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Abstract

Mayfly species richness and abundance were investigated at 52 Swedish river rapids. These were either unregulated,
or regulated with or without reduced discharge. Sites impacted by regulation had lower mayfly richness and
abundances than unregulated reference sites. The relative importance of reduced discharge, daily fluctuations
in flow, flow constancy, and the distance to nearest rapid (as a measure of isolation) was evaluated in multiple
regression analyses. These indicated negative effects of diel fluctuations on both abundance and richness, whereas
flow constancy was favourable for richness. Neither the distance to nearest rapid nor reduced flow were significantly
related to mayfly richness and abundance. In total, 26 mayfly species were recorded. Only Baetis rhodani was
found at all sites, but another flve species were present at more than 40 sites. The strongest effects were found
for species within the Heptageniidae. Nineteen of 20 mayfly species present in both the regulated (with unreduced
flow) and unregulated reference rapids were on average more common in the unregulated ones. Mayfly assemblage
structure was primarily influenced by regional factors and nutrient status, although daily fluctuations in flow together
with rapids dimensions also had a significant influence. No rare species appears to be threatened by hydropower
regulation though it is conceivable that depressed abundances in regulated rivers indirectly influence predators and

periphyton.

Introduction

River regulation for hydroelectric power inevitably
affects discharge patterns over downstream benthic
habitats. Typically the seasonal and diel dynamics of
the flow reflect the periods of electricity demand lead-
ing to a reduced spring flood and elevated winter dis-
charge, and sometimes also to high daytime/weekday
flow and low nighttime/weekend flow. Frequently dis-
charge is also reduced to a fraction of the natural flow
because of water diversion. Studies on the effects of riv-
er regulation on downstream communities have mainly
been conducted on single systems, often as upstream-
downstream (e.g. Trotzky & Gregory, 1974; Rader
& Ward, 1988; Saltveit et al., 1995) or before-after
(e.g. Armitage, 1978; Williams & Winget, 1979) com-
parisons. In addition, a few studies have attempted
controlled modification of flow conditions (e.g. Gisla-
son, 1985; Perry & Perry, 1986). Almost exclusively

the effects have been studied within a limited distance
downstream of the dam (but see Hauer et al., 1989).
Natural lotic habitats are heterogeneous systems
with flow patterns of varying predictability (Poff &
Ward, 1989). In central Scandinavia, where this study
was carried out, river hydrographs are strongly affected
by snowmelt, but occasional spates may occur follow-
ing heavy rain in any of the ice-free seasons. Flow vari-
ation is also affected by hydroelectric schemes, which
in addition to changing flow regimes cause habitat loss
and fragmentation, and a general change from lotic to
lentic environments. In total, about 70% of Sweden’s
rivers are exploited through water regulation (Grund-
sten, 1991). It is obvious that regulation-related flow
alterations must cause fundamental changes of the river
habitats, and thereby, of their entire biotas. In Swedish
river systems, such effects have been demonstrated for
the overall species richness and abundance of benth-
ic macroinvertebrates (Englund & Malmqvist, 1996),
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Table 1. Predicted changes and underlying mechanisms hypothesized to follow water regulation for mayfly

community parameters and selected taxa.

Effects on Predicted change = Mechanism Source
Diversity — Reduced flow Langeland & Haukebg, 1979
— Diel fluctuations in flow  Ward, 1976
- Isolation This study
Density - Reduced flow Garnas, 1985
- Diel fluctuations in flow  Ward, 1976
Ephemerella mucronata  — Reduced flow Garnds, 1985
E. aurivilli — Reduced flow Garnés, 1985
E. ignita - Reduced flow Cowx et al., 1984
Heptagenia joernensis + Reduced flow Langeland & Haukebg, 1979
Buaetis rhodani + Reduced flow Garnds, 1985; Raddum &
Fjellheim, 1993
- Diel fluctuations in flow  Brooker & Morris, 1980
+ Seasonal flow constancy  Armitage, 1976; Raddum &
Fjellheim, 1993
Ephemerella ignita + Seasonal flow constancy ~ Armitage, 1976
C. rivulorum + Seasonal flow constancy . Armitage, 1976

and specifically for certain animal groups (Hydropsy-
chidae/Arctopsychidae, Englund et al., in press, and
Diptera: Simuliidae, Zhang et al., manuscript), and
also for moss communities (Englund et al., 1996).

