbral ist explanation would be that either the populations
were esktablished from a common ~founder population in the
post—glacial period or that gene~fiow has coccurred bekween
them. The distance between the siktes (Figure 5.8.), coupled
witkh khe poor flyging ability of adult stopeflies (Hunes,
13775, excludes the possibility of direct migration bebtwesen
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the streams which have Ethe highest frequency of tEhe PGHM 30
aliele (site 30, Rising Clough, and site 2, Burbage Brook).
However, germe-flow could have occurred through populations in
intervening wakter courses. An indication Ehat gene~flow could
occur by adult migrakion between_adjacent stkreams is gQiven by
. Ehe . presence of the rare PGM 120 allele in populations 5,
Holden Clowgh, and 18, Top Lady Clough, two skreams draining
eikEher side of the Snake Pass uaﬁershed (Figure 5.8.).

Similarly, both meukralist or selectionist hypotheses
cam be devised ko account for the anomalious allele frequencies
at kEhe PGI l!ocus in Ehe Baluain populakion (site 18). However,
without any Tirm evidence, they can only be specuiakive. None
the |ess, this observation indicates tEhat more sites should be
sampled in Scokland, bto establish whekher the G0 allele shows
a general increaseg in TfTrequency ak higher Iakikudes, or
whether Ethe Baluain observation is wvnique or caused by
sampl ing error (the samplie size was only 18).

The nom—random diskribution pattern of the HDH-1 90
allele provides far clearer evidence that selectiocn has
influenced thé allele frequencies a2t Lthis locus, eikher
directkly or Indirecktlu. The probltem that arises Trom Ehis
discovery is ko determine which factor, or fackors. might be
responsible for eliminating the 90 sllele from one stfeam
category uwhiist maintaining tE in the other. Only difect
experimental evidemnce can positively identify  &the factors
involved. However, Ehe results from the field survey point to
several possibilities. The regression analyses show bBEhakt water
chemisktry (pH and conductivikty) could be importamkt Ebough
othar environmentai varlables assoniakted wikh skream
catchment, or geographic loczation, may be involved (Table
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5.3.).

The z=ikitude, pPH and ceonductivity ak each site were
closely correlated with each okher (Tsble 5.2.), all three
showing sharp differences between the sites where Gthe 30
allele was present and the sikes where it was not found

(Figures 9.1 — 3). The relatkionship between altitude, pH and

conducktivity conf irms Ehat geology is Ehe main facktor
determining which areas are susceptible ko acidificaktion.
The upland areas sampled were underlain by westhering

resistant rocks covered with base poor soils, causing run—off
Wwith low ionic concentration (conduckivity) and poor buffering
capacity., However, it is unclear whether Gthese streams have
been affected by acid deposition since bthey must have been
acidic before Ethe polliuktion problem, due Eo natural scid
production in kEhe organic soils of these aress.

The 30 allele was only found i Category 2 (low
altitude, high pH and high conductivity) streams. Moskt of
these streams were located Eo Ehe south—east of the Category 1
streams in this survey (seckion 5.3.1.) which gives an
impression that allele frequencg might be influenced by
factors relsted to Qeographlc position eg. tempersture or
annual rainfall. A direct causal reiationship seems unlikely,
however, since all the sites do notk follow this patktermn, and
Ewo steams (sike 17, Wareham 2 (Category 1), and sikte 18,
Baluvain (Category 2)) are totally opposite to bthe general
trend. Simitariu, 8 direck relationship betueen altitude and
allele frequency seems unlikely, Altitude is known to have a
marked influence on the mean air temperature akt any locaktion,
and temperature has been shown to affeckt kEhe life-histories of
Flecoptera, coolier temperatures delawing Lthe onset of adult
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emergence (Elliok, 1867; Nebeker, 1971). However, the 30
allele was found in the Baluain population which probably has.
the |lowesk mean annual tempersture of all the sites,and the 30‘
allele was also present at Wareham 1 (site 2B) but absent from
Wareham @ (site 17), twuo low alkitude sites separated by less
than three miles.

Wakter chemiskry, particularly acidikty, has been shown
to have a2 marked influence omn kEhe ecology of fresh wakers. The
acigification of skreams and lakes by acid deposition has
cawsed fish losses and =an impoverished algal and invertebhrate
community iﬁ many areas of Europe and North America (Overein
et =31, 1380; Haines, 1381). Stream acidity could influence the
allele freqguencies st the HDH-1 locus eikher direckly or
indirect iy,

Hexanol dehydrogensse may bhave a similar role in

Plecopktera to that ef alcchol dehudrogenase in Drosophila.

Clarke (1975) demonsktrated Ethat alcohel dehydrogenase was

i mportant in detoxifying the alcoholis ingeskted by Orosophila

melanogaster in Eheir diek of rotking fruit. The products of

atkbternate alleles had differenkt asckivities and appeared ko be
maintained in Ethe peopulation by Eheir different seleckive

advantages in different. environments. Nemoura cinerea feeds

mainmly on coarse organic material which collecks under
boulders in sktreams (Hynes, 134%1). Hexanoi dehydrogenase mau.
detoxify harmful chemicals prnduced as this makerial
decomposes al lgwing itk ko be safely eakten. Streaﬁ acidity,
coultd direckly select againskt khe 30 allele ifT intraceltlular
PH is affecked by exkternal pH and the product of this atliele
has a higher pH opbkimum than Ehe other allozumes., Biochemical
studies of in vitro enzume ackivity would be needed to.
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determine whether different HDH-1 allozumes have different pH
optima.
An alkternative hypothesis could be that selection is

not acking direckly on khe HDH-1 lccus. HDH-1 may simpiyg be

closeig linked to another unidenkifled lecus (or ioci) kEhat
affecks tolerance ko low pH conditions. Linkage disequilibria
between isozyme loci have been reporkted several times,
particularly in Drosophila (Lewontin, 1974%). However, it seems

thatk these are almost always asscocisted wikh chromosome
inversions (Kimurs, 1983). It b3s been possible o identify

inversions in Drosophila because of kEhe occuremnce of giank

chromoscmes in the salivary glands. No such chromosomes could
be found im the Nemouridse so it would be very difficulk ko
recognise inversions in bEhese species.

Ainother possible way that stream acidity could
indirectly affeck the HDH-1 locus. is through the influence of
pH on tEhe breakdown of ocrganic matkter. Itk has bheen shown bBEhat
allochthonous material decomposes less quickly inm acid wakers
(Hendrey et al, 1976; Otto =and Svenson, 13583). The sliow rste
of decomposition is caused by a reduction in Ehe numbers and
diversity of micro-organisms in acid conditions, and fungi
repiace backteria as khe main decomposers (Bick & Drews, 1373).
The mic%n-arganisms are Lthought o play an important role in
"conditionimg”™ the organic matbter before ik is eakten by the
macro-invertebrates (Cummins & Klug, 1973). The silow
decomposibticn or chamged microbial comntent maw cause an
increase in toxic organic compounds. If the 90 =allele has
lower ackivity than the ocother allozymes, individuals wikh Ehis
aliele would be selecked sgainst in scid streams. However, the
qual ity of Ehe diekt may be independent of acidity, tEbe nature

<
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of the catchment vegetation being more importank. None of kthe
catchments of Ehe Cakegory 1 streams: (90 allele absent)
contaimned deciduous woodiand upstream from the sample sites.
Therefore, the main irmpukt of allochehenows material would be
from grasses or moss., All the category © stream catchments did
have deciduous woods which wouid provide the major annual
supply of orgahic material. Al lochthomnous Tood swupply has been
shown ko influence genetic wvariastion in the water hoglouse,

Asel jus agquaticus in Denmark (Christensen, 1877). Habitat

selection appeared Lo be occurimg between different amuyiase
genotyupes with one bype favouring areas wikth beech leaves and
the other seilecting areas uwhere willow was predominank. A
differemce in abilitw ko mekabolise differenkt fungi colenising
the teaf-litter was proposed as a possible explanation.
However, kthe inheritance of amylgase genckypes has been found
ko be more complicated Ehan iﬁ originally appeahed sg a
compleke explamation for khe var}ation has yet to be made
(Uxfdrd.‘laaﬁ).

An indication that catchment vegetation could be more
important than microbial conditioning in determining fond
qual iky, =and hence allele frequencies at the HDH-1 locus,
comes from the Beacon population (site-18 sampied in 1383).
The 90 =2lleie was present in this woodland stream even bthough

it was found to have a low ~ pH" durimrg the winter and an

impoverished inmvertebrate community kypical of acid streams
(Greenwood et al, 138B6). However, this observation does not
provide concliusive evidence that leaf |litter was the essential

fackor dektermining Ethe presence of Ehe 90 aillele. N. cinerea
was notk found abt  khis site. im: 1980 or 1881, but did occur
further downstream where the pH and imvertebrate communibty was

-
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radically altered after passing through. a galf course.
Therefore, ik. appears Etheat the 90 allele was present at the
Beacon sike in 1383 due Eto upsktream migration TfTrom Ehe
nevtral “refuge" further down the catchment.

The discussion so far has concentrated only on the
numphai l[fe-stgger Dcther possible explanaticns cowuid be
devised ko account for Ehe non—random distribution of Ehe 30
allete involvinog cther stkages in Ehe |ife-history. These might
incliude drowght resistance or factkors affecking hatching in
the eggs, or adulk food requirements. The problem of
identifying a8 seleckive fackor has arisen becsuse bthere are
seQeral envirocnmental differernces between streams where the 30
aliele is present and those where it is absent. However,
alkhough no direct proof of nstural selection was possible,
the observation that the distribuvkion of HDH-1 alleles is non
—-random wikth respect Eto stream type is incompak ible wikth
neutral theory, and cam only be explained by the action of

seiective forces.
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TABLE 5.1. The physiesal charackeristics recorded for Ehe

skreams sampled. LAT., = latitude as mipukes north of S1°

LONG. = longitude as minukes west of 0° ALT. = altikude

metres above sez level. COND. = conducktivitu in uS-t'.cm

SITE LAT, LONG. ALT. pH COND.

1. Blackskone Edge 219 121 366 4,39 200
2. Burbsge Brook 200 95 309 3.90 30"
3. FRabin Clough 08 114 381 %,10 i47
Y. Dean Clough 213 112 442 .35 75
5. Holden Clough 205 113 488 4,20 839
6., Lady Clough £05 110 321 5.390 120
7. March Hill 217 119 430 4,30 156
a. Moorbhouse Mine c81 146 GB6 4. 00 48
9. Moorbouse 2 281 145 530 4,20 38
19. Nank-y-Trawsnankt ie7 eSS 3z0 5.0 48
11. Norkh UWales 4 167 2ie 48a 5.E0 41
12, Ogden =] l2ge 380 %, 09 78
13. Pork Erin cH4 o856 . 106 n.r. n.r.
14. Shiny Brook £13 118 “w72 3.80 215
15. Thomason's 205 111 457 4.50 83
18. Top Lady Clough £08 111 472 4. 50 1290
17. Wareham 2 “a2 126 15 4,25 122
18. Baluain 408 o34 160 7.e0 g4
139, Charnwood Beacon 163 74 140 5.390 250
20. Cressbrook Dale 195 105 130 7.45 523
21, Giebe Farm 157 sS4 138 8. 00 8550
£2. Lutkterworth. 1 148 657 . 130 7.30 740
£3. Lutkterworth 2 148 74 120 8.00 780
24%. Miller's Dale 135 107 200 8.05 474
5. Nailstone 159 62 i40 7.75 3650
28. Owston 158 S0 167 7. 30 540
7. Thrussingkton 184 . B3 855 7.80 810
£28. Wareham 1 40 187 15 7.00 n.r.
£3. Wymondham 167 54 110 7.50 729
30. Rising Clough c03 101 275 &. 00 110
31. Souvkth Beacoen 163 75 210 7.20 J85
Nn.r. = not recorded

31
N.
in

. Table 5.1.



