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Abstract Liming programmes aiming to restore fish

populations are being implemented in many acidified

aquatic systems in northern Europe. We studied

Odonata communities in 47 forest lakes in SW

Sweden, 13 that are currently being limed, and 8 that

have previously been limed. Thirty-one species were

recorded, with the highest mean number in untreated

lakes, followed by previously treated lakes and

currently treated lakes. Species communities differed

between untreated and limed lakes, but only few rare

species found in the untreated lakes were absent in the

treated lakes. Likewise, species known to thrive in

acid environments were either rare or showed no

preferences. Comparing the number of records of

odonate species within a large regional area to the

proportion of lakes inhabited in our study, we found

that seven of the most commonly observed species

occurred less frequently in limed lakes than in the

untreated ones, including two of the three most

common taxa. Reduced species numbers in limed

lakes might be due to conditions on other trophic

levels, including fish predation. We argue that Odo-

nata should be considered when developing new

biological indices of water quality, although the causes

of the observed occurrence patterns need to be studied

further.
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Introduction

The adverse changes often encountered in aquatic

ecosystems as a result of acidification have been

recognized and thoroughly studied since the 1970s

(Bradley & Ormerod, 2002). Acidification and

reduced pH levels are followed by a steady decline

of biota (Herrmann & Svensson, 1995). Due to acid

deposition, pH and acid-neutralizing capacity

decrease and aluminium concentrations increase

(Driscoll et al., 2003). Acidification often occurs due

to acid deposition, which is mainly of a trans-boundary

origin (Odén, 1968; Likens & Bormann, 1974;

Bengtsson et al., 1980; Schindler, 1988). This applies

also in Sweden, where many ecosystems are affected.

The situation is well known, well documented and,

moreover, improving during the past decades, as

emissions generally decrease in most parts of Europe

(Menza & Seip, 2004; Naturvårdsverket, 2011).
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Water systems in Sweden (especially the western

parts) are acidified, with 47% of the lakes in the south-

west being affected. The percentages are lower in the

eastern and northern parts of the country (9 and 2%,

respectively; Naturvårdsverket, 2016). There is a

limited natural recovery of acidified waters in Sweden,

since most of the bedrock and moraine soil is low in

buffering capacity (Håkanson, 2003) and the ecosys-

tem sensitivity to acid deposition is high. Henrikson

et al. (2005) assumed that acidification will continue to

be a problem, especially in large, base-poor basins, for

many decades to come. Today, estimates say that there

are still some 12,000 acidified lakes in Sweden, but

numbers have decreased by 41% since 1990, partly

due to a slow natural recovery (Futter et al., 2014;

Naturvårdsverket, 2016).

In aquatic environments, some invertebrates show a

reduced abundance already at pH 6.0 (Schindler,

1988). In many parts of Scandinavia, the natural pH

level in lakes and rivers is below 6 due to acidic

bedrock, generally acid soils and coniferous forests,

which further increases the impact of additional acid

deposition. In order to restore acidified waters in

Sweden, various liming programmes with govern-

mental funding have been initiated, starting in 1977

(Naturvårdsverket, 2011). Early on, the negative

economic impacts of acidification (e.g. the disappear-

ance of fish populations and later the release of metal

ions in acidified waters) became known (Jensen &

Snekvik, 1972; Almer et al., 1974; Grahn et al., 1974),

spurring a Swedish national liming strategy. Liming

was initially set up to restore fish and fishing, keeping

costs as low as possible (Bengtsson et al., 1980). These

objectives were only later broadened to include the

preservation or recovery of biodiversity (e.g. Henrik-

son et al., 2005).

The results from adding limestone powder and/or

dolomite to waters are considered ‘beneficial’ in the

majority of cases (Håkanson, 2003; Henrikson et al.,

2005; Holmgren, 2014, but see Mant et al., 2013).

There are several examples of biological improve-

ments due to liming. For instance, Eriksson et al.

(1983) found a positive response in populations of

phytoplankton, zooplankton and larvae of benthic

insects a few years after the liming of 22 lakes in

various parts of Sweden. The authors noted successful

reproduction of the remaining fish species immedi-

ately after the pH increase, but the picture is multi-

faceted with different outcomes generated from

studies over longer periods. Herrmann & Svensson

(1995) found no significant changes when benthic

macro-invertebrate lake communities were sampled in

1981 and 1994, following ongoing liming. Bradley &

Ormerod (2002) reported only modest changes in

invertebrate communities over 10 years in streams

after catchment liming. Herrmann & Svensson (1995)

suggested depletion of the soil mineral reservoir over

the long years of acidification as a possible factor

preventing full recovery of limed ecosystems. In

Norway, Raddum & Fjellheim (2003) showed that

liming of rivers resulted in species recoveries and

changes in the community structure. It seemed quite

easy for an acid-sensitive species to return to a recently

limed system (Fjellheim et al., 2001), but the influx of

acid surface water to a limed lake may still prevent the

establishment of large populations of macroinverte-

brates (Raddum& Fjellheim, 1995). Today, more than

half of the acidified Swedish lakes, rivers and streams

are not limed, and the Swedish EPA (Naturvårdsver-

ket) considers that new liming programmes generally

entail higher costs and yield less benefit than ongoing

liming (Naturvårdsverket, 2011).