Mayflies are common inhabitants of all sorts of
freshwater bodies. Their distribution is controlled by a
number of historical and abiotic factors, temperature,
water quality, and current speed (see Brittain, 1982 for
areview). In addition, biotic factors are likely to further
influence some species. The larvae of many species of
mayflies graze epibenthic and epiphytic algae. This life
style makes mayfly larvae directly exposed to flow per-
turbations, perhaps more than most other lotic inverte-
brates, and therefore their occurrence could be expect-
ed to reflect the degree of flow stress accompanying
frequent and/or rapid flow fluctuations (Brusven et al.,
1974).

Brittain & Saltveit (1989) reviewed a number of
changes in mayfly communities following water reg-
ulation. Their compilations show that replicate stud-
ies involving affected and unaffected river sites are
few (but see Armitage et al., 1987, Ward & Garcia
de Jalén 1991). Instead, most information has been
derived from case studies, often reported in the ‘grey’
literature. Our approach is to formulate testable pre-
dictions, partly taking Brittain & Saltveit’s review as
a starting point, to investigate whether our data from
Swedish river rapids would support a series of predic-

Table 2. Means, standard deviations (SD) and results of one-way
ANOVAs on mayfly species richness and abundance in relation to
hydropower exploitation (upper panel) and regulation regime (lower
panel).

Factor N Means SD F p-level

Species richness

Unaffected 14 13.6 2.79 4.87 0.032
Affected 38 11.6 291

Abundance

Unaffected 14 152 26.7 19.32  <0.0001
Affected 38 110 31.2

Species richness

Unaffected 14 13.6 279 254 0.089
Regulated 15 11.3 353

Reduced 23 11.8 2.50

Abundance

Unaffected 14 149 334 7.31 0.0017
Regulated 15 109 335

Reduced 23 113 28.7

tions (Table 1). These address effects of (1) flow reduc-
tion, (2) seasonal flow constancy, and (3) diel fluctua-
tions in flow on the diversity and density of mayflies,
and on individual species. We also consider a fourth
hypothesis. We observed that hydropower exploitation



Table 3. Multiple linear regression models for mayfly
species richness (upper panel) and abundance (lower
panel) at sites with reduced flow. Partial correlation
coefficients, degress of freedom (df) and p-levels are

indicated.
Variable Partial df P
correlation

Model (richness) 4,18 0.046
Distance —0.235 0.318
Flow constancy 0.428 0.059
Diel variation —0.474 0.033
Flow reduction —0.213 0.366
Model (abundance) 3,19 0.038
Flow constancy —0.196 0.395
Diel variation —0.547 0.010
Flow reduction -0.163 0.479

makes rapids more rare and therefore also more isolat-
ed from each other. This could, in case of extinctions,
reduce recolonisation rates leading to lower species
richness, especially for taxa with limited dispersal
capabilities. Since mayflies, although often compe-
tent fliers, are principally restricted to their stream of
origin because of extremely short adult lives (Hynes,
1970), we consider isolation as a potentially important
factor in the relationship between mayfly species rich-
ness and hydropower regulation. Finally, we examine
the possibility that the same species occur in regulated
as in unregulated rivers, but in reduced densities, as
was suggested by Brooker & Morris (1980).