TABLE 5.¢2. The correlation
environmental variasbles measu
of freedom are shown in paren

Latiktude L
Longibtude a) +0,3791(£3)
b). +0.851 (27)
Alkitude a) +0.,4832(23) +0
b) +0,89B82(27) +0.
pH a) -0.221 (es) -0
b) -0.68062(e2G) -0
Eomduckiv, a) -0,361 (e6) -0.
by -0.5712(g4) -O
a) Correlations incliuding atl

b) Correlations excluding bthe

1

2

P < 0.05, P < 0.01,

coefficients between the 5
red for 31 skreams. The degrees
theses.

cngiktude Alktitude - pH
oMM
L1397 (£9) W
300 (27)
.37y (2£B) -0,742%(chB) AN
L9432 ¢26) —-0.848®* (26D
B63®* (26) —-0.6852(26) +0.833%(cH)
LB313(B4) -—-0.884*(24) +0.6880%(2%)
sites.

Baluain and Wareham € sites.

3

P < 0.001

Table 5. 2.



TABLE S5.3. The allele frequencies and single
{(Hu) at the Aminopept idase

cinerea

Hardu-Weinberg Equl librium

over the four polumorphic

in all teskts,

LONOWMFfWMeE

Site

Bl ackskone

N

7e

Burbage Brook 52

Eabin Clouwgh
Dearn Clough

Hotden Clough

tady Clough
March Hitli

Moorhouse Mn.

Moorhouse 2

Nank. Trawsn.

NeEh, Wales 4
Ogden

Pork Erin
Shirny Brook
Thomason's
Top Lady Ci.
Wareham 2
Baluain
Charnwood
Cressbrook
blebe Fm.

Lutteruorth 1
tutterweorkth 2
Miltler's Dale

Nailstorne
Owstkon
Thrussingkbon
Wareham 1
Wymondham

127
152
143
S0
73
g4
104
10
e4
213
48
3ce
53
53
le6
iz
1g0
87
73
177
73
154
112
B6
ao
146
3c

Rising Clough 80

. Soubkh Beacon

28

locus

Jdl populaktions
togekher with Ehe resulks of Ehe X2
and the mean
The degrees of freedom

loei (He).

Allele Frequency Ratd
S0 100 115
.118 .B82 - . 003
. 154 .B485 - . 821
.053 .3833 .008 .613
. 066 .334% - .E2353
.101 .8B74% .024% .B62
.070 .330 - .21
. 038 .3B6E - . 102
.063 .9338 - . 070
.03% .966 - .108
. 200 .B0O - . 150
.271 .7és - L1287
.021 .373 - . 085
- 1.00 - -
LO05% .343 . 003 1.15
. 080 .320 - . 167
Lode .358 - . 03E
. 060 . 340 - . 463
.o42 . 358 - . 021
. 150 .85%0 - . 363
. 153 . B4Y5 - . B44
.130 .8B70 - s b=
.033 .307 - .1393
.120 .BB0 -= . 003 -
033 .9861 -- . 2392
.e27 .773 - . B30
. 157 .843 - . 738
.100 .S00 - . 304
.01% ,3886 -= . 021
.158 .844 -— . 156
. 150 .850 - 4. 04
. 304 ,BS6 - . 181

tesks
expected hekergzygositby

B

. 355
. 365
L34
. 815
. 353
. 624
. 743
732
.73
. 502
.7c2
770

. 84
1434
. 768
. 133
. 880
. J2s
.Hee
. 388
. 656
. 323
. 583
. A48
. 368
. 581
. 88S
. 633
. O4'pm
. B70

tocus heterozygosibkty

of Nemours
of fit to

Hu

. 210
. 2683
. 1286
.123
. 2€6
.13
. 074
. 120
. 065
. 337
. 103
. 040
0.00
. 108
. 148
. oac
Jlaie
. 083
. 256
. 264
. 228
. 170
.213
. 073
. 368
. 266
. 183
. 027
. 268
. 257
131

* denobkes a skatistically significant (p < 0.09) deviztion.

Tab!e

=1

. 2BO
. 234
. 237
.253
. 255
. 851
= 1~
147
. 34c
. 268
. 290 -
. 220
. 166
. 267
. 254
. 183
. 246
. @3
. JE0
. 336
. 313
. 302
.333
. 320
. 337
LaAY7
. 330
.253
. JES
. 310
. 377

9. 3.



TABLE

heterozugosity (Hu) akt the Hexanol

S.%. The

aliele

frequencies

and

Dehydrogenase

single
{ocus

lccus
in 31

populations of Nemoura cinerea ktegether wibth Ehe resulks of bthe
The degrees of

xﬁ
freedom = 1 in all tests.

Sikes N
1. Blackstone 43
c. Burbage Brook S0
3. Cabin Clough a3
“+. Dean Clowugh 108
5. Holden Clough 139
G. Lady Clough =1
7. March Hill 78
B.  Moorhouse Mn. o4
3. Moorhouse 2 91
10. Nanmt., Traws, g
11. Nth. uWales 4 22
12. Ogden 200
13. Port Erin a8
1. Shinyg Brook cB8oe
15. Thomason's 77
16, Top Lady CI. 53
17. Wareham C 140
1B8. Baluain 3
13. Charnwood 121
20. Cressbroaok 85
2l. Glebe Farm 53
22, Lutkerworth 1 1695
23. tutkerworth 2 79
g4, Millers Dale 135
£25. Nailskone 11
25. Ouwston BG
27. Thrussington 30
£28. Wareham 1 43
23. Uuygmondham 31
30, Rising Clough 48
3l. South Beacon c8

Al lele Frequency
30 100 110
== .88 .116
-= .B20 .180
- .Be8 .172
- .783 .e11
- .860 .140
- .735 .265
- .795 .20S5
- . 646 . 354
- .632 .368
- .611 .383
- .86 . 136
-= .877 .1e&
- .938 .063
- 808 .132
- .733 .g01
- .907 .033
== .B43 .157
gee .72 .0%6
132 .88 .1B3

065 .56% .371
B0 .8602 .113
173 .688 .138
€93 .SB83 (158
113 .686 .185
136 .545 .318

.8a7 .65 . 128

.283 .567 .150
070 744 .186
177 .65 .177
- .756 .g44
g1t .E235 .181

testks of fik ko Hardy-Weinberg Equilibriom.

K2

. 524
. 195
. J64%
£.33

L0853 -

A
. 313
. 003
. 003
1.17
.48
. 394
0.00
. 3c8
LH71
.713
£.81
1.31
. 002
. 000
c.23
. 000
1.864
. 455
1.94
(= =
LA43
3.33
3.03
1.33
. oEa

. 463
653
. 5486
127
.B18
. 704
. 576
. 324
. 3e3
. 279
. 503
. 530
1.00
. S67
. 433
. 398
. 034
. 243
. 367
. 354
. 133
. 930
. 201
. 500
. 164
. 120
. 705
. 065
. Q8
. 157
. B8B83

Hu

. 208
. 2398
. 286
. 334
. B4e
. 333
. 328
. 467
. 468
. 503
841
. 2186
. 185
311
. 324
. 171
. 2E6
451
. 468
. 543
. 550
479
. SE8
. 463
. 610
. 519
. 586
S411
. 529
. 373
. 547

Table

3. 4.



TABLE

5. 5.

allele

frequencies
heterozygosity (Huw) at Ehe Phosphoglucose

and
i somerass

single
lozus

" locus
im 31

populations of Nemoura cinerea bEogether wikth Ehe resultbts of kEhe

Eeskts of fit ko Hardy-UWeinberg Equilibrium,

Eeskts.

xz
freedam = 1 in all
Slkes N
1. Blackstone 7B
2. Burbage Brook 78
3. Cabin Clough 133
4. Dean Cleough 151
'S3. Holden Clough 143
6. Lady Clough 95
7. HMarch Hitl 73
a. Moorhouse Mn. c4
3. Moorhouse 2 100
10. Nankt. Traws. 10
11. Nekh, Wales 4 29
12. Ogden 86
13. Port Erin 50
14. Shiny Brook 386
15. Thomason's 69
16. Top Lady Ct. 59
" 17. Wareham 2 143
18. Baluain iz
19. Charnwood 178
£20. Cressbrook as
21. Glebe Farm 78
22. Lutterworth 1 177
23. Lutkterworth 2 73
4. Millers Dale 310
25, Nailstone 10
268. Quskon ae
£/7. Thrussington Jo
28. Wareham 1 236
£23. Wymondham di
3d0. Rising Clough 105
31. South HBeacon o8

Allele Frequency X2
BO 100 120 140
132 .B868 - - . 0869
o4S . 355 - - e
o+ .356 —= - .813
0B 914 - - ‘4. 06
035 .958 007 - .251
003 .391 == — 0.00
o4 ., 3843 o0k — = V70
- 1.00 —— - -=
180 ,B800 023 - . 003
u-— 1.00 —= - -
.052 .932 — 017 - . 117
. 08% -, 3837 005 03 .011
. 058 348 - - . 186
.078 .904 o4 .,004 .787
L0851 .848 - ——— . 168
.017 .983 - - . 009
L0234 o144 - . BO7
.792 .208 - - .B31
.037 .86B1 003 —-— .276
L1768 . 8284 - -— .103
.033 .867 - - . 070
.028 .966 008 - . 189
.038 .3&62 - - 102
L1ES . 834% - - . 387
-= 1.00 — - ——
LO%7 L g4e 01¢g - . 293
.017 ,983 --. - 0.00
.023 .3862 013 Q02 . 350
— 1.00 - -— -
.0%3 .933 oa4 - . 135
.018 .g8z - - 0.00

£

. 732
. 708
134
. O4Y
.B17
1.00

-680"

. 360
. 732
. 317
. 658
. 373
. B68&
. 326
. a46
. Jbe
. 393
. 748
791
. B55
. 743
. 334
.588
1.00
. 55%
. t82
1.00

The degrees of

Hu

. 230

. 086

. 064
* 158
. 081
.018
. 037
0.00
. 323
0.00
.132
.113
.111
176
. 037
. 034
. 107
G b b |
.076
.23
. 064
. 068
. 074
.278
0. 00
111
. 033
L0741
0.00
127

.036

* denokes a sktakistically significant (p < 0.05) deviation.

Tabie

5. 9.



TABLE 5. 8. The allele frequencies and sitngie focus
heterozugosity (Hu) 38t the Phosphoglucomubkase |ocus in 31
populaktions of Nemoura cinersa togekther wikh kEhe resutks of khe
=2 keskts of fit to Harduy-Weinberg Equtlibrium. The degrees of
freedom = 1 in al! tests.