The impact of liming on benthic diversity can be

studied in many ways. As community changes are

more pronounced at the top of the food chains, we

have chosen to focus on a group of insect predators,

the Odonata (dragonflies and damselflies), whose

larvae live in freshwater. It is known that odonates

generally survive better than many other invertebrates

and fish species in acidic environments (Suhling et al.,

2015). The Odonata are often used as model organisms

in conservation studies as they are sensitive to human

disturbances, e.g. farming and forestry, and may serve

as indicators of general species richness, or as

indicators of the overall condition of aquatic ecosys-

tems (Samways & Steytler, 1996; Sahlén & Ekes-

tubbe, 2001; Sahlén, 2006; Flenner & Sahlén, 2008;

Koch et al., 2014). Moreover, the group has previously

been used to monitor habitat and water quality as well

as the recovery of restored habitats (e.g. Clausnitzer,

2003; Suhling et al., 2006; Oertli, 2008; Simaika &

Samways, 2009). Dragonflies have previously been

included in some studies of the effects of liming on

water bodies; Eriksson et al. (1980) found that larvae

of Odonata, along with other predatory invertebrates,

were more abundant in acidified lakes due to the

reduced populations of insectivorous fish, but they

noted no difference in species numbers. Later studies,
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however, showed that a higher number of dragonfly

species inhabit limed lakes than untreated ones, even

when including lakes with fish (Eriksson et al., 1983;

cf. also Johansson & Brodin, 2003; Johansson et al.,

2006). It is known that dragonflies show a higher

tolerance to acidity, and a greater sensitivity to fish

predation, than many other commonly assessed insect

groups (Carbone et al., 1998).

In this paper, we aim at analysing the effects of

liming on the dragonfly species composition in a

forested area in SW Sweden. The area is strongly

affected by acidification. The pH was reduced in more

than 90% of 239 surveyed lakes according to a large-

scale study in 1985 (Stibe & Schibli, 2010), and more

recent data indicate that some 70% of the lakes in the

region are still acidified. As species differ in ecology,

with some being more tolerant (adapted) to acid

conditions than others (Suhling et al., 2015), we expect

a different species community in acid waters com-

pared to limed ones. Our hypothesis is that a certain set

of species reacts (directly or indirectly) to liming.

These species being identified, we proceed to a

discussion of their ecology and the implications for

their conservation, and from there to the effects of

liming programmes in general.

Materials and methods

Study area

This study covers 47 small lakes (mean lake area

7.14 ha, range 0.18–49 ha) located in Halmstad and

Hylte communities, southern Sweden (Fig. 1). The

area is a mosaic of wetlands and forests, but the lakes

in the western part are to a greater extent surrounded

by fields and pastures. The forests are mainly conif-

erous production forests with spruce and pine trees

planted approximately 100–150 years ago. Using data

from other ongoing surveys, we could establish that

the shorelines of the lakes were very similar to each

other, comprising on average 40.7% mature forest,

15.7% young forest (\15 years), 40.2% clear cuts and

only 3.4% urban areas.

Liming data

We used liming data freely available on the official

website of the Swedish Agency for Marine and Water

Management, Liming Information System (Nationella

Kalkdatabasen, accessed on May 15th 2012). We

divided the lakes into three categories: untreated

(n = 26), previously treated (limed no less than

6 years prior to sampling; n = 8) and currently treated

sites (n = 13), pooling the last two categories in some

analyses.

pH

Only continuous monitoring of pH from spring to late

autumn could produce fully comparable data, but due

to limited sampling time we had to content ourselves

with measuring pH in a selected number of lakes

(n = 24), distributed evenly between lake categories,

during April andMay 2012, after the spring acid pulse.

Our objective was not to get an exact value for each

lake, but to obtain a comparable mean value for the

lake categories, and to observe any differences

between the categories. In addition, four of our eight

currently treated lakes were included in a regional

evaluation of liming programmes (Stibe, 2014), which

enabled us to compare the data from these lakes to our

own.

Recording of dragonflies

The lakes were sampled for dragonfly larvae during

June, July and August of 2011, with additional

samples taken in May 2012. These sampling dates

enabled us to register the total species composition of

the lakes, including the univoltine species, which are

otherwise easily overlooked due to their short larval

development time. The sampling was conducted using

a standard student’s D-shaped water net, with 1.5 mm

mesh size and 22 cm diameter, suitable for dragonfly

surveys (Sahlén & Ekestubbe, 2001). We tried to

sample all types of vegetation/substrate present along

the shoreline up to a depth of about 0.5 m. The method

implies sweeping the net through the aquatic vegeta-

tion, or along the bottom, three consecutive times, thus

collecting most of the larvae present along about 1 m

of the shoreline. At each lake, we did 15–40 such triple

sweeps depending on lake size: fewer triple sweeps at

smaller lakes and where the vegetation was sparse.