Materials and methods
Study area and site selection

Regulated, large rivers in central and northern Sweden
have natural or man-made reservoirs near the source
areas in the western mountains. These reservoirs are
usually filled by snow melt during the summer while
the release is highest in winter, when demand for
electricity is high. Many rivers have several run-of-
the-river plants creating a series of impoundments.
These rivers have a regulated but unreduced flow.
Flow patterns in such rivers typically include a reduced
springflood and an elevated winter discharge. A second
type of regulation regime is found where river water
is diverted. Here hydropower plants are located at the
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Figure 1. Map of North Sweden showing the study sites. The num-
bers refer to sites that were unregulated (1-14), regulated without
reduction (15-29), and reduced (30-52).

end of a canal or tunnel away from the dam, leaving
as much as several km of the original channel with
only a fraction of the original flow, usually a stipulat-
ed compensation flow in addition to local run-off. In
contrast to the run-of the river systems, such sections
with reduced flow often show a high degree of flow
disturbance (see below; Englund & Malmgqvist, 1996).
Release depth in this study was always shallow. In
addition to 14 unregulated reference sites, we studied
mayfly richness and abundance of the two regulation
regimes in regulated rivers at 15 sites with regulated
but unreduced flow, and at 23 sites with regulated and
reduced flow (Figure 1).

In addition to a curtailed discharge, the flow
regime at sites affected by diversions typically results
in: (1) extended periods of nearly constant flow and
(2) erratic spikes when flow may increase several hun-
dred percent from one day to the next. Spikes usual-
ly are associated with the opening of all gates when
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reservoirs are brimful and precipitation occurs, or is
forecast, usually in late summer or autumn. Peaking
schemes (reduced nighttime flow) are rare but occurred
at three of the sites studied. Due to the presence of
different and largely independent flow factors, viz.
reduced flow, diel flow variation and constancy, we
attempted to separate their respective effects on the
mayfly communities in subsequent analyses.

Forests and mires make up 70-80% and 5-15%
respectively of these catchments, except in the western
mountains where a large proportion is above the timber
line. The proportion of urban and agricultural land is
low, and the main human impacts, apart from hydro-
electric exploitation, include ditching, forestry, peat
mining, and acid rain. The altitudinal gradient ranges
from O to 500 m a.s.]l. Mean flow varies between 0.5
and 258 m3 s—!, and the length of the rapids between
40 and 5000 m. Values for selected environmental vari-
ables are given in Appendix 1.

Site selection aimed at maintaining orthogonality
in variables affected by hydropower exploitation such
as flow variability, habitat size and isolation. This was
also considered in relation to drainage area, upstream
distance to lake, and to latitude and longitude (Fig-
ure 1). We made preliminary estimates of these vari-
ables for a large number of sites (>150) and from
this sample we chose sites to minimise correlations
between key variables (r<0.2).

Data collection

Sampling was performed twice at each site: in Aug—
Sep and again in Oct-Nov. Half of the sites were visited
in 1992 and half in 1993. In both years precipitation
was above normal in August. We sampled invertebrates
and measured environmental variables in three 50 m
segments situated at the upstream, middle, and down-
stream ends of each rapid. We took seven samples per
site and sampling occasion by disturbing the substra-
tum upstream of a hand net (mesh 0.5 mm), with each
sample consisting of several smaller samples totally
covering about 1 m? and distributed in as many micro-
habitats as could be identified, and with the seven sam-
ples dispersed among the three 50 m segments. Sam-
pling over arelatively large area of each rapid increased
the likelihood to recover all of the species present. We
did not analyse the relationships between individual
samples and abiota, since the focus of this report is on
site-specific rather than microhabitat patterns. We did
not either consider differences between early and late
autumn, and therefore combined the samples from the

two occasions to a total of 14 per site. All invertebrates,
including mayfly larvae, were sorted immediately in a
white tray and preserved in 70% ethanol for later iden-
tification.

We recorded a large number of environmental vari-
ables, including conductivity, pH, total phosphorous
and nitrogen, slope, and width. Substratum composi-
tion was rated into six categories (<0.2 mm, 0.2-2 mm,
2-20 mm, 20-80 mm, 80-200 mm, and >200 mm).
From maps we estimated the percentage land use for
each drainage area, the length of each rapid and the
distance to nearest rapid. Measurements of mean dai-
ly flow for 300 days preceding our second visit were
obtained from nearby hydroelectric power plants or
from gauging stations run by the Swedish Meteorolog-
ical and Hydrological Institute. Flow data were based
on recordings from January to October in the year of
sampling. Temperature sums (degree days, threshold
5 °C) were obtained from maps in Odin et al., 1983.
Most other environmental variables could be assumed
to remain fairly constant over time, viz. substratum,
altitude, longitude, latitude, rapid and catchment areas,
stope, width, and distance to nearest rapid. Only water
quality data, including total phosphorus and nitrogen,
water colour (absorbance at 420 nm), and conductivity
were spot readings. Although these are likely to vary,
we assumed that they would be representative.