Site N fillele Frequency nz P Hu
30 100 110 120

1. Blackstone 74 - .Bee  .37. - L0588 814 474
c. Burbage Brook 75 .180 .840 .[1B0 -— .092 762 .S589
3. Cabin Cilough 139 .014 .676 ..3J06 .004 3.10 .078 .451
4. Dean Clough 162 .005 .730 .&65 ——— 1.83 .:i176 .398
‘S, Holden Clough 190 .00% .65%50 .383 .018 .8S33  .4685 .471
§. Ladu Clough 151 .030 .663 .301 - L3287 .567 462
Z. March Hill 77 —-— .537 .403 -— .03 .gB5 .4B84
B. Muorhouse M. a4 - 1.00 — -— - —— 0.00
3. Moorhouse 2 83 .005 .475 .520 —= 1.80 .179 .S07
10. Nantk. Traws. g - .B75 .15 ~— L0777 .78 .233
11. NEh. Wales 4 23 - 761 .e217 .022 .0&67 .795 .382
12. Ogden . 206 .002 .5946 .447 .005 £2.58 ,110 .503
13. Porkt Erin 1S - .733 . 267 -=— .1.95 . 163 L HO0S
i4. Shiny Brook ez .008 .630 . 3GE - 4.768 .029% %472
15. Thomason's 67 .018 .627 .35%1 .007 3.33 .048% L4857
16. Top Lady Ci. 59 .008 ..578 .271 .042 1.2 .€34% .463
17. Wareham 2 143 - .98 472 — L5977 .448 LS00
18. Baluain 12 - .833 .1867 - 1.32 .166 .E2930
19. Charnwood 133 - .601 ,3399 - 1.10 .295 .481
20. Cressbrook g7 .00 .B03 .38S - 1.63 .,220 .+483
"21. Slebe Farm 2 - .6B8 . 318 - .258 .612 .433
2¢. Lutkberworth 1 177 .003 .536 .330 .011 3.84% .072 .49%
23. Lukkterworkh 2 79 - 576 .411 .013 .001 .970 .S02
24, Millers Daie 262 .002 .643 355 - 1.63 .201 .461
€9. Nai lsktone 11 - 7273, B2ev - 735 .391 .[3J60
6. Dwskton a6 - ,570 .4H30 - 128 .786 .493
27. Thrussington do - .550 .433 - .01 .870 .518
£8. Wareham 1 ZeY .o002 424 .5B3 - 004 .4B3 .487 .437
£29. Wumondham : 34 - LS4 456 - .837 484 . 504%
30. Rising Clouwgh 78 .132 .68 .184% —= 1.732 .189 . 4894

31l. Scouth Beacon c8 .983 .411 - .098 754 .493

* denptes a sktatistically significant (p < 0.05) deviation.

Table

5. 6.



TABLE 5.7. The correlation coefficients of the common allele
frequencies and heterozygeosity atk  four polymorphic loci in

Nemoura cinerea with Ehe 5 environmental variabies. a)
Correlgtions including datas from alt sites. b)Y Correlabions
exclusive of Ethe Baluain and Wareham e siktes. c)
Correlations of rFPGM exclusive of Balvain, UWareham 2,

Nai Istone, Nantk-yg—Trawsmnant and Moorbhouse Mine.

LOCUS ALLELE LAT. LONG. ALT. pH COND.
AP 30 a) -0.876 -0.2i% =-0.122 +0.307 +0.1882
b) -0.339 -0.185 -0.193 +0.388 +0.145

100 2) = +0.274% +0.217 +0.110 -0.890 -0.170

b) +0.334 +0.186 +0.178 -0.311 -0,133

Hu a) -0.276 ~-0.260 -0.112 +0.296 +0.203

b -0.335 -0.211 -0.183 +0.320 +0.1G66
HDH 100 a)  +0.130 +0.4i2*' +0.318 -0.722°* -0.&632°
: b) +0.319 +0.453* +0.335* -0.721° -0.634%*
110 a) +0.045 +0.000 +0.305 -0.100 -0.210

b) +0.155 +0.117 +0.889 -0.075 -0.£86¢C
Hu a) -0.152 -0.4822 -0.388' +0.794%° +0.583*
b ~0.398!' -0.5362 -0.482' +0.7887 +0,539°

PGI BO a) +0.BB7% +0.400® +0.063 -0.182 -0.145
by +0.332 +0.191 +0.150 -0.067 -0.0386

100 a) -0.8B60* -0.405* -0.055 +0.114 +0.1862

B -0.31% -0.211 -0.175 +0.031 +0.1386

Hu a) +0.4352 +0.282 +0.104 -0.045 -0.150

b) +0.303 +0.888 +0.17% +0.108  +0.153
PEM 100‘5)' +0. 4511 +0.4822 +0D, 3781 -0. 152 -0, 4091
c) +0.368 +0.379 +0.306 -0.249 -0.366
110 a) -0.439* -0.4@1t' -0.391t +0.21%  +0,456?
c) -0.340 ~0.887 -0.296 +0.315 +0.439?

Hu a) . =-0.34%5 +0.1395 +0.177 -0.077 -0.176

c) -0.137 +0.281 +0.169 -0.027 -0.10B
He a) -0.1B0 -0.4912 -0.411t +0.G670° +0.333%
b)Y =-0.361 -0.5452 -0.4702 +0.E663* +0.5942

1) = p< 0.05, 2) ='p < 0.01, 3) = p < 0.001

Degrees Freedom : LAT., LONG. and ALT .a) = €9 h) = 27 ) = 24
(n — &)~ ' pH a8) = 88 b)) = 26 c) = &3
COND. ay = 86 b) = &84 c) = &



TABLE 5.8. The correlation coefficients between Lthe allelie
frequencies and Heterozygosikty at bhe Hexanol dehudrogenase
locus and the environmental factors for the category @ skream
populakions only.

ALLELE LATITUDE LONGITUDE ALTITUDE  PH  CONDUCTIVITY
d. f. 11 11 11 11 3
S0 +0. 236 ~0.216 +0.113 +0. 341 +0, 259
100 +0.113 +0. 476 -0.205 ~0. 441 -0.531
110 -0. 300 -0.183 +0. 064 +0., 048 +0. 194
Hu -0. 081 -0.519 +0. 203 +0. 452 +0, BHE*
(+0.434)1

1 Correlakion exclusive of Baltuain (d.f. 8)
¥ = p <0.05

TABLE 5.9. X2 Conmtingency amailysis of kEhe variability between
the allele frequencies at four poluymorphic loci in 31
populations of Nemoura cinerea

Locus No. Alleles X2 d.f P
AP 3 320.4 60 < 0.001
HDH 3 821.8 50 "
PGI 4 533.7 30 .
PGM 5 375.2 120 .

Tsble 5.8. and S5.9.



TABLE 5.10. Wright's (1378) Hierarchical F—- statistics ko show
the variation of the populations wikthin and bekween the two
skream categories. The figures in parentheses are the f-values
for PGI exclusive of the Baluain data.

F-Value
Locus Within Between Tokal
Categories Categories

tald 0. 042 0.001 0.043
HOH 0.028 0.031 0.058
PGI 0.2E61 0. 003 G. 2355

(0. 049) (=0.003) (0. 048)
PGM 0. 052 0. 002 0.053

TABLE S.11. Nei's (1378) mean genek ic distance between
populations of Nemoura cinerea in the two stream cakegories.

Category No. Pops. 1 : (=4
a
i 18 6,017
(0. 000-0, 098)
b c
= iz 0. OEB 0.01@
(0.000~-0.111) (0.000-0.058)

E - test @ — b be= -3.837 P < 0,001
b-c¢c ty=-5.187 P < 0.001
a ~c tp= 1.093 P = 0.2876

-
T

Table 5.10 and 5.11.



TABLE S5.12. Temporal allele frequency variak ion at Ethe
Aminopepk idase locus in S populations of Nemoura cinerea from
the Derbyshire Peak Disktrick.

Site Dakte N Allele Frequency X2 d. f. P
30 100 '

Thomason's S 1961 12 - 1.000
W 1881 c3 0.018 o0.982
S 1362 48 0.021 0.979 10.63 “ 0.031*
W 1382 S3 0.102 0.835x*
S 1983 &3 0.080 0.920

Miller's W 1ssz 117 0.030 0.970 0.40 1 0.5e6
S 13963 g7 0.041 0.953

Top Lady Ci. S 1382 25 0.060 0.940
W 1982 72 0.0z 0.958 0.32 2 0. 853
S 1983 39 0.042 0.938

Lady CI, W 1981 == 0.045 0.355
S 1982 16 0.063 0.937 0.3c 3 0. 356
W 1382 2S5 0.060 0.340
S 13983 S0 0.070 0.330

Rising ClI. 5 138c c3 0.152 0.84B 0.07 1 0.786
S 1984 41 0.171 ©0.823

S = 'summer’, W = ‘uwinter'

#* denokes a statistically significant (p < 0.05) change.

¢

Table 5.182.



TRBELE S.13. Temporal allele frequency variaktion atk Etkhe
phosphog lucose jsomerase locus in 8 populations of Nemoura
cinerea from the Derbyshire Peak Districk.

Sike Date N Al lele Frequency Xz d.f. p
80 100 120 :
Thomason's 5 1381 16 - 1.000 -
W 1281 41 0.037 0.963 -
S 13Be &2 0.065 0.335 - t.10 ¥ 0.33E
W 1sec 786 0.026 0.374 -
S 1383 &8 0.04% 0.356 -=
Mitler’'s w i3sz 213 0.20% 0.7386 == 14.26 * 1 <0.001
S 1383 =g 0.0B82 0.918 -=
Top Lady Ci. 5 1982 S0 0.020 0.3970 0.010
W 13982 71 0.043 0.330 0O.021 5.10 4 0.192
5 1383 S3 0.017 0.383 -
Lady ClI. W 13981 a4 0.003 0.991 -=
S 138e 3as - 1.000 - 11.11 == 3 0.011
W 138c 48 0.063 0,3c7 -
S 13583 S5 0.003 0.991 -
Rising CI, 5 138c 29 0.0%2 0.31% 0.034 0.77 2 0.86881
s 1384 40 0.050 0.938 0.013

* denokes a8 skabtisktically significant (p < 0.09) echange.

Table §.13.



TABLE 5.1%. Temporal alilele {frequency variation ak the
phosphoglucomutase locus in S populakions of Nemouras cinerea
from the Derbyshire Peak Districk.

Site Date N Allele Frequency X2 d.f. p
30 . 100 110
Thomason's S 1981 o - Q0,795 0.205
W 1381 28 e e 0.7B8 0,212

S 1982 43 - 0.651 o0.3%9 10.91 8 0.207
W 1382 65 0.023 0.848 0.331
S 13883 &6 0.015 0.629 0.356

Miller's W 18982 188 0.003 0.645 0.351 0.48 2 0.73%
S 13983 74 - 0.635 0.365

Top Lady Ci'5 13982 38 0.01i3 0.638 0.3¢9

W 1382 B35 - 0.683 0,300 3.5 & 0.741
S 1383 a6 0.003 0.71% 0O.Z68

Lady €. S 1382 33 0.015 0O.EBBE2 0,303
W 1382 £5 - 0.580 0.420 1.35 3 0.510
S 1383 (== - 0.6853 0.34%1

Rising Clt. S 19B& 20 0.125 0.700 0,175 .07 2 0.386
S 0.6793 0.173

1984 39 0.141
1) Note the 120 alielie Trequency not shown
TABLE 5. 15. Temporzal allele fregquency wvariaktion akt the Hexanot

dehydrogenase—1 locus in 2 populations of Nemoura cinersa from
the Derbyshire Peak Districk,

Sikte Dakte N Al lele Frequency el d. f. 24
Jo 100 110

Thomason's S 1382 25 - 0.320 0.080 2.06 1 0,152
S 1383 58 - 0.840 0. 160

Miller's W 1968 40 0.100 0.885 0.075 10.43 & 0.005%
S 1983 ° 95 0.186 0.642 0.238 , -

f* denotes‘a skatistically significéhtm;hé;é;wfmpr{:0.655. 