Rich and varied vegetation necessitated a larger

number of swipes. All larvae collected were preserved

in 80% ethanol and punctured ventrally to prevent

inner putrefaction and deformation of the abdomen.
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All larvae down to a body size of 5 mm were

determined to species according to Norling & Sahlén

(1997). The species Coenagrion pulchellum (Vander

Linden, 1825) and C. puella (Linnaeus, 1758) cannot

be separated as larvae and are here treated as a single

taxon, as they have a somewhat similar ecology

(Sahlén, 1996; Wildermuth & Martens, 2014). We

used both presence/absence values and relative abun-

dance of larvae encountered per lake (number of

individuals per sample and per taxon corrected for

sampling effort, i.e. number of triple sweeps with the

net per site) for the calculations below; the latter was

also used to calculate an evenness index for all lakes

sampled. We decided to use the Calibrated modified

Hill’s ratio (G2,1) (Molinari, 1989), which works

relatively well for both rare and common species in the

dataset (Biesel et al., 2003). As our study focused on

lakes, we excluded any running water specimens

accidentally caught near the inlets and outlets of the

lakes.

Patterns of species associations

In order to compare untreated lakes to (currently or

previously) limed lakes, it is necessary to establish

whether or not the species compositions differ

between these categories. We did this in two steps:

First, we used the Nestedness Temperature Calcu-

lator (NTC; Atmar & Patterson, 1995) to establish if

the species communities encountered were non-ran-

dom sets of the regional species pool, where the

species can be arranged along a scale from ‘most

Fig. 1 Map of southern Sweden with Halland, Jönköping,

Kronoberg and Västra Götaland (HJKV) administrative regions

in grey. Map below right show Halmstad and Hylte region in

Halland where white dots mark the locations of the 47 lakes in

the study. Grey areas at the top correspond to the naturally

acidic region (left) surveyed by Sahlén & Ekestubbe (2001) and

the calcareous region (right) surveyed by Flenner & Sahlén

(2008); lakes are indicated by white dots

102 Hydrobiologia (2017) 788:99–113

123



common’ to ‘rarest’. We chose to make two analyses:

untreated vs. limed (currently or previously treated)

lakes, assuming that species associations and, hence,

any structured communities would differ between

limed and unlimed habitats. Nestedness is a debated

tool for evaluating species composition on islands in

an archipelago or, as we use it, in a predominately

forested landscape with scattered lakes of varying

habitat quality. An overview of the use of nestedness

can be found in, e.g., Simberloff & Martin (1991),

Wright & Reeves (1992) and Atmar & Patterson

(1993). Sahlén & Ekestubbe (2001), Suhling et al.

(2006) and Flenner & Sahlén (2008) used the NTC to

analyse whether or not odonate species were randomly

distributed within a region, in order to select indicators

of species richness or special habitats, or to evaluate

changes in species composition over time. If species

assemblages are nested, i.e. not randomly distributed,

we can expect patterns of species associations.

Second, having established the existence of pat-

terns, we used ANOVA to analyse differences

between the lake categories in terms of species

number. We also carried out discriminant function

analyses to determine if the three liming categories

differed markedly in odonate species composition. In

the first analysis, we used a presence–absence matrix

of species as the independent variable in the analysis,

where the linear combinations of the variables that

rendered the clearest separation between the lake

categories are shown. In this case, we used three lake

categories, meaning that two functions were calcu-

lated. The analysis produces Eigenvalues for each

function, giving a relative measure of howmuch of the

total variance is explained. In addition, it yielded

Wilks’ lambda values, which measure how well each

function separates variables into groups; small values

indicate a better discriminatory ability of the function.

The associated Chi-square statistics test was used to

check if the means of the functions are equal across the

categories used. We also pooled the two categories

‘previously limed’ and ‘currently limed’ into a single

category, and carried out a second discriminant

function analysis as above, to evaluate if the liming

effects are temporary or of a more permanent kind.

Both analyses provide classification results, in our

case presenting to what extent the lake categories can

be predicted by their species composition. In the

second analysis, we used relative abundance data for

all localities (number of larvae found adjusted to 40

triple sweeps per lake) and further log-transformed it

(?1) to compensate for a few mass occurrences in the

dataset, using three categories of lakes. The analyses

were carried out using IBM SPSS statistics release

20.0.0.2.