Pre-treatment of data

Data from the benthic samples were used to calculate
an abundance index and to estimate species richness.
For each sample we rated the abundance of each taxon
in three categories: 0=not occurring, 1=one speci-
men, 2=more than one specimen. The ratings were
summed over the 14 samples from each site, resulting
in an index ranging from 0-28 used throughout the
paper as ‘abundance’. Identifications were aided with
the key by Svensson (1986). Larvae of Cloeon are here
referred to the species dipterum, although other species
may have been present. Larvae of Baetis fuscatus and
B. scambus could not be separated with certainty and
were therefore combined.

Records of mean daily flow for 300 days (Jan—Oct)
were used to calculate several measures of variability.
Flow constancy was defined as the number of days in
which the flow differed <5% from the discharge of
the previous day. For three of the sites which had day—
night regulation, we calculated the nighttime reduction
in percentage of normal daytime flow.



Effects of daily flow fluctuations, constancy, and
reduction were analysed graphically. The percent-
age change in abundances at sites with peaking flow
(N =3), high flow constancy (N =5), and reduced
flow (and not present in the former two categories)
(N =16) was related to the abundances at unregulated
sites (N = 14) according to:

100- (A — U)/U,

where A is the abundance at affected sites, and U at
unregulated sites.

Statistical methods

In addition to graphical analysis, we tested the hypothe-
ses listed in Table 1 using analysis of variance and
regression techniques. Univariate (ANOVA) and mul-
tivariate (MANOVA) analyses of variance were per-
formed to compare mayfly abundances at sites of
reduced flow with abundances at the reference sites.
We used Rao’s R in multivariate tests of MANOVA
models for species belonging to the same family to test
whether the abundances at sites with reduced flow were
different from those at reference sites. On significance,
we examined the univariate F tests for each species.
Multiple regression analyses were used to examine the
effects of flow (amount of remaining flow, diel flow
regulation, and flow constancy) and isolation (distance
to nearest rapid) factors on mayfly abundance at all the
sites, and on species richness and abundance at sites
with reduced flow. All species either listed for hypoth-
esis testing in Table 1, indicating strong responses in
the graphical analysis, or providing partial correlation
coefficients with p-values <0.10 in multiple regression
were tabulated.

The number of species that were more common in
the reference rapids were compared with the number
that were commoner in regulated rapids in Chi-square
tests, where equal numbers were expected values. Rare
species were only considered in the general description
of the material. In all these statistical analyses the soft-
ware package Statistica 4.0 (Statsoft) was used.

For analyses of the assemblage structure we used
canonical correspondence analysis (CCA; CANOCO
version 3.11.5, ter Braak 1987). We used the option of
‘forward selection’, which is a procedure selecting, for
each step, the environmental variable that adds most to
the explained variance of the species abundance data.
Only those variables were included that were statisti-
cally significant in Monte Carlo permutation tests (we
used 1000 permutations) after each step (ter Braak,
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1990). Three species, viz. Baetis vernus, Metreto-
pus borealis and Paraleptophlebia strandii, were only
found at single sites and were therefore excluded from
the CCA analysis.

Further information on the design of the investiga-
tion can be found in Englund & Malmgqvist (1996) and
Englund et al., (1996).

Results

In total, 26 species of mayflies were recorded (Appen-
dix 2). Only one species, Baetis rhodani, was found
at all sites. Another five (in decreasing order) were
collected at 40 or more sites, viz. Heptagenia dale-
carlica, Ephemerella mucronata, Centroptilum lute-
olum, H. sulphurea, and Leptophlebia marginata. Five
species were recorded at four or fewer sites. The mean
abundances of each species in the three main categories
(unregulated, reduced flow, regulated but unreduced
flow) are shown in Figure 2.