Table 5.1% and 5.15.i
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Figure 5.5. Allele frequencies at the PGI locus for thirty-or
populations of N. cinerea
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CHAPTER B

THE TOLERANCE OF NEMOURA CINEREA TO ACUTE ACIDITY STRESS

B.1. Intkroduck ion

The resulkts of Ehe investigation inmko inter—-popuiation
genetic var?ation in N. cinerea (Chapter 3) revealed a clesr
association between the distribution of Ehe HDH-1 30 allele
and stream ‘tuype’. The 90 aliele was only present in [ower
aibtitude streams wikh a high pH and high conduckivity. The
most likely explanation for this non-random disktribution is
Ehat the 30 ailele, or amokher closely |inked gene or genes in
disequilibrium with ik, has been removed from higher altitude,
jow pH and low conductivity streams through the action of
natural selection. Stream water chemistry, especially acidity
(pH) was preoposed as a possible selecting =gent because
regression analysis revealed 8 stromg relaticnship between pH
and tbhe frequancg of the HDH-1 100 =zllele and between pH and
heterozugosiky. However, although correlistions between gene
frequency and = pregumed seleckhive agent provide evidence tEhab
natural selection rather than ramdom drift has influenced the
distribution of a particular allele, only direck cause-effeck
laboratory experiments can unambiguously relate changes in
gene frequency to a seliective agenk (Clarke, 1375; Nevo ek ail,
1880). Therefore, taxicitg tests were carried ouk Eo determine
the tolerance of N. cinerea to acidification, and Eto
inveétigate whether numphs from naturalily acidic skreams were
more toleramt Ehan those from neutral or alkaline streams,
Bifferential survival or fitness of any HDOH genotype could be
determired by screenimg the numphs used in texicikty tesks on
poputlations from aikal ine streams.
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6.2.Materials and HMekhods.

Details of the apparaktus zand experimental procedure

are given in secktion 2.5. (Chapter 2).

6.2.1.Experimental Crganisms.

The numphs used in these 985 hour acuke btoxicikty tesks
came from Thomason's Hollow, am acid stream (pH 4.5) in the
Derbyshire Peask District (site 15 in Chapter 5) and Gliebe
Farm, an alkaline stream (pH B) in Leicestershire (site 21 in

Chapker 5).

6.2.2.Analyusis.

The 96 hour LC-50 values and . Eheir confidemce limiks
(Fiducial Limits) from each test were determined by probik
analysis (Finney, 1371). Differences in the LC-30's were
compared using the rmomographic relative potency analyusis of
Litechfield and Wilcoxon (1343). Chi-squared contingency tables
were wused to compare the gene and genotype frequencies of the
numphs kil led in the toxicity Etests wikh Ehose of the

survivors from acidified chambers and non-acidified conktrols.

G.3.Results.
The mortalities observed after 36 hours in seven

toxicity ktesks are shiown in Tsble 6.1. The percentage of the

animails killed at esch pPH was pilotked on a probabilikby
(probit) scale =againsktk hudrogen ion concentration on a
logarithmic scale (pH)., (Figures B.1 - E&.4). The regression
lines and 38 hour median Jlekthal concentrakions (96 howr
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LE-50) uerg calcufated by probit analusis. The 96 hour LC-50's
and their fiducial limits.are shown in Table 6&.2. together
with Ehe regressiocn coefficienks (b). (Fiducial limiks are
used in Ehe analysis of toxicity daka rather than Ehe more
common variance and confidence |limiks because khe variance
-should only be wvsed ko describe direck observations or
statistics calculated from the cbservakions. Fiducial [imits
are a statement that there is 954 chance that the LC-50 value
falis within the specified limikts (Finnew,1971)). The LLC-50's
rangedhfrom PpH 2.960 Epo 3.221 which converts Eo & hydrogen ion
concentration of 10396 to 602 micro equivalents per litre.

The regression lines and LC-50's were compared using
the method of Litchfieid and Wilcoxon (1843) to determine T
Ehe responses to pH were significantly different for the kuwo
populations and whether doubi ing the concentration of
dissolved salks or adding calclium . ions (20 m@. |-t . as
Calcium niktraste) could aiter tEhe toxic response. These results
are shown in Table 6.3, There were stakistically significant
differences (P < O.bS) between most of the btoxicibty estimaktes
Wwith eikher the slope of the regression |ine or the LC-50 (or
both) being different. Nom—parallelism of regressicn |ines
indicates tha& differences in the Eoxic response were
inconsistent over kthe range of doses used in kthe tests being
compared, so that a8 simple comparison of LC-50's ;Duld be
misleading (eg. between tesks @ and 7, and between ktesks % and
5). These differences mighkt bave been predicted, since the
paired compar i sons were between different populations
(Thomason's Hollow or Glebe Farm), differemnt wakter condibtions
(Mo added salks or double corncenktration or calcium  ions
added), or numphs of different =2ges or from different years
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(see site/sample date in Table 6.2).

The gene and genotype frequencies from two LEoxicity
Eests on numphs from the Glebe Farm site are shown in Table
B6.% together wikth the results of X2 cont ingency analysis. No
significant differences were fourd between the genokbypes or
gene frequencies of those that were killed, BEhe survivors or
the conkrolis., Figure §.5 shows Ehe gene frequencies of khe
ngmphs from two kests,

Daté from Ehe ktests sktarking on 16.5.83. could nokt be
used for determining LC~50's due ko am excess of deatkhs in one
control chamber. This muskt have been contaminated in some way.
Twno other tes&s from Jurne 1383 were not used ko debtermine
LC-S0's because numphs emerged as adults in bEhe test chambers.
This invalidated the tesks becsuse kthe sdults were no longer
exposed to acid stress. However, these tests did show bthst
adulks couid sucecessful ly emerge from water with a pH of 3.0.

The genobypes of these adults are shown in Teble 6. 5.

6.4%.D0iscussion.

The 86 hour LC-50's for N. cinerea ranged from pH
2.968 ko pH 3.22. These values are similar to those reporkted by
Lechieiktmer et al., (1385) for three North American stoneflies:

Tallaperla maria and Pteronarcys proteus (pH 2.8, and

" P.dorsata (pH 3.3). However, mosk S8 hour LC-50's reported for

stoneflies are higher. In Murphy's (137B) review of koxicikty
tesk data, the remnge for eight North American species was from
pH 3.283 ko pH 3.33. This gives an indication that N. cinerea
is probably one of the most acid tolerant stomefliy species
amnd pProvides laboratory evidence to explain why this species
is often one of the dominant invertebrates in Europe’'s acid
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streams (Okto amnd Svensson ,1883).

The comparison of the acid tolerance of two different
populations did not give Ehe resulke that might have beeh
predicted. Nymphs collected from Ehe alkaline skhream ak Glebe
Farm, where the water chemiskry was very different from the
test condikions, proved to be equally, or more, tolerant Lto
acid Ehan those from Thomason's Hollow {Teble B.2). This
conkrasts wikh reporkts pf comnsistent differences in acid
tolerance between populations of fish (Gjedrem,1376, Swarts et
al, 1378 and Rahel, 1383) and aqustic insects (Jernelov ek
al,1380) coliected from naturally scidic or neuwtral/s/alkaline
wakers. In 3l EbEhese cases, organisms Trom alkaline streams
(or from hatcheries) were more semnsitive ko acid skress. The
results of Ethe toxicity tests on N. cinerea from Glebe Farm
show that this species has a remarkable ability Eo survive
iarge changes in external pH, at least. for shorkt periods (S8
hours).

Many investigations imto the btoxic mode of actkion of
low pH have found thét ionic reguistion is adverseiy affected
bgy increases in the external hydrogen ion contenkt {see Fromm,
1380, and Havas, 1981‘ for reviews). Evidence for this has
come, in park, from observations that survival can somek imes
be prolonged st low pH by adding sodium or caicium ions ko the
test water (Packer and Dunson, 1370, Leivestad et =l 1376),
and that natural fish populations tend to be lost firsk from
dilute lakes (Schofield, 1878). The effeck of =2ddinmg ion
supplements was nok examined in dektail in bthe present sktudy.
The results from the three occasions when extra salts were
added were nok comsiskent, however. The ion supplemenks
signiflicently reduced mortality in Ehe two tests on  nunphs
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from Thomason's Hollow buk Ethere was no change in the test

involving numphs from Glebe Farm (Tables 6.2 and 3). Also, 3

comparison of the toxiciky curves shows kEhat, im tEhe first
experiment on nymphs from Thomason's Hol low, when 20 mg. 1 -?
Calcium was added, the Iline was parallel with the
nﬁn-suppiEment' curve. This indicates Ehat calcium reduced

toxicibty over the whole range of pH's used. In the experiment
where the btotal saik concentrastion was doubled, Ethere was a
significant increase in the gradient of the 1ine (P <0.001).
This indicates that survival was only improved =t pH's grester
than 3.0 and, in fack, there was increased mortality at pH 3.0
(Tabie G.1). These inconsistencies mean that nme firm
cancfusinns can be drawn aboutk Ekhe Iimporkance of ionic
regutation in pH induced mortality in N. cinerea,

One reason why bEhese experiments failed Ko give cliear
evidence that mortalikty was caused by a failure of Lkhe
aosmoregu |l akory system ccula be that Ethe ion supplements were
not sufficientiy concentrated to reduce mortality. Severé!
workers have reportéd that only very high concentrations (more
than 200 times tEhose used here) have a noticeable effeckt on

fish mortality (in Havas,1981l). However, |lower concentrations

have been effective in invertebrates (Greenwood ekt al. 13886),
and McWilliams & Pokks (137B) showed Ehat 20 mg.l-!' of
calcium reduced gill permesbility to hudrogen ions in brouwn

trout by 43% compared to solutions with no added calcium. A
further explanation could be that the ion supplements can
only reduce mortaliky for a short bEime (hours) so that the
effectk was missed over 96 hours.

The anmalysis of bEhe HDH-1 genotupes of tEhe mnumphs used
in the testks did motk suggest Ethat low pH was directliy
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responsible for the removal of kEhe 30 allele from acid stream
populations (Table B.4.), Individualis with the 390 allele
appeared ko be equally tolerant ko acid skress as those with
the 100 or 110 alleles. This reswltk is consistent wikh kEhe
finding thakt numphs from alkaline streams are as Ltolerant ko
iow pH as those from acid streams. It appears, therefore,
Ehat another environmental facktor (or fackors) may be
responsible for the non—-random diskribution of the HDH-1 30
allele amongst popuiations of N. cipnerea in Britain, One

possibility, food quality, has already been proposed im

Chapter 5. However, ik is not possible Eo completely rule ouk
low pH a8z a8 seleckive agenk. Different life stages may have
different sensitivikties to acid stress, Bel | (13715 showed

Ehat Ehe pH fTor the successful emergence of 50% of adulbts was
usualiy 1 unik higher than the 968 hour LC-50 for the numphs,
and several workers have shown bthast egg haktching and early
growth in fish is particulariy sensitive to low pH (Fromm,
1580). IE iz possible Ehzk acidity couid directig remove
individuals with Ehe HDH-1 30 allele at these critical stages.
However, there was no evidence that there was a difference in
Ehe genctupes of Ehe emergent adults screened in bthese tests
(Table B.9). Unfortumately, atbkempts ko hatech N. cinerea eggs
in Ehe |aborastory were unsuccessful. It is also possible bEhak
any differential survival of HDH-1 genctypes would only be
apparent, either at even lower pH's tham those used here, or
over a3 longer time period. fittempbks were made to carry ouk 30
"day LE-50 tests buk Ehese were uvnsuccessful due tEo poor
swurvival of numphs in bobkh test and control condikions.