In a final step, we compared the untreated lakes to

the limed lakes, looking at the presence/absence of

odonate species in the lake categories as a relative

measurement of abundance. If all lakes in one

category were inhabited, this constituted 100% occu-

pancy, compared to, e.g., 50% (only half the lakes

occupied) in another case. We are aware that the

number of lakes differs between classes, and hence we

only took into account species which occurred in at

least five of the 47 lakes (*10%) to minimize random

effects. Furthermore, pooling the currently and previ-

ously limed lakes in a second step of the comparison

gave more even group sizes.

Comparison of regional species abundance

To evaluate our observations, we compared the

regional species abundance to that found in three

other datasets:

First, we used data from the nestedness matrix in

Flenner & Sahlén (2008: Fig. 3, p. 178), where the

regional species pool of an area with naturally

calcareous soil (Fig. 1) is presented; no acidification

occurs in that area, nor are the lakes naturally acidic.

Although this area is situated 500 km to the north-east

of Halland, it is the nearest available area with

calcareous soil where the occurrence of Odonata has

been thoroughly surveyed through sampling of larvae.

We are aware that the comparison is made difficult by

the fact that the regional fauna is different (a 70%

species overlap), and we can expect climate and other

environmental variables to differ. But if we assume

that a low pH in itself is a strong determining factor for

species occurrence, a different pattern should be

present on calcareous soil. We measured occurrence

as the number of sites (lakes) a species occupies in the

dataset.

Second, we used data from the area ‘Bergslagen’ in

Sahlén & Ekestubbe (2001: Fig. 3, p. 680), adding

unpublished data on univoltine species from the

original dataset for a comparison similar to those

mentioned above. This is an area with naturally acidic

lakes, which is also affected by acidification. There are

a few ongoing liming programmes also in that area,
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but not in any of the lakes included in our dataset

(Fig. 1). If the distribution patterns are general, we

would expect the same species selection there as in the

untreated lakes of the area covered in this study.

Third, we used postings on the Species Observation

System (2015), an independent site for the collection

of species sightings in Sweden, and ranked the number

of observations (of one or several specimens) of all the

43 lentic species of Odonata observed in the south-

western parts of Sweden (corresponding to the

administrative regions of Halland, Jönköping, Krono-

berg and Västra Götaland, HJKV; Fig. 1) during the

years 2000–2014. In this case, abundance was mea-

sured as the cumulated number of observations for

each species at all sites within the area. Any differ-

ences between the abovementioned datasets are dis-

cussed. As the vast majority of observations in the

Species Observation System concern imagoes, a

substantial component of vagrant specimens is prob-

ably included and the site specificity somewhat

reduced. Thus, it may not be directly comparable to

our data on larvae, but we use it here for a coarse

comparison.

Results

Baseline data

In total, 31 species and 1,320 specimens (Supplemen-

tary table) were found in our lakes, with 1 to 16 species

occurring in a single lake. Untreated lakes harboured

29 species (evenness G2,1 = 0.51), currently treated

lakes 21 species (0.45) and previously treated lakes 19

species (0.55). G2,1 values indicate medium evenness

in all three categories. There was a significant

difference in species numbers between the lake

categories (ANOVA, F = 4.18, P = 0.025), with

the mean number being 8.23 ± 2.98 (SD; range

4–16 species) for untreated lakes, 5.08 ± 3.40

(1–12) for currently treated lakes and 6.13 ± 4.64

(2–16) for previously treated lakes. Post hoc tests

(Tukey’s) revealed a significant difference in species

numbers between untreated and currently treated lakes

(P = 0.025), but not between untreated and previ-

ously treated, nor between currently and previously

treated lakes (P[ 0.05). The untreated lakes had a pH

of 5.21 ± 0.58, the previously treated lakes 5.67 ±

0.57 and the currently treated lakes 6.50 ± 0.46. The

average value calculated from four of the currently

treated lakes in the regional evaluation by Stibe (2014)

was 6.57 ± 0.37, i.e. at the same level as our

measurements. Liming seems to increase the pH by

more than 1 unit in our lakes.

Species associations

The nestedness matrix for untreated lakes (29 species,

26 lakes; fill 28.2%) was nested with a temperature of

32.46�, significantly lower than the temperature derived

from 1,000 Monte Carlo simulations of random distri-

butions (59.72� ± 4.56�, P\ 0.001). For the currently

and previously limed lakes together (21 ? 19 = 24

species together, 21 lakes; fill 22.6%), the temperature

was 16.55�, also lower than the randomly generated

temperature (49.06� ± 5.57�, P\ 0.001). Both matri-

ces were highly nested, and patterns of species associ-

ations may therefore be present.