Sites impacted by hydropower exploitation had sig-
nificantly lower abundances and species richness than
unimpacted sites (Table 2). Type of regime (unreg-
ulated; reduced flow; regulated but unreduced) sig-
nificantly influenced mayfly abundance, but not rich-
ness (p =0.089). A post-hoc test (Tukey’s test) showed
that abundances were significantly lower at sites with
reduced flow in comparison with unregulated sites
(p<0.01).

To address the question of which mechanisms could
generate the negative effects on mayfly richness and
abundances at sites with reduced flow we used mul-
tiple regression analyses. In particular, we inspected
the partial correlation coefficients of the flow vari-
ables, viz. flow constancy, diel flow variation, and flow
reduction, and for richness also distance to the nearest
rapid. The partial correlation coefficients indicated sig-
nificant effects of diel flow variation for abundances,
but not for constancy nor flow reduction (Table 3).
For species richness, constancy and diel fluctuations
appeared to be more influential than flow reduction
(Table 3). On average, the distance to nearest rapid
was 2.3 km at unregulated sites, and about 50% longer
atregulated sites. The partial correlation for distance to
nearest rapid did however not indicate any importance
for this factor.

Heptageniids, baetids, ephemerellids and Caenis
rivulorum all became sparser in response to flow reduc-
tion in MANOVA (families) and ANOVA (C. rivulo-
rumy). In univariate tests, the following species indi-
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B. rhodani

H. dalecarlica

E. mucronata

H. sulphurea

E. aurivilli

H. fuscogrisea

B. digitatus

L. marginata

C. luteolum
B. niger
B. subalpinus
E. ignita
C. rivulorum
B. fuscatus/scambus
L. vespertina
B. muticus
E. danica
P. bifidum
A. inopinatus
H. joernensis
C. dipterum
M. borealis
C. horaria
P. strandii
E. vulgata

B. vernus
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Figure 2. Mean abundances of mayfly larvae in the three regimes. Species ordered with respect to decreasing abundance at unregulated river
sites. Error bars denote one standard error. Maximum average abundance is 28 (when >2 ind were found in each sample).

cated significant effects: H. fuscogrisea, B. digitatus,
B. niger, C. luteolum, E. mucronata, and Caenis rivu-
lorum (Table 4).

Sites with high flow constancy, peaking flow, and
reduced flow had lowered abundance of most species
in comparison to reference sites (Figure 3). The few
exceptions include H. joernensis for all categories, and
E. ignita for constant flow. In multiple regression, how-
ever, only a few species showed significant effects.
Examination of the partial correlation coefficients indi-
cated that daily fluctuations in flow were negative to

H. dalecarlica and B. rhodani. Percentage remaining
discharge was positive to H. fuscogrisea and H. sul-
phurea (i.e. a negative response to reduced flow), but
negative to H. joernensis, and flow constancy positive
to B. rhodani and Leptophlebia marginata (Table 5).
Several species, for which effects were predicted from
the literature (Table 1), were not significantly impacted
in this study.

Twenty species occurred at both unregulated and
regulated sites. Of these species, nineteen were more
common at the reference sites, whereas only one
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Table 4. Effect of flow reduction shown in MANOVA of the abundances of species of
three mayfly families (a—c) and ANOVA for Caenis rivulorum (d). The factor used was
fiow regime with the levels unaffected and reduced flow, respectively.