Thus the evidence presented in khis chapter is not
supportive of a directk mechanism of acid selection at khe
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HDH-1 locus in'N. cinerea. There was no difference in the

{ C-50s for acid or alkaline stream populations and no
differenkial survival of HDOH-1 gencotupes was detktected.
However, oniy resistance Eo shork Eerm ascuke acidibty was

measured, Itk is possible that different HDH-1 genotypes have
" different [ ong Eerm resistances to low pH, Iincluding

differences in fecundity in acid conditions.
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Table 6.1. The number of mortalibties observed at each pH In
the 36 hour scuke toxicity kests.

Site/

Addit ions No. per Number Dead after 98 Howrs

Sample Dake

NOU Wi e

TH
*N

Tabl
fidu

.TH 6.12.882.
.TH B.12.8&.
. TH E6.%.B83.
. TH E28.%.83.
. GF 30.35.8c.
.GF £27.4.8B4.
. BF 87.'. 84,

Thomason's

chamber 2.8 3.0 3.2 3.4 3.8

20 per chamber

e 6.2. The L
cial limits

-— 30 30 24 6 0 0
2Omg. I” Ca 30 30 15 Y4 0 o}
—_—— 30 30 15 & 0 o}
salts X 2 30 I ez 4 0 0
——— 20 20 17 6 2 o)
-— 30 ®16 13 3 - 0
20mg. i" Ca 30 1 Y4 10 6 - 0
Hollow, GF = Glebhe Farm.
C-50's (2s p.eq. i?' of budrogen ions and pH).

and regression coefficients (b) calculaked

wsing Finneu's (1971) probit anaijusis for the 36 hour ascute

Eoxi

Test

city kests.

Site/

Additions N  LC-50 Fiducial

o

No. Sample Date

1

z

H.eq. - pH Limiks

Thomason's
6.12. B62.

Thomason's
26.%. 83.

Glebe Fm.

30.5.83.

Giebe Fm.
27 .. 84.

———- 180 734 3.10 3.057-3.143 8.8
20 mg. 1-*Ca 180 335 3.03 2£.953-3.098 7.7
———= 150 B01 3.2 3.141-3.E273 S.7
Salts ¥ 2 150 738 3.10 3.061-3.134% 12.4

- 120 700 3.15 3.096-3.215 5.8

———- 140 1036 2.368 £.885-3.013 5.4

20 mg. | -1Ca 140 1086 .35 2.3806-3.012 3.7

¢

Table 6&6.1. and B6G.2.



Tabie 6.3. The probazbilities of accepting the nultl hypokhesis
{no difference) for comparisonrns between the slopes of the
regression [ines (below diagonal) and LC-50's (above dizgonal)
of Ehe 968 hour acukte teoxicity Eests (from the nomographs of
Litchfield and Wilcoxon, 1343).

Test 1 2 3

* 5 6. 4
1 ———— <0.05 <0.001 N. S, N.S. <0.0% <0.01
= N.S ——— <0.001 <0.05 <0,01 N.S. N.S.
3 <0.0S N.S. - <0.01 N.S. <0.001 <0.001
il N. 5. <0.01 <0.001 e N.S. <0.001 <0.01
S N.S. N. 5. N.S. <0.01 ——— <0.001 <0.001
5] N.S. N.S. N. 5. N. 5. N.S. ——— N.S.
7 <0.01 <0. 0% N.S. <0.001 <0.05% N. 5. ———=
N.S., = no significant differance

Table 6.3.



Table B.4. a.) The genoktuype numbers armd b.) kthe gene
frequencies atk the HDH-1 locus in N. cinerea numphs from the
Glebe Farm site screened foilowing 96 bowr acute Ltoxicikty
teskts (d.f. = degrees of freedom, P = Probabilitu, conkt =
conbtro! group).

a. ) . :
Tesk Group Gencktupe Numbers X2 d.f. P
Date 30 30 S0 100 100 110
S0 100 110 100 110 110
conkt 1 11 3 3 Fid 1
30.5.83. des=sd c 11 “+ 17 3 1 7.93 10 0. 5%
live 3 B 1 11 7 1
conkt 1 B % a8 3 1
16.5.83. dead b | 18 5 28 11 a8 9,17 i0. 0.52
live hes 24 3 30 a 3
b. )
Teskt Group Allele Frequencies ol d.f. P
Dake 30 100 i10
cont 0.296 0.57% 0.130
30.5.83. de=d 0.2580 0.832 0.119 i.04 4 0.30
live Oo.242 0.587 0.161
conk 0.261 0.543 0.1396
16.5.83. dead 0.209 0.574% 0.218 S. 44 4 0.25
live 0.2el o

.B57 0.121

Tabie 6.5. The genotypes of the adult N. cinerea (from Glebe
Farm) that successfully emerged from the kesk chambers during
96 howur acuvkte toxicity kestks.

Test Date Genotype numbers
20 30 50 100 100 110

30 100 110 100 110 110

June 13983 c 5 3 11 5 -

: Table 6GB.Y. and 8.95.
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Figure 8.1. The percentage mortality - of N.cinerea nymphs in
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analysis. Co :
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CHAPTER 7

THE EFFECT OF LOW PH ON .THE RATE DOF OXYGEN CONSUMPTION

IN NEMOURA CINEREA

7.1.Introduction.

Manuy investigakions inko the toxic mode of ackion of
acidity have been carried ouvt on aquatic orgsnisms, thowugh most
work bas centered on fish (Fromm, 1980; Havas, 1381). From
these stuwdies ik appears bthat at least Tfour interreiated
phusiglogical functions may be affecked by low pH. These are
acid-base balance, sodium regulation, calcium regulastion and
respirahion. Their relative importance is thought ko depend on
the ambient huydrogen ion concentraktion. However, 8 complete
understanding of the process is hampered by Ethe wvariable
responses of differenk organisms ko acid skress.

Of khe four fumctions, kthe influence of Ilow pH on
respiration has received the least attention in invertebratgs.
Oniy two reports relating to this sub_ject could be found in
the literature. Doberty and Hummon (1980) fouwnd bthat acid mine
water did Aok consistent |y alter the respirakory rates of two
mayf ly species and ones skonefly species. In conkraskt, Al ibone
and Fair (13681) foumnd kEhak low pH wvalues severely depressed

the oxygen upbtake raktes in the crustacean Daphnia magna, This

differemrce in response could be a2 reflection of their
different tolerances te acidification. However both
investigations had methodoicgical deficiencies which maw [imik

the general applicabilibty of Eheir findings: Doherty asnd
Hummon vsed Warbuwrg manometers to determine oxygen
consumpt ion. No substrétum was wsed ko reduce disturbasnces
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caused by the sixtg skrokes per minute shaking mokbkion, and the
long measurement period (3 hours), together with the smal i
volume (2 ml) of ktest fluid wsed, may have resulked Iin a3
considerable reducktion in the oxugen concentration. No dektails
were given however, In a critical review of Al ibone and Fair's
(1381) paprer, France (1388) rPointed ouk that Lthey reslly
measured the effecks of carbon dioxide rather than pH 6n
oxugen uptake, The carbon dioxide arose as an artifact of
their method of acidifuing Ehe btest water immediately prior to
measurement in a closed oxygen eleckrode system.

The problems of maintainfng a constank ambiemnt oxygen
concentrat ion and of minimising phusical disturbances ko kEest
organisms during the addition of a specific poliutant can be
overcome by using é flow-through respirometer (Maki et al,.
1873; Nagel!l 1975, a2nd Gnaigner, 1983). fAin investigaktien inkto

Ehe effecks of louw pH on respiration in Nemoura cinerea under

Ehe more natural conditions eroduced by a flow-through

respirameter is reporkted in this chapter.

7.2.Materials and Mekhods.

Dekails of the apparstus and experimental procedure

are given in secktion 2.68. (Chapter 2).

Z.2.1.Experimental Oroanisms.

Wikh EkRe exception of Ehe experiment conducked on
£5.1.83, all Ehe numphs used in the studies on oxuygen upkbake
came from an acid skream, Thomason's Hollow, in Ehe Derbyshire
Peak Districk. The nruymphs used on 25.1.83 came from an
alkaline site at Glebe Farm in Leicestershire.
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7.3.Resulks.

AN example of the output  from Ehe chark recorder from
three days of experiments is presented in Figure 7.1. From
this it can be seen that Ehe recdrding of the oxygen
concentration from the respirstory chamber was more variable
than thakt from the reservoir. This may have been partly caused
by changes in khe respiratory acbtivity of tEhe numphs but the
maih reascn was tEhak mixing of the water was affeckted by kEhe
pulsakting flow produced by the peristaibic pump.

The Eau dakta taken from recordings similar to kBEhose
shown in Figure 7.1 were used to calculate the mean rate of
oxugen consumption per animal (nl/br) and weighkt specific rate
of oxygen censumpktion (Hl/g/hr) akt each pPH (Table 7.1) The
details of each experiment are alsoc included in the kable. The
weight specific rate of oxugen consumption was calculated for
comparison wikth similar pubiished data.

The relationship between respiration (R) and mean dry

weight (W), uvnder both acid and meutral conditions, is shown
in Figure 6.2. The regression equations of the |ines have the
form : log R = g + b(log W) with R in ni02/hr and W in mg dry
weighkt.

At PHV7-0 the regress}an equation was: jog R = 3.0174
+ 0,.39006 iog W (Ehe correlsation coefficient ~ = 0.33) At pH
‘3.0 the regression equation was: log R = £2.8350 + 0.8507 log W
{(r = 0.33) In both cases the regression coefficient b was
significantiy different from zero (te = 27.6 at pH 7 and £ =
13.7 at pH 3, P < 0.001). This, togekher with Etbhe high
correlfakion coefficientks (P < 0.001), gives 2n indicakion of
Ehe strong mass dependence of the rate of oxugen upkske.
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The rakte of ox ygen uptake was compared at pH 7 and pH 3 for
all sizes of numphs by a test of the homogerneity of the
regression coefficients (Bailey, 1993). The null hypothesis H:
b1 - b2 =0 was tested where bl = Ethe coefficient of
regreésion atk pH 7 and b = the ecoefficient of regression akt
pH 3. Ng signiflicant difference was found between Lthe
coefficients (k,s = 0,13, P>> 0.10) which indicaktes that there
was no difference in the rates of oxygem upkake akt pH 7 and pH

3. ' i

7. 4. Discussion,

The flow-tEhrough respirometer seemed to perform - very
well throughouwt Ehis series of experiments. The read-out from
Ehe oxugen eleckrode was skable in each experiment, and the
results were consisktent bektween years, and over a range of
animal sizes., The values obtained for the respiration rate of

Nemoura cineresa at 10°C (sboukt 1000 wlAg/hr) were cliose ko

those cbhitzined by Nagell (1973). He vused a similar
flow-through respirometer to determine the effects of reduced
oxygen concentration on the ratke of oxygen upkake in one
mayfly and Ethree skonefly species, incltuding Nemoura
cinerea. There was considerable variation in Ehe oxugen
consumpb lon wvatues he obtained. However, he reported an
averzge of around 750 wl/g/hr for "full grown® N. cinerea
nymphs at B°C and 2 dissolved oxugen concentraktion around 10
mg/l. 'Full grown' numphs wére used in the tests carried ouk
irn July 1382 and 1383 here.