In our first discriminant analysis of three lake

categories based on the presence/absence data, the two

discriminant functions were not significant. The first

function (Eigenvalue = 5.77, Wilks’ lambda =

0.080, v2 = 74.45, df = 60, P = 0.099) explained

87.2% of the variance. Function 2 (Eigenvalue =

0.84, Wilks’ lambda = 0.54, v2 = 18.05, df = 329,

P = 0.94) explained 12.8%. In total, 91.5% of the

lakes were classified to the correct lake category

according to their odonate species composition. While

all lakes belonging to the untreated category were

correctly classified, 3 out of 13 (23%) of the currently

treated and 1 out of 8 (12%) of the previously limed

lakes were not correctly classified. There was a clear

separation between the untreated lakes and the other

two categories, but not between the currently and

previously treated lakes, as shown in Fig. 2a. This was

confirmed when pooling the two treated categories: As

expected, the resulting discriminant function

explained 100% of the variation and was highly

significant (Eigenvalue = 5.47, Wilks’ lambda =

0.15, v2 = 56.03, df = 30, P = 0.003). The compar-

atively high Wilks’ lambda indicates that the function

still has only a moderate discriminatory ability. Using

log-transformed relative abundance data, the discrim-

inant functions were likewise not significant. The first

function (Eigenvalue = 6.08, Wilks’ lambda =

0.076, v2 = 76.04, P = 0.079) explained 87.6% of

the variance. Function 2 (Eigenvalue = 0.859, Wilks’

lambda = 0.54, v2 = 18.30, P = 0.94) explained
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12.4%. In total, 91.5% of the lakes were correctly

classified according to their odonate species compo-

sition (Fig. 2b), as in the presence/absence analysis.

The currently (2 out of 13) and previously limed lakes

(2 out of 8) were not separated along the function 2

axis, indicating that these categories have a more

similar species composition compared to the untreated

sites. The patterns observed were consistent both for

presence/absence and log-transformed relative abun-

dance data.

Regional species abundance

Looking into the species community and pooling the

two treated categories, we saw that ten relatively

abundant species had a lower frequency of occurrence

in limed lakes compared to untreated lakes (Table 1),

and that six of them: Lestes sponsa (Hansemann,

1823), Pyrrhosoma nymphula (Sulzer, 1776), Coena-

grion puella/pulchellum, Aeshna juncea (Linnaeus,

1758), Cordulia aenea (Linnaeus, 1758) and Libellula

quadrimaculata (Linnaeus, 1758), occurred in more

than 15 lakes within the region. The differences

between lake categories were pronounced (Table 1).

A series of species, including Enallagma cyathigerum

(Charpentier, 1840), Coenagrion lunulatum (Charp-

entier, 1840), Aeshna cyanea (Müller, 1764) and

Somatochlora flavomaculata (Vander Linden, 1825),

were present in untreated lakes. The three latter

species were absent in the currently treated lakes, but

they occurred in one out of eight lakes belonging to the

previously treated category (cf., Table 2). The rest of

the species differed either by only a few percent

between categories: Erythromma najas (Hansemann,

1823), Coenagrion hastulatum (Charpentier, 1825),

Aeshna grandis (Linnaeus, 1758), Somatochlora

metallica (Vander Linden, 1825), Sympetrum danae

(Sulzer, 1776) and S. sanguineum (Müller, 1764), or

occurred in a total of less than five lakes in the dataset,

which made them more prone to stochasticity: Coe-

nagrion armatum (Charpentier, 1840), Aeshna mixta

Latreille, 1805, Brachytron pratense (Müller, 1764),

Epitheca bimaculata (Charpentier, 1825), Leucor-

rhinia caudalis (Charpentier, 1840), L. pectoralis

(Burmeister, 1839), L. rubicunda (Linnaeus, 1758),

Orthetrum cancellatum (Linnaeus, 1758), O. coer-

ulescens (Fabricius, 1798), Sympetrum striolatum

(Charpentier, 1840) and S. vulgatum (Linnaeus, 1758).

Fig. 2 Scatter-plot of the discriminant analyses performed for

the datasets: a presence/absence and b log ? 1 transformed

abundance data with (1) white dots representing untreated lakes

(n = 26), (2) black dots for currently treated lakes (n = 13) and

(3) grey dots for previously limed lakes (n = 8); crosses mark

group centroids, some dots overlap. While currently and

previously treated lakes have species combinations which partly

merge along function 2, there is a clear separation between these

two categories and untreated lakes along function 1 in both cases
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Comparing the frequency of species occurrence

between limed (currently and previously) lakes and

untreated lakes/general observations within the other

regions (Fig. 1), we noted the following: Four of the

species which occurred less frequently in limed lakes

were counted among the more abundant species (top

third) in the calcareous area, and five of the species

were also among the top third in the acid soil area

(Table 2). Among the ten most frequently observed

species in the administrative regions, four occurred

less frequently in currently or previously limed lakes.

Furthermore, seven out of the ten species in Table 1

were found among the 20 most frequently observed in

the administrative regions in question.