(a) Heptageniidae

Test Value p-level

Wilks’ Lambda 0.579

Rao’s R (4,32) 5.650 0.001

Dependent. Mean Sgr MeanSqr F

variable Effect Error df (1,35) p-level
H. dalecarlica 46.04 109.60 0.42 0.521
H. fuscogrisea 535.36 29.68 18.04 <0.001
H. joernensis 371 297 1.25 0.271
H. sulphurea 175.66 90.62 1.94 0.173
(b) Baetidae

Test Value p-level

Wilks’ Lambda 0.430

Rao’s R (9,27) 5.486 0.0004

Dependent. Mean Sqr Mean Sqr F

variable Effect Error df (1,35) p-level
B. digitatus 322.00 44,94 7.16 0.011
B. fuscatus/scambus 0.003 19.79 0.00 0.990
B. muticus 1.95 14.99 0.13 0.721
B. niger 159.52 36.45 4.38 0.044
B. rhodani 0.69 25.34 0.03 0.870
B. subalpinus 27.65 27.12 1.02 0.320
Centroptilum luteolum  116.56 23.89 4.88 0.034
(c) Ephemerellidae

Test Value p-level

Wilks’ Lambda 0.769

Rao’s R (4,32) 3.295 0.0325

Dependent Mean Sqr Mean Sqr F

variable Effect Error df (1,35)  p-level
E. aurivilli 63.33 112.96 0.56 0.459
E. ignita 0.26 38.77 0.01 0.935
E. mucronata 471.09 46.46 10.14 0.003
(d) Caenis rivulorum

Univariate Sums of Mean

Test Squares df Square F p-level
Effect 143.04 1 143.04 4.51 0.041
Error 1109.88 35 31.71
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Table 5. Multiple regression analyses performed on the abundances of individual mayfly
species from all sites using flow variables as predictors. The significance levels of the multi-
ple regression models and the partial correlation coefficients of variables with p-values <0.1
are shown. The percentage of flow remaining after flow reduction is indicated as ‘Remain-
ing flow’, peaking flow in terms of percentage night-time reduction as ‘Diel variation’, and
number of days with <5% deviation between consecutive days as ‘Constancy’.

Species Model  Variable Partial p-level
» correlation coeff.

Heptagenia fuscogrisea  0.025 Remaining flow 0.385 0.006

H. joernensis 0.245 Remaining flow  —0.252 0.080

H. sulphurea 0.062 Remaining flow 0.393 0.006

H. dalecarlica 0.239  Diel variation —0.267 0.063

Baetis digitatus 0.587 -

B. niger 0.749 -

B. rhodani 0.049 Constancy 0.270 0.061
Diel variation -0.298 0.038

Centroptilum luteolum 0.239 -

Ephemerella aurivilli 0.904 —

E. ignita 0.408 -

E. mucronata 0.251 —

Caenis rivulorum 0.906 -

Leptophlebia marginata 0276 Constancy 0.300 0.036

Heptagenia
sulphurea

Heptagenia
Jjoernensis

i

Heptagenia
fuscogrisea

Heptagenia
dalecarlica

Ephemerella
mucronata

Flow regime

m Diel fluct |
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O Reduced ||

Ephemerella
ignita
Ephemerella

aurivilli

Centroptilum
luteolum

Baetis
rhodani

Caenis
rivulorum

t t

-110 0 100 200
Deviation from reference (%)

Figure 3. Deviations in the abundance of selected mayfly species

relative to unregulated sites for three different types of impacted
sites.

(H. sulphurea) was more common at sites of regu-
lated (but unreduced) flow. This difference was signifi-
cant (Chi-square=8.1, p<0.01). In contrast, there was
no similar difference in abundance patterns between
unregulated sites and those with reduced flow (13 vs 7,
Chi-square =0.9, p>0.05).

The canonical correspondence analysis provided
a significant species-environment relationship (F-ratio
for the overall test=3.25, p<0.01) into which sev-
en variables were incorporated. Strongest factors were
related to climate (temperature sum), geography (lati-
tude and longitude), and overall nutrient levels as indi-
cated by conductivity (Figure 4). Weak, however sig-
nificantly contributing factors were the width and area
of rapids, and diel variation in flow. Flow constancy
was marginally insignificant (p =0.067).

A summary of all responses found on community,
family and species levels with the different methods is
presented in Table 6.