One of Nagell's findings influenced the experimental
procedure uwused here. He showed Ethak, for.all the species

examined, the rate of oxygen consumpbtion reached a plakeau at
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about © B mg 02/1 and was independent of Ehe ambient
concenkratlon abhove this. Hermce, the initial dissolved oxygen
concentrat ion of tﬁe water in the reservoir was not closely
control led before tEhe stark of the experiments Lto determine
the effect of low pPH om respiration., A comparison of Ehe rates
of oxugen consumpkion Df_ equal sized numphs ak slightly
differenkt initial oxygen concentrations (Table 72.1) is in
agreemenkt with Nagell's concliusions bthat small changes in tEhe
dissolved oxuygen concentration do nok affeck uptake rate when
initial levels are high.

The vaiues for the rate of oxygen consumption of N.
cinerea also compare favourably wibth kEhose obkained by Knight
and Gaufin (19686). They uwused Warburg apparatus to invesk igate

the respiratory mekbabolism of several Norkh American stonefly

species. The species most simiiar ko N, cinerea , in terms of
size, were Nemoura cinchtipes and N, californica with an

average dry weight of 1 to 2 mg. Their oxugen consumpbtion
rates were fﬁund to be 1144 =2nd 17683 1l /g/hr respecktively, at
10°C. Knight and Gaufin (1966) 2l=so imnvesktigated the effeck of
temperature on oxygen consumphkion and found temperakure

coefficients (B 0) of aboutk 2.2 in Ehe 5 to 10°C ktemperasture

range. If N. cinerea Iis assumed Eto have a similar 0Jio0,
Nagell's (18373) resulks can be adjusted to give an average

oxygen consumpbtion of 915 wl/g/hr atk 10°C, results very
similar to those described here.

Both Nagell (1873) and Knight and Gauwfin (1366)
reported that kEhe rate of oxygen consumption was influenced by
body size. Nagell (1373) simply stkated thak small specimens of

N. cinerea and the mayfly Cloeon dipterum were more

efficient in Eaking up oxygen at |ow concentrations and had =
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higher consumpkion than Iarger ones st BEhe same concenkrakbion.
Knight angd Gaufimn (19688) made a fuller Iinvestigakion of the
relationship between body size and respiration rate. They

found thak, for nymphs of Acroneurisa pacifica and

Ptercnarcys californica weighing less Ehan 60 and 100 mg

respectivelu, Ehe coefficents of Ehe regression of locg. oxygen
uptake on log. dry weight were 0.72 and 0.390. These are
similar to Gthe values obtained for N. cinerea in Ehis study
(0.85 =and 0.30).

The regression coefficent is Ehe gradienk ef the log. -
log., plok of oxygen upkake rabte against body weighkt. This has
heen fqund to have a value of about .0.75 for mosk species
examined (Hemmingsen, 13960). This means that ailthough the rate
of oxuygen consumpkbtion per individuoal iz greater in large. .
animals, their weight specific raﬁe of oxygen consumpkion will
be |ower tEhan thak of small ones. Various explanaktions have'
been proposed to expiain this phenomenon Ehough none seems Eo
be universalfg.accepted (Prosser, 1373, Banse, 1382).

The regressiﬁn coefficient for N. cinerea  is slightly
higher tharn bthe generzally. quokted value for the mass dependence
of oxugen upktake. This may have been caused by Lhe kempersture
used in Ehe experiments Lo determine the respiratory rakes.
Several workers bave reported an inverse relationship. bebuween
the regression coefficent and temperature in invertebrates Cin
Banmse, 13B82). The value of 0.73 was derived from experiments
conducted st £0°C whereas the rate of oxggén uptake - in N.
cineres was determined at 10° €. However, high coefflicients
of mass dependence of between' 0.80 and 0.35 have aiso been
reported from other stwudies of tEhe respirstory phusiology of

smal |l invertebrates (lyg to 40mg dry weight). This has led to
. < ,
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the conclusion that EkEhese Drgaﬁlsms da not folijow Ehe same
patktern of mass dependent reduckion in respirakion rate as kthe
larger organisms used to give a value of 0.75 (Prosser, 1373).

Numerous phyusiological and toxicological studies on
fish have shown that acidifiecskion can cause a significant
reduck ion in the rate of oxygen uptake leading Ete eventuwal
desth by bhyupoxia (see Fromm, 1980 and Havas, 1881 for
reviews). This, teogekher wikh Ethe observabtion that several
insect species that rely on akmospheric oxugen are common in
acid envirnnment% {Hulktberg and Grahn. 1975; Havas and
Hubkchinson, 1981), has lea Lo bthe inferermnce that invertebrates
may be similariu affeckted (Heaevas, 1881, Alibone and Fair ,
1981). Houwever, the resuvits of kEhis study, together with those
of Doherty and Hummon ¢(1380), indicate that acid pollution
does nok affeck EtEhe respirsation of asquatic Insects. No
significantk change could be dekeckted in bEhe rate of oxyugen
vpbake of N. cinerea even at a pH of 2.5 which was found te
be: Eoxic Eo 20% of the tesk arganisﬁs within 24 hours in
prel iminary scukte tnkicitg tests (Chapter ).

The apparent lack of involvementk of the respiratory
systkem in Ehe toxic effeck of scid poliuvkion does nok, on
reflection, seem Etoo surprising. In fish, respirstion is
affectked only at pH's below which problems ‘uith ionic
regulation and acid-base balance are known Eto occur. The
reduck ion in oxygen wpkake is thowught Eto be caused by the
reduced carryging capacity of haemogliobin as the blood pH falls

(Fromm, 1380). Nemoura cimerea and the species studied by

Doherty and Hummon (13880) do mot rely on respiratory pigments
o transport oxygen and seem, therefore, to be unaffected by
low pH., IbE may be speculated bthat invertebraktes that possess

7
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respirastory pigmenkts might show a3 similar'respiratorg response
to acidification as fish,

In the absence of arny respiratory pigment to cause a
reduction in Ehe rake of oxygen upbkake akb low pPH, ik was
thought that the opposite reaction might occuwr i N. cinerea.
Internal ionic balance is maintained in all freshwater
organisms bu the active uptake of sodium ions againsk a
concentration gradient. Low pH inkerferes with tEhis process,
mainly by increasing the rake of sodium loss, so khat more
energy is needed ko replenish it by active uwpktake (Havas,
1981). The increase in the eneray demands Tor ionic reguiation
could be mek by an increase in Ehe rate of oxuygen uptake when
organisms are exposed to acid skress. A similar hypothesis was
proposed to account for kEhe reductiorr in growch rate of a3
maufliy in an experimentally scidified stream im NorkEh America
(Fiance, 1978) and the reduckion in the calorific content of
stoneflies, mauflies (Raddum, 1379) and the waterlﬁuse Asel lus
(Skeigen and Raddum, 1981) exﬁosed ko low pPH. However, as
menkt joned above, no significamt change was recorded in Ehe
rate of oxygen upktake in N. cinerea after scidification.

At least btwo explanaktions can be proposed £Eo account
for tEhe lack of a respiratory response to acid condikions in
N. cinerea. The Tirst is thakt bEhe oxugen eleckrode was nok
sensitive enough Lo deteck subtlie changes in oxygen uvptake.
This seems uwunlikely however, since the electrode did respond
Eo minor changes caused by poor mixing or small alterakions in .

fiow rate through the respiratory chamber (Figure &.1). The

second explanast ion is khat ionic regulation was unaffecked
under the condibtions used or within the bkime Jimits of the
experiments. fiquatic insects, including the Plecoptera, are
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kanown Eo use wvarying amounts of orgsnic compounds for -
osmoregulastion (Sukcliffe, 1962, 1963) which may expldin
their tolerance ko low pH . Several aguaktic insecks including

Dipkera (Havss, 1981) and Ethe waterbug, Corixa puncktata

(Vangenechten and Vanderborght, 18380) have been shown Eo be
capable of mainktaining consktant haemorgmph sodium
concentrakt ions TfTor several days st pH 3. The acidified wakter
used in the respirometer was found to be ktoxic to N. clnerea
nymphs with the 96 Hour 1C-50 Iying between pH 2.96 and pH
3.88 (Chapter B). However, it appears from the data preéented
here, that acidification does not cause respiratory stress,

in the first few hours of exposure.
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TABLE 7.1. Experimental comditions (pH,oxuygen concentration,
flow rate, number 2nd dry weight of numphs) on the dates shouwun,
and the rates of oxygen consumpkion at each pH.

Date/ pH 02Conc Flow N - Mean Dry Mean O?consumpkion
Locakt ion (mg/1) (ml/Hr) we. (mg) fanimal /g dru wt
(nl/Hr) ( yl/g/Hr)

23.04.82 7.0 9.4 45 30 O.H} 460. 1123
Thomason 3.0 9.4 43 350 0.4%1 453. 3 1107
2g.04.82 7.0 9.9 50 80 0. 40 454.0 1135
Thomason 3.0 3.9 43 80 Q.40 432.0 1080
9.07.8B¢ 7.0 10.2 130 80 0.60 588. 86 981
Thomasen 2.8 10.2 130 B0 Q.60 572.4 954
21.07.82 7.1 10.3 110 77 0.70 714. 8 1064
Thomason 2.5 106.8 1086 77 0.70 769.3 1089
30.11.82 7.0 11.3 48 210 0.08 74.8 1244
Thomason 3.0 11.3 40 210 0. 086 33.2 1554
i.i2.ee 7.0 10.9 45 220 0. 08 79.6 1327
Thomason 3.0 10.9 as 2co 0. 086 - 88.0 14867
25.01.83 7.0 10.7 59 160 . 0.08 ie6.0 1575.
Glebe Fm 3.0 10.6 62 1860 0.08 118.5 1481
7.0 10.7 110 B8O 0. 36 4e2i. 8 1170
5.07.83 3.0 9.8 105 67 0.69 £98. 3 1012
Thomason
5.07.83 7.1 3.8 101 G7 Q.63 B77.0 1271
Thomason
7.07.83 7.0 9.8 103 67 0.638 701.0 1016
Thomason 3.0 10,1 108 87 0.869 817.0 1184
N = number of numphs in the respirometer

Table 7.1.
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FIGURE 7.2. The relationship between the rate’ of oxygen
consumption (ni.hr -') and body weight (mg. dry weight) in
Nemoura cinerea at pH 7 (. ., Yy and pH 3 (% ,====-- Y. The
regression equations are given in the kext.

Figure 7.2.