Discussion

In this study, we present evidence that some of the

most abundant species in southern Sweden (Dannelid

& Sahlén, 2008; Species Observation System, 2015)

have a lower regional abundance in limed lakes than in

untreated lakes within our area. Of these, Libellula

quadrimaculata and Coenagrion puella/pulchellum

were number two and three on the list of most

commonly observed species in the administrative

regions of Halland, Kronoberg, Jönköping and Västra

Götaland, and the first and third most abundant species

in the calcareous area, respectively. In the naturally

acid regions, they were, however, less abundant

(Tables 1, 2). A rough comparison between our data

from the naturally acid region and the observations

from 2000 to 2014 registered in the Species Observa-

tion System (2015) from the same area (N Västman-

land and S Dalarna) gives at hand that the two species

in question were ranked the 2nd and the 6th most

abundant. This implies that these species are indeed

among the most abundant also in the acid region, but

not in the lakes sampled by Sahlén & Ekestubbe

(2001). There may be several reasons for this; one may

be that several ongoing liming programmes exist in the

area (Länsstyrelsen Örebro län, 2010) affecting part of

the lakes in the survey—a pattern observed also in the

current investigation. Although there is no conclusive

evidence, we believe that there are factors in limed

water bodies which directly or indirectly affect the

occurrence and/or abundance of some, but far from all,

dragonfly species.

Within the European Union, the Water Framework

Directive requires the identification of ‘favourable

conservation status’ for all types of water bodies (Moe

et al., 2010). Today’s communities are strongly

influenced by humans, the lakes in our study being

no exceptions, as the surrounding forest in the entire

region was planted on open Calluna heathlands from

approx. 1880 and onwards (Osbeck, 1996). A justified

question is therefore: What is a ‘natural’, a ‘recovered’

or for that matter an ‘affected’ community in the

anthropogenically modified landscape of today? And

how do you obtain a favourable conservation status,

and for which organisms.

It is well known that many organism groups

respond differently to disturbances and other environ-

mental factors (e.g. Faith & Walker, 1996; Lawton

et al., 1998; Birk et al., 2012; Timm&Moels, 2012), a

fact that has been thoroughly discussed in the context

of using indicator species (Sahlén &Ekestubbe, 2001).

Dragonflies are no exceptions to this rule, as they

respond to forestry, agriculture and structures in the

water (Sahlén, 1999, 2006; Koch et al., 2014). In our

Table 1 Comparison of the

number of lakes inhabited

by the ten most abundant

species in the untreated

(n = 26) and limed

(currently ? previously;

n = 21) categories

Values given as per cent

within brackets. Only

species found in[5 lakes

are included

Species Untreated Limed

Lestes sponsa (Hansemann 1823) 16 (61%) 8 (38%)

Pyrrhosoma nymphula (Sulzer 1776) 15 (58%) 4 (19%)

Coenagrion puella (L. 1758)/C. pulchellum (Vander Linden 1823) 13 (50%) 8 (38%)

Ischnura elegans (Vander Linden 1823) 9 (35%) 4 (13%)

Aeshna juncea (Linnaeus 1758) 11 (42%) 4 (13%)

A. subarctica Walker 1908 5 (19%) 2 (10%)

Cordulia aenea (Linnaeus 1758) 19 (73%) 11 (52%)

Libellula quadrimaculata (Linnaeus 1758) 17 (65%) 8 (38%)

Leucorrhinia albifrons (Burmeister 1839) 5 (19%) 2 (10%)

Leucorrhinia dubia (Vander Linden 1825) 4 (15%) 2 (10%)
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Table 2 All species encountered in the area, ranked by the presence in the number of currently and previously treated lakes

Species Currently or

previously treated

(N = 21)

Untreated

(N = 26)

Calcareous region

(N = 33)

Acid soil region

(N = 31)

HKJV

region

Cordulia aenea (L., 1758) 1 2 7 3 12 (371)

Libellula quadrimaculata L.,
1758

2 4 1 8 2 (781)

Aeshna grandis (L., 1758) 2 2 5 6 1 (850)

Lestes sponsa (Hansemann, 1823) 3 3 12 4 5 (665)

Coenagrion hastulatum

(Charpentier, 1825)

3 1 6 1 8 (424)

Pyrrhosoma nymphula (Sulzer,
1776)

4 8 – 14 7 (447)

Coenagrion puella (L., 1758)/
pulchellum (Vander Linden,
1823)

5 4 3 13 3 (683)

Erythromma najas (Hansemann,

1823)

6 3 8 11 16 (219)

Aeshna juncea (L., 1758) 6 8 2 2 13 (314)

Ischnura elegans (Vander
Linden, 1823)

7 8 – – 18 (211)

Aeshna cyanea (Müller, 1764) 7 10 10 – 6 (499)

Somatochlora metallica (Vander

Linden, 1825)

8 5 – 8 22 (186)

Sympetrum danae (Sulzer, 1776) 9 6 11 4 4 (669)