Discussion

In unregulated rivers different measures of flow pat-
terns typically are strongly interrelated (Richards,
1990). River sites can accordingly be classified along
a gradient from relative constancy to flashy conditions.
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Table 6. Summary of the three regulation effects, viz. flow reduction, flow constancy
and diel fluctuations on the total abundance and richness, and on families and species
of Ephemeroptera. 0 = no effect, + = positive effect, — = negative effect, nt = not
tested. MRA = multiple regression analysis (flow reduction only), F = univariate
F in MANOVA, CCA = Canonical correspondence analysis. Signs within brackets

indicate the results of the graphical analysis.

Mayfly Reduced Diel Test method
category - flow constancy  fluctuations
Total richness 0 + — MRA
Total abundance 0 0 - MRA
Assemblage structure 0 o! signeffect ~ CCA
Heptageniidae — nt nt MANOVA
H. fuscogrisea —(=) 0(—) 0(~) MRA, F
H. joernensis +(+) 0o+) 0+) MRA, F
H. sulphurea —(-) 0(=) 0(—) MRA, F
H. dalecarlica 0(+) [V () —(=) MRA, F
Baetidae - nt nt MANOVA
B. rhodani 0+) +(+) - MRA, F
B. digitatus - nt nt MRA, F
B. niger — nt nt MRA, F
C. luteolum —(=) nt(—) nt(—) MRA,F
Ephemerellidac - nt nt MANOVA
E. aurivilli 0(—) o0y 0(=) MRA, F
E. ignita 0(-) 0(+) o(-) MRA, F
E. mucronata —(=) o(-) o(—) MRA, F
Caenidae
C. rivulorum —(=) nt(—) nt(—) ANOVA
Leptophiebiidae
L. marginata 0 + 0 MRA

1 Flow constancy was marginally insignificant (p=0.067)

Inregulated systems, however, such measures often are
considerably less correlated. This difference is impor-
tant to recognise if the goal is to mitigate the conditions
in regulated rivers.

This study clearly showed that the abundances and
species richness of mayfly communities in Swedish
rivers are affected by hydroelectric regulation. It also
demonstrated that different species are influenced to
a varying extent, and that different mechanisms affect
different species. Thus, we found support for a number
of the predictions deduced from Brittain & Saltveit’s
(1989) review. Peaking flow did reduce mayfly diver-
sity and density (Ward, 1976), and curtailed the abun-
dance of Baetis rhodani (Brooker & Morris, 1980).
Reduced flow strongly affected Ephemerella mucrona-
ta (Garnas, 1985), though possibly favoured Heptage-
nia joernensis (Langeland & Haukebg, 1979). Con-
trary to predictions, reduced flow did not, however,
reduce E. aurivilli (Garnas, 1985) or E. ignita (Cowx

et al., 1984), nor benefit Baetis rhodani (Garnas, 1985;
Raddum & Fjellheim, 1993). We saw indications of
lower densities of E. aurivilli and E. ignita in the analy-
ses of the three regimes (Figure 3), but the reduced flow
factor itself was not significant (Table 5). Flow con-
stancy was not an influential factor for overall mayfly
density, but it was significantly beneficial to B. rho-
dani as also found by Armitage (1976) and Raddum
& Fjellheim (1993). The anticipated positive effect of
river regulation on E. ignita and C. rivulorum was not
observed (Armitage, 1976). In addition to the predicted
effects we found negative effects on H. fuscogrisea and
H. sulphurea by reduced flow and on H. dalecarlica by
flow constancy, showing that the reversal of constancy,
i.e. flow stress, can be detrimental.

In addition to the negative effects on abundance, we
saw evidence for only a moderate decline in richness,
which supports the contention of Brooker & Morris
(1980), who suggested that the species constellation
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Figure 4. Ordination diagram of species from the canonical correlation analysis showing the first two axes. Significant environmen-
tal variables are represented by arrows. The species are indicated with squares and the abbreviations are A.i.=Ameletus inopinatus,
B.d.=Baetis digitatus, B.f. =B. fuscatus, B.m.=B. muticus, B.n.=B. niger, B.r.=B. rhodani, B.s.=B. subalpinus, C.r.= Caenis rivulorum,
C.L = Centroptilum luteolum, E.d.= Ephemera danica, E.a.=Ephemerella aurivilli, Ei.=E. ignita, E.m.=E. mucronata, H.d. = Heptagenia
dalecarlica, H.f.=H. fuscogrisea, Hj.=H. joernensis, H.s.=H. sulphurea, L.m.=Leptophlebia marginata, L.v.=L. vespertina, and
P.b. = Procloeon bifidum. Species with low weight (<5) were not included in the graph.