CHAPTER B

General Discussion

The investigakion into gernetic variation and scid
tolerance in Ehe Nemouridae had Ehree main stages. " In the

first stage eleckrophorekic techniques had to be refined

through Erial and error to eskablish a program for the
characterisation of enzume variabtion in stoneflies as no
previous multi—-locus electrophoresis had been reporkted in tEhis

family. A range of species could Ehen be screered Eo assess
Fow much genektic variaktion was presenk in each one (Chapter

4. Nemoura cinerea proved Eo have the most scorssble

polumorphic loci of tEhe species examined, so Ehis was used
for tEhe second, central sktage; a3 surved of inter—populistion
agenek ic variation and its reistionship Eo environmentsl
changes (Chapker 5). The ciear assopciation bebtween skresam

‘caktegory’ and kEhe non-random diskribution of the HDH-1 30

allete indicated Ehat natural seiection could be influencing
variation at this locus and stream wabter chemistry was
identified as a pPossible selecking agenkt. However, Clarke

(1375) and Koehn ¢(1378) have pointed out that 2 comprehensive
explanation for observed gene Trequency paktterns depends upon
a demonstration that Lthe allozymes differ in biochemical
reactiviby or skability and that bthese result in physiological
differences tEhat could be affected by environmental fachkors.,
Therefore, in the third stage, an attempt was made to fulfili:
part of Lhis program through inveskigabtions Eto determine
whekher acidity cowld have a direck effect on growth, survival
or respiration in N. cinerea (Chapters 3,6 and 7).
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During . £the firsk stage, eleckrophoresis was mosk
successful wikh members of the Nemouridae, so all further work
was concentrabted on this group. Data were sccumulated Eo al low
a comparison between nine of the eleven Brikish species ak
16 enzyme loci. This pumber of inker - locus comparisons is

low, relstive to many similar investigations on verktebraktes,

but iz comparable with okher invertebhrate studies (Nevn..gg
al, 138%). This suggest; thak, either invertebrastes have low
actbtiviky for Ethe enzymes EtEhat are commonly used in
elecktrophoresis making them difficuik ko score, or Ehat
difficulties are often encountered im making Etissue
preparat ions from invertebrates. Low numbers of inter — l|ocus

comparisons can cause some problems for data anaiysis and
interpretation since Lkthe errors attached ko estimates of
genetic identity and diskance are increased (Nei, 1378; Gorman
and Renzi, 1373). Houever.l 168 loci allows species ko be

compared with reassonable accuracy (Férguson. 1980).

The inter-specific genektic distances within the
Nemouridase were Iérge in comparison with values reported for
some other insect families (Table 8.1.), This was especially

Erue of the genus Nemoura. Thorpe (1383) suggesked bkhat kthe

critical wvalue for distinguishing between species and genera
is sabouk D = 1.05, since B85 % of comparisons between
congeneric species fall below this value. The mean genetic
distamnce between Nempura species exceeds Ethe mean for

inter—generic comparisons in Thorpe's (189683) survey (Tabie
8.1.). The diskance values within kthe okher two geners,

Amphinemura arnd Protonemura, are lower than those for Nemoura

buk Ehey are at the upper end of the range of values reported

from obkher surveys. These high genekic diskance values are in
e
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agreement wlth the view thak the Plecoptera are an archaic

order (Rauser, 1871) =and that mosk species pre-date the
Pleistocene Glaciation (Illies, 1396%). A crude estimate of kthe
Lime since Ltwo |imesges separaktked can be'obtained from Lkhe
genetic distance measures. Using the correfatinn proposed by
Maxson and Maxson (13873), in uhich‘ @ Nei distkance of 1.0
equals 14 miltlion years, the two mosk closely related species.,
Protonemura mederi and P. praecox, diverged about 7.5 million

years before present.

The high genskbic distance measures, coupled with the
| ow number of inter—-locus comparisons, caused some
difficuleies in estimabking Ethe phylogeny of Ehis Tamily.
Different phylogenetic brees were produced dgpending on which
distkance measure and which Etree generating mebtheod was used.
Nei (1375) has shown Ehat Erees generated by tBEhe uvnweighted
pair group method of analysis (UPGMA) give Ethe best
performance wikh daka such as khis and the UPGMA dendrograms

gave the best fit to the inpuk dsta here. This classification

is in agreement with the accepted systemaktics of Ehe
Nemour idae, derived from morphology, wikh the family
comprisimg four distinctk genera : Nemoura. Probtonemursa,

Ampt inemura and Nemurella,

Ome of tEhe mosk wseful findings of this survey was
that each species could be easily identified‘from unigque band
patterns on gels staired for several enzymes, and an
e leckrophoretic key was devised to assist species
identification. This proved to be of valve for identifyging

anomalous morphotypes and for differentiakting Nemoura cinerea

and N. dubitans numphs, These bwo species are very similar in

external morphology and are difficult for the non-special isk
<
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to separate on morphological grounds., Yet many diagneskic locl
enable them ko be unequivocably identified by electrophoresis.
This resolving power means that eleckrophoresis would be an
ideal kool ko eskablish whether the tuo species that were nokt
inciuded in this survey can skill o be found in Britalin. Bokh
species are described as rarg bg Hunes (1377), atthouah

Nemoura errskica has been reported from far more locations

than Protonemura monktkana, and both are similar in external

morphologd ko other gspeclies (P. montana resembles P. meyeri

and P. praecox; N. erratica resembles N.cambrica) causing
identification problems (Bird, 1383). Colleckions were made
from skreams where bobkh species have been reported in Ehe
past, without success. Failure Lto colleck these bwo species

could have been caused by patchy disktribukion.in the skEreams
or ik is possible that these species, particulariy P. montana,
have become extinck in the years since bthey were |last recorded
(Kimmins, 13%1; Brown gt =3l. 186%5. However, ik =3lso seems
tikely that some records are inmaccurakte uniess

identifications were confirmed from adult specimens.

The amount of overall genetic wvariability was low in
atl species relakive to other inverktebrzstes (Ferguson, 1380;
Nevo, et =al., 1398%), though N. cinerea and A. sulcicollis were

the two most genetically wvariable species in the Nemouridae.
Many different types of explanstion have beén put feorward to
accounk for differences in heterozygosiky between species but

in mosk cases botkh meukraliskt or selectionist interprebtakions
could account for the obsenwvek ions so thak Ehere is conclusive
suppork for neikher. The low genetic variabititu in Plecopktera
would have been antlcipated by fol lowers of the newtral tbtheory
of evolution, since Ethe drasktic populstion flucktuations

<
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between years that have commonly been observed-in aquatic
invertebrates (Hunes, 1570) would produce botkle-necks in
effechive populaktion size.’The dis_junck diskribukion patkerns
and poor adulk mobil ity in these species means that
re—calomnisasbtion is likely ko have vccured from a2 few survivors
within & skream rather than from another popuwlation, so that
alleltes losk during kthe population crash mighk mok be replaced
as the numbers recover. An alternative, selectionist,
interpretation could be thak these insecks opccupy rather
narrow niches where selectioh might favowr Singla specialised
genctypes. This explanation arises from the view Ehat genetic
diversity is an adapbive Strategg to exploit Eemporaliy or
spatially heterogenenus environments. This ‘niche—widkh
variation huypokthesis’ (Somero and Souie, 1874%; Levins, 1378)
proposes thakt Ehere is a positive correlakion bebtuween genekic
variability and environmental hetercgeneikbty because the number
of specifically adapted genctupes increaées when more types-of
niche become ava}lab|e. Support for this hypcbthesis has come
from several eléctrnphoretic surveys in vertebrates,
invertebrates and plants (eg. Lavie and Nevo, 1381; L=c y,
1382; Walilis and Beardmore, 1384; Nevo gk al, 1386).

The higher genetic variabiility of N. cinerea and fA.

sulcicollis appears Eo conform with Ehe expectations of tEhe

niche~widbh variation hypothesis. These two species have the
widest Ctemperature tolerances (Brown et al. i964) and are
found in a greater range of environments than the other
nemourids (Brimck, 1343: Humnes, 1977). This is especially true
of N. cinerea which was des:ribea as a ‘eurygcoenic’ species
from its wide distributkion in Europe (Rausser._lﬁ?i). Howewver,
an equal iy plausible exp!anatiqn is thakt species which can

<
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survive in the widest ramnge of hsbikats have the iargest
effecktive populakion sizes, since migration between isolated
upland areas wvia lowlamnd drasinages is more probable. This
would conskibtute 8 neutralist inkerpretation simnce the number
of neutral alleles thak can be maintained in a population is
dependent on its effective size (Kimura and Ohta, 1371).
Unforbtunately, the distribution of Plecopkera iIn most towland
regions of Briktain has nok been fully inmvesktigated (Hunes,
1977) and informed estimaktes of population size can nok be
made. Thus, as is so ofken the case, Ehe overall patkerns of
genekic variation in Ehe Nemouridae fit equally well with both
neubtralisk or seleckiaonisk interpretations and do not snswer
the queskion over kEhe relevance of genetic variation at loci
coding for enzymes to evoiutbiocnary adapkation.

The invest igation into inEer—-population genetic
variation in N. cinerea did provide clear evidence that

molecular wvariation can be influenced by natural seleckion.

The HDH—-1 S0 allele uas only . presenkt inmn nmneutral/alkaline
{(category &) streams across the whole of Brikain, an
observat ion khat is incompatible wikh neubral theory., This

discovery adds ko the growing body of evidence, from numerous.
similar studies on a diverse range of organisms, thsesk at lesast
some loci coding for soluble enzumes do appear to affect
fitness (ey. Koehn and Rasmussen, 18967: Schopf and Gooch,
1371; Clarke. 1975; KoehngdlS76, 1980: Hoffman, 1981b | |; Nevo

et al, .1888: ‘Smith et al, 1983). The gene Tfrequency -

enviromment correlakions revealed through Lthese ecological

genektics sSurveys have frequent ly suggesked a clear
relationship between 2n environmental fackor, such as
tempersture or salinity and further | sboratory work has

<
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furnished a mechanistlic explanaktion of kEhis variation.
The classic example of this approach is the work dons

by Koehn (13963) following uvup a discovery of an allele

frequency cline for esterase wikh la;itude. in Ehe. fish
Catostomas clarkii fTrom Ethe Colorado River (Koshn and
Rasmussen, 1967).. Temperature uaslthought to be the most
likely seiéctfve facktor, and in vikro bicchemical studies

revealed that Ehe produck of EkEhe allele thakt reached iks
highest frequency in Ehe north was more ackive than Ehe
altkernative form st low Eemperatures. The 'socuthern’ form was
more ackive ak bigher temperatures. This combimed ecolegical
and hiochemical strategy is now accepked Eo be tEhe bestk way of
heiping ko understand the ackion of makural selection at
particular toci (Clarke, 1375; Koehn, 1378). However, although

a skromg case for selection has been made through following

Ehis program in several of the sktudies cikted sbove, Lthere is
still a need for cauwtion when exktrapolating from the resuwlts
of in vitro studies to explain in vivo observations. This is
mosk ciearly illuskrated through Ehe work on Ebhe2 alcohol

dehydrogenase enzyme (ACH) in Drosophila melanogaster. Ik had

been widely accepted, Tollowing biochemical studies and
genotupe / enviromment correilations, BEhak high ADH ackiviky
was seleckively advantageous in allowing detoxification and
vbkilisaktion of aleohol in Ehe natural environment (Clarke,
1375). However, more recent work (Oskeshotbk and Gibson, 1381)
has conkradicted this view. The product of the ADH reaction,
using ekthanol as substrate, is acekbtaldehyde which is more
toxic then ethamol, so high ADH acktivity might be
disadvantageous in high alcohol environments.

Waker chemiskru- (2cidity and conduckiviby) appeared ko

<
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be the moskt important environmental fackor in relstion ko
variaktion at khe HDH-1 Iocus in N. cinerea. However, other
features such as alkitude and the nature of the cstchment
could also be importankt.