Leucorrhinia albifrons

(Burmeister, 1839)

10 9 16 – 33 (52)

Sympetrum sanguineum (Müller,

1764)

10 7 14 – 9 (308)

Enallagma cyathigerum

(Charpentier, 1840)

10 – 17 12 10 (388)

Aeshna subarctica Walker, 1908 10 9 24 5 29 (69)

Somatochlora flavomaculata

(Vander Linden, 1825)

11 10 13 – 26 (104)

Coenagrion lunulatum

(Charpentier, 1840)

11 10 – 17 28 (82)

Leucorrhinia dubia (Vander
Linden, 1825)

11 9 15 2 15 (256)

Orthetrum coerulescens

(Fabricius, 1798)

12 – – 21 21 (191)

Leucorrhinia pectoralis

(Charpentier, 1825)

12 – 9 – 24 (126)

Orthetrum cancellatum (L., 1758) 13 – 22 – 19 (206)

Aeshna mixta Latreille, 1805 13 10 19 – 20 (203)

Brachytron pratense (Müller,

1764)

14 9 23 – 25 (114)

Epitheca bimaculata (Charpentier,

1825)

14 10 – – 39 (26)

Sympetrum vulgatum (L., 1758) 14 – 18 21 11 (387)

Sympetrum striolatum

(Charpentier, 1840)

14 – – – 23 (136)
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area, the samples were taken in scattered lakes within a

mosaic landscape, with no aggregation of lakes

belonging to a single category in any part of the area.

We therefore expect that the observed differences in

the surroundings, with more agriculture in the western

part of the area, will affect all three categories equally.

Assuming that land use is not the key to the differences

observed, we suggest that liming, or simply acidity,

may be a factor regulating the occurrence of Odonata

which is worth focussing on.

Liming is known to reduce the amount of Sphag-

num moss as the pH rises (Eriksson et al., 1983), and

this should reduce the amount of Sphagnum-depen-

dent species in limed and previously limed lakes.

Among the Odonata this foremost applies to the genus

Leucorrhinia (Henrikson, 1988, 1993; Dijkstra &

Lewington, 2006). The five species in this genus are

very common in Sweden (Sahlén, 1996; Dannelid &

Sahlén, 2008; Species Observation System, 2015), but

in our study the Leucorrhinia species inhabited only a

small selection of the lakes. The species which seemed

to ‘avoid’ currently or previously limed lakes were,

however, not the Sphagnum specialists, but some of

the most common generalist species in the area. As the

observations in the administrative regions (Table 2)

are based on adults, a fair amount of vagrant speci-

mens are probably included in these data, as always

when studying flying organisms (cf. Dennis & Hardy,

1999; Suhling et al., 2006). Bearing this in mind,

liming still seems to reduce the occurrence of several

common species, indicating that limed odonate

communities may not be natural communities and

certainly not good examples of ‘restored’ ones.

It has been shown that pH is one of the most

important factors influencing freshwater species rich-

ness (Biggs et al., 2005; Hindar & Wright, 2005).

Friday (1987) showed that few species are found in

water bodies with a pH below 5.5. Wilander & Fölster

(2007) reported that a pH below 6.2 would affect the

species composition in Swedish lakes. Also, the target

pH of liming programmes in Sweden is often set at 6.0,

with a minimum of pH 5.6 (Naturvårdsverket, 2010;

Stibe, 2014), depending on the type of water body and

the organisms living therein. In the area studied here,

the untreated lakes were rather acidic, at least early in

the season, with a mean pH around 5.2—i.e. probably

low enough to affect at least some fish populations

(Simmons et al., 1996; Heibo & Vollestad, 2002) and

other water organisms. The currently treated lakes had

a pH of 6.5, in line with official figures from

measurements at other seasons (Stibe, 2014), and the

previously treated lakes had an intermediate pH. The

mean number of species differed between the cate-

gories, whereas the evenness values were all within the

same range (0.45–0.55). Our interpretation of this is

that the lakes belonging to the different categories

have a comparable structure of regionally abundant

and rare species. Furthermore, our discriminant anal-

yses showed that the species compositions were

somewhat weakly defined and therefore to a certain

extent similar. Hence, although certain species seem to

be affected in limed lakes, the overall community

Table 2 continued

Species Currently or

previously treated

(N = 21)

Untreated

(N = 26)

Calcareous region

(N = 33)

Acid soil region

(N = 31)

HKJV

region

Coenagrion armatum

(Charpentier, 1840)

14 – – 21 31 (58)

Leucorrhinia caudalis

(Charpentier, 1840)

– 10 21 21 34 (40)

Leucorrhinia rubicunda (L., 1758) – 10 4 11 14 (276)