remains the same after regulation, but with abundances
scaled down. Ward & Garcia de Jal6n (1991) observed
much stronger alterations in mayfly taxonomic com-
position in a comparative study of mayflies in regu-
lated rivers in Spain and the USA, especially below
deep-release dams. Release depth importantly influ-
ences water quality and temperature, and although
the effects on macroinvertebrates may reveal certain
similarities in response to epilimnial and hypolimnial
releases, the latter appear to cause the most drastic
effects (Petts, 1984). In our study, no site was affected
by hypolimnial release.

Contrary to expectation, isolation did not signif-
icantly affect mayfly richness. Either the distances
between rapids in the regulated rivers were within the
capacity for dispersal of any species, or extinctions
simply have not taken place.

Our samples did not contain any of the rarest
species in Sweden; none of the collected species has
been reported to occur at fewer than 80 sites in an exten-
sive survey of >5000 lake and stream sites (Degerman
et al., 1994). Therefore, hydroelectric development
in Sweden appears not to be a direct threat to any

of these species. This is not to say that dams do not
have negative effects on the riverine biota. Possibly
the effects of reduced abundances will influence other
parts of the trophic systems, such as grazing effects
on epibenthic algae and in predator-prey systems. It
has been shown experimentally that mayfly larvae can
exert substantial suppression of periphyton standing
crop (Hill & Knight, 1987). Likewise, mayfly larvae
may be important links to predaceous fish (Dudgeon,
1991) and invertebrate predators (Lancaster, 1990). To
evaluate the indirect effects on trophic processes is an
important challenge for future studies.

Effects on baetid and ephemerellid densities were
limited to certain species. In contrast, most heptageni-
ids showed clear and strong responses, especially to
flow reduction. This family also was the most suscep-
tible to regulation of British rivers (Armitage et al.,
1987). These authors suggested that the effects may
be the result of increased siltation and algal growth.
In the present study, flow reduction was the strongest
factor, and is associated with sedimentation of trans-
ported fines as a result of lower current velocities.
Troelstrup and Hergenrader (1990) reported that hep-
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tageniids recolonised sites after cessation of diel flow
fluctuations.

Assemblage structure was primarily related to gra-
dients in climate and geography. Diel variation in
flow did, however, significantly contribute to the pat-
tern observed. These results suggest that the structure

of mayfly assemblages relate to hydropower schemes
chiefly within the limits set by regional features.
Since the focus of this study was on autumnal
mayfly communities in river rapids it is not possible
to predict the results for other habitats or for summer
species. It is likely, however, that hydropower regu-
lation will have an effect also in summer because the
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Appendix 2. Mayfly abundance at the 52 sites. Abundance is reported as an index ranging between 0 and 28.
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animals are then exposed to a distorted flow regime.
The mayfly fauna of more slow-flowing sections would
probably also respond to regulation; for instance, Para-
meletus spp. would be expected to suffer from the
lack of their preferred habitats, which are shallow riv-
er banks inundated by the spring flood (S6derstrém &
Johansson, 1988).

In conclusion, this study shows that there is no
single mayfly response to hydropower-caused flow
changes. Instead, individual species respond differ-
ently to distinctive regulation-related factors, includ-
ing peaking flow regimes, reduced discharges, and
increased constancy. The underlying mechanisms were
not studied, although it is conceivable that they include



stranding, flow stress, and indirect effects via silta-
tion, food, and perhaps, predators. Increasing dis-
tance between remaining rapids was not found to be of
any significance. Judging from our results, attempts
to moderate regulation impacts on mayflies should
examine the possibility of increasing residual flow and
adopting natural flow dynamics.
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