No in vikro biochemical studies were made ko discover
uhe;her the three HDH-1 a3l lozumes were furckiomnal ly different.
This should be the Ppexk step ko fulfil. the crikteria propossd
by Clarke {1375) and Koehn (1978) ¢to give a8 compliete
explanat ton Tor allele frequency variakt ion. However,
investfgations were carried ouk Eo ascertain the phusiological
responses of N. cinerea to a proposed selecking agent
(acidity). These studies showed that N, cinerea is highiy
tolerant Eo acid stress with a 98 hour LCS0 of 2.96 ko 3.22.
This helps to explain why N. cinerea is often one of the
dominant inverktebrates in Europe’'s acid streams (Okto and
Svensson, 1883). However, no difference in acid tolerance was
detected between specimens col lected from an acid_stream (site
1S, Thomason's Hollow, mean pH 4.5), where the SO allele was
absent, and an alkaffne stream (site 21, Glebe Farm, pH 8.0).
where the 90 zllele was in high frequency, and there was no
differential survival of any particular genotype (Chapter B6).
Also, Ilow pH did nok appear to affeck the rate of oxygen
uptake‘when testk wakter was acidified from pH 7.0 ko pH 3.0
(Chapter 7). The difference in {ife-history between two sites
in the same catchment seemed ko result ftam a difference in
annual thermal budget rather than different pH candit%ons
(Chapter 3).

A lthough these experiments failed Eo show any
relationship bebtween variation at the HDH-1 locws angd pH,
acidity can not be complekely ruled out as a possible
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selecking agen;. Other life shkages, such as egg hatching or
adult emergence, may be more sensikive LEto low pH than numphs
(Bell, 13971) =so sejection couwld act through Ethese stages.
However, no evidence of differential adulkt emergence was
Dbsérved in the toxiecity tesks where emergence occured, and
aktbempks ko culture eggs'in the iabnratorg‘uere unsuwuccessful.
Perfhaps fubture work would profit through concentrakting on
these stages. |

Acute toxicitu kests have been successfuliy used Eo
demonsktrate differential survival among genokypes in okther
organisms (Nevo et al, 1880; Burton and ?eidman. 1983).
However, acute toxicity bEestks use rather extreme condibtions so
that smal!l differences in fitmess mawy be masked., This seems
probabie when selection differences often appesar Lo be less
than 1% from  laboratory studies (Lewontin, 1974%). It was,
therefore, thought thst !onger term chronic bEesks might be
more useful for Ehe dekection of differences in survival.
However, these were unsuccessful due to poor survival in Ethe
test conditions. Also, the fiktness differencernf the genotbtypes
may nok be relakted ko meorkality a2 all but may involve
fecundity in some way.

The close correlation between Ehe alkiktude, pH . and

concducktivity of bthe sktreams refleckts that geology is Ehe main

fackor which dekermines the nature of a stream and iEs
caktehment. Al Ehe acid streams, with the excepbtion of site
17, Wareham 2. were in upland areas, where weathering

resiskant rocks have produced bhase—-poor s0ils and run—off with
2 low conductiviky and low buffering capacity. The Wareham &
stream drained an scid heath area. The altitude and poor soils
meant that ﬁeciduous woodland was absenk from alil the acid

<
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stream cakchmenks, the only significankt stands in some areas
being caniferous pltantakions. In conktrast, the
neutral/alkal ine skreams were in areas where the geological
conditions bave produced soils rich in calcium and magnesium
s khat run-off has a high pH and buffering capacikty. The
cliose sssociation between these three fackors  makes it more
d{fficult to isolake aﬁg one factof from BEhe okhers. Mulkiple
regression gives Tfurther evidence that these three facbtors are
all inter—retaked, since &the correlation coefficientk for the
Ehree combimed facktors together is nmok significant!ly higher
than that forr acidity alone (r = 0.72 for acidity/HDH-1
frequency, r = 0.73 for kthe cnmbinatinﬁ, p < 0,001).

The reistionship between Ehe environmenkal factors,
angd the failure of the physioniogical investigations to provide
ary evidence that acidibky =acts as =a selectking agent, means
that =3 complete mechanistic explamnation for tEhe variabtion at
Ehe HDH-1 locus is not pessible. Several Huypotheses were
.discussed in. chapter 5. However, the most piausiblie, at kthis
skage, appears Eto- be that acidity. has an indirectk effect

through aslkering food guality, assuming kthak HCOH has a simi lar

detoxifying role in N. cinerea to ADH in Dresophils. This
seems |ikely because the coarse organic material that forms

Ehe basis of the diet of N. cinerea breaks down more slowly in
acid conditions due ko a - reductiom in the numbers and
diversity of -micro orgeanisms (Bick and Dréws. 1373; Hendrey et
al, 1376:; Otto and Svensson. 1883), and the food may be less
'conditioned’ and of poorer nutritive value (Cummins and Klug,
1373). However, 3 similar differemnce in food quality may arise
from a difference in catchmenk vegetabion., There may be a
greater and beﬁter qual ity input of allochthonowus material from
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. deciduous woodland Inko category two streams. Diet has been
found Eo have a marked Iinfluence on allezume varizkbion in

several invertebrates. Im Drosophila melanogaskter significank

differences Iin the frequency. of amylase atleles were found
between populations reared on different carbohudrates (DeJong,
et al, 1872) and the eﬁhanol content  of aduit food cauvsed
differential mortaiity between alcohol dehudrogenase genobypes

(in EClarke, 1375). In the Lepidopkteran, Heliobthis virescens,

significant differences in allele frequencies were observed st
three loci between larvae reered on different beans (Sluss. et

al, 1878 and in the water hoglouse, Asellus aquakicus

differences in leaf likker qQuality appeared to account for
habitat selection by different amylase genotupes (Christensen,
1377).

" Further study of the Charnwood Beacon stream (sike 19)
may help ko determine whebther lack of ‘condikioning' or kEhe
absence of deciduous krees is most imporktant. The S0 allele
was present in Ehis woodland stream even though Ik bas a low
pPH during Ethe winter and an impover ished invertebrate
community, tupical of other acid streams (Greenwood et al,
1986). (Nokte that - ik did have a higher pH a8nd conducktiviky
whern bthe sample was col lectked for electrophoresis.) This could
be taken as amn indication tEhakt leaf |iktter is essential for
the survival of individuasls with Ehe 90 allele. However, the
situation is not so simple. N. cinerea was not found at kthis
‘s{te- in 1880 or 1381, but it did occur further down skream
where the -pH and invértebrate community was alktered after
passing Ehrough a golf course, Therefore, ik is possible thakt
the SOV allele was only present in 1983 due ko uwvpstream
migrétion from the neuvtral ‘refuge’ further down the
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catchment.,

Thus, é comprehensiQe explanation for the patbtern of
altele frequency variatieon at the HDH-1 locus in N. cinerea is
not possible at Lhis .skage. Furkther work to eskablish whekher
Ehe allozymes are functionally different and, perhaps, to
extend the number and range of populations in Ehe survey, is
needed before Ethe picture can be completed. However, the
observat ion thakt Ethe distributkion of HDOH-1 alleles is
rmon—-random wikth respeck ko stream bype indicates bhak matural
seleckion can influence genetic variastion at loci coding for
sgluble enzynes, and adds weight to tEhe argument that much of

this tupe of variation is not mneutral.

Investigaetions imtko Ehe effeck of pollukion on
evoluEionary change have frequentiy shown Ehat gernekic
variaktion is sensiktive ko environmenktal change. The classic

examples are industrial melanism in the mokh, Bistkon betularia

{reviewed by Ketkbiewell, 1573)‘wheﬁe Ehe frequency of melanic
forms showed a rapid increase in smoke-poilutked areas, and the
selection for heavy-metal tolerance in plants inhabiting old
mine workings (Bradshaw, 1370). There is @ growing body of
evidence from.eléctrophnretlc studies that enzyme diversikty is
impartant - in the adapktation of organisms ko pollukted
environments (Nevo, 1986). Much bof this work has used 3

'phusiological stress’ approach, where differential fitness of

aliozymes: is. - detected by screening organisms fol lowing acute
toxicity tests, Differential survival has been found in a
range of invertebrates incliuding barmnacles, crusktaceans and

mar ine gastropods sub_jecked to BEhermal and chemical pollukion.
These resuwiks were in agreement wikth &he observeg =allele
frequency patkerns in nature (Newvo, 19868). The phgéiolngical
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effecks of these geneblc changes were nok examlned. However,
the sensitivikty of allozyme frequerncles tEo pollubkion suggesks

Ehat - Ehey. could be uwused as indicabkors and monikors of

poliukion (Beardmore, 1380; Beardmore, et ai, 1980: Nevo,
198656). Allele frequencies st the HDH-1 locus in N. cinerea

appear - to be relaked o stresm water chemiskry, bthough the
mechanism of selection is unclear, It is possiblie, bherefore,
that this species could be used as an indicatar of
acidification. - However, furkther experimental work would be
necessary ko establish a more definike ink bebtween acidiby
and HDH-1 variation before it couid be accepked a3s a reliable

marker.

Conclusions

1 Eleckrophoresis has shown that Ehe Nemouridae have
Inw Jevels of genektic wvariation in comparisomn wikth okbkher
invertbtebraktes. There was no clesr evidence for eibher a
nevtralistk or selectionistk explanation of this wvariaktion
though ik seems likely, from ecological reports anmd a sthudu of
temporal genetic change (Seckion 5.%.), bthat variation has

been losk during pericdic population botkle—-necks.

) Nemoura cinerea can be found in a8 wide range of
skream habikats, rangﬁng from veru acid, soft—water, moorland
skreams ko alkaline, hard-wuater, lowland drainages. This

species is acid tolerank with a 36 hour LC-30 of pH 2.98 -
Jd.22. Low pH did nokt asppear Eto have any effect on the rate of
oxugen upktake in M. cineres which was arcund 1000 wi/g dry
weight /hour, '

ad Inter-populat ion compar i sons af the allele

frequencies at four polymorphic loci in N. cinerea gave strong
evidence that natural seleckion rather than random skbtochastic
processes has influenced variakion at the HDH-1 tocus. The 90

altlele was found oniy in neutral/alkal ine skreams.
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TABLE: a8.1. The mean gernstkic distances {(Nei, 1372)

between congeneric insect species and the overall mean from 3
range of vertebrakte, invertebrate and plants, N = number of
species compared, n = number of loci, ¥ = comparisons bebueen
genera,

Taxa N n Distance Reference
GENERAL
Species ge4tr —— 0.618 Thorpe, 1983
Genera 160y —— 1.298 = "
PLECOPTERA
Nemours 4 16 1.358 Present Study
Amphinemura 2 18 0.530 ”
Protonemura 2 18 0.870 "
Nemour i dae 9 16 1,800 * "
DIPTERA
Hawai ian Drosophiia 8 31 0.B618 fiuala, 1975
g. mul leri goroup 5 17 0.252 Zouros, 1973
D. willistoni grouwp 5 31 1.0586 Auala et ai, 1374
Aedes mariae compliex Z 26 0.283 Cianchi, et al, 1378
LEPIDOPTERA
Speyeria io 18 O.18pf Britknacher, et al 1378
Hel iothis 2 13 0.874% Siuss, gt al . 137
ORTHOPTERA
Gryllus : . g 18 0,140 Harrison, 1973
Troglophilus . ¢ 17 0.374 Sbordoni, et =21, 1381
COLEQPTERA
Platynus 2 20 O0.8ee Liebherr, 19886
Dendroctonus 10 18 0.720 Benkz & Stock, 1386
EPHEMEROPTERA
Epeorus ‘ 4 17 0.559 Zurwerra, et 2!, 138%
1 = number of paired comparisons.

Table 8.1.
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