Several species have equal rank. The two last species in the list occur only in untreated lakes. Bolded species occur in proportionately

fewer lakes in the categories currently and previously limed than in the untreated lakes. In a calcareous part of Sweden (Uppland),

four of the top seven species (by rank of presence in lakes in the area) belong to the bolded ones. In the acid soil region (Bergslagen),

the same situation occurs (but with other species; four of seven). N number of lakes in each category/region. In the administrative

regions of Halland, Kronoberg, Jönköping and Västra Götaland (HKJV region; cf., Fig. 1) here based on the number of reports in the

Species Observation System between January 1, 2000 and December 31, 2014, four of the ten most commonly observed species in

the region are bolded
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structure is not affected, at least not with regard to the

Odonata. But certain large-scale changes can be

expected to occur elsewhere in the food web. McKie

et al. (2006) reported an overall reduction in species

evenness following liming, along with reduced species

richness with regard to shredders. Descriptions of

altered producer communities (e.g. Herrmann et al.,

1993; Schneider & Lindstrom, 2009) are abundant.

Here we may speculate that the reduced occurrence of

common odonate species in limed lakes may be caused

by changes at other trophic levels, affecting a set of

species but not the odonate community structure as a

whole. Further studies on the ecological niche of these

species may be rewarding.

A common reason for initiating and continuing

liming programmes is that positive changes in water

quality may be achieved. Communities can to some

extent recover from acidification through liming

(Angeler & Goedkoop, 2010), but invasive species

and global change may cause other effects. Natural

recovery is also possible, but with highly varying final

results (Stendera & Johnson, 2008; Holmgren, 2014;

Murphy et al., 2014). It is argued that many acidified

lakes and rivers will require liming for many decades

to come (e.g. Larssen et al., 2010). In that context,

nature conservation could either focus on target

species like fishes or be based on a wider ecosystem

approach. We know that fish diversity will increase at

a higher pH (e.g. Russel et al., 2011), but for

invertebrates the pattern is much more complex. For

instance, McKie et al. (2006) reported that the general

diversity was reduced in 4 out of 6 streams following

liming, but that certain groups (some smaller Ple-

coptera) increased in numbers. Looking at lakes only,

Eriksson et al. (1980) found that there was an

increasing abundance of dragonfly larvae in acid

waters, but Eriksson et al. (1983) observed the

opposite pattern, i.e. a higher number of dragonfly

species in limed lakes than in untreated ones. In North

America, Pollard & Berrill (1992) noted a higher

dragonfly species diversity in lakes with lower pH, i.e.

the same pattern observed by us, but in their study

species numbers were not correlated to pH. Strong &

Robinson (2004) showed that the abundance of

frequently found taxa was higher in lakes with fish

than in fishless lakes, regardless of pH. As we have not

sampled all our lakes for fish, we cannot exclude this

as a determining factor (cf. Wittwer et al., 2010;

Nummi et al., 2012) as we generally found common

odonate species more often in lakes with a low pH,

where we expect to find little or no fish. Hence, we

must consider how much of the observed variation in

the Odonata community is due to predation (fish) or

intraguild predation from other Odonata and large

Dytiscidae beetles (cf. e.g. Yee, 2010; Suhling &

Suhling, 2013; Worthen & Horacek, 2015) rather than

to pH. As proposed by, e.g., Moore (1984), Clark &

Samways (1996) and Sahlén & Ekestubbe (2001),

odonates are expected to react rapidly to environmen-

tal change and may serve as good indicators when

evaluating habitat restoration (D’Amico et al., 2004).

If pH is a major factor, we see a pattern where restored

habitats become depleted of diversity, despite

improvements in water quality. At least, it seems that

a ‘favourable conservation status’ is not achieved

solely by liming in the case of Odonata. Water

chemistry may naturally play a large role here,

considering that the humic acid levels change with

both acidification and liming. As far as we know, very

little research has been made on how Odonata larvae

react to changes in water chemistry (Corbet, 1999).

In a perfectly nested set of lakes, those with few

species would only harbour regionally ‘common’

species that are also present at the more species-rich

sites (Cutler, 1994). This pattern is slightly blurred

when sampling natural sites, but in this study we

observed a highly significant nested species compo-

sition in both our datasets. This implies that the

Odonata species do not occur randomly within the

region. Instead, we may expect patterns created by

environmental variables (cf., Suhling et al., 2006), in

our case liming. McAbendroth et al. (2005), analysing

pond macro-invertebrate assemblages, noted that the

observed nestedness pattern was best explained by

pond area, with other habitat parameters and isolation

being of less importance. Our lakes differ in area by a

factor of 100 (0.18–49 ha) which certainly has an

influence on the species composition; lakes with a

longer shoreline have room for more varied plant

structures and, hence, more niche space (Sahlén,

2006); odonates respond to the size, form and structure

of the habitat. Hassall et al. (2011), looking at pond

volume as a measure of size, found no significant

relationship between this and invertebrate species

richness, whereas Biggs et al. (2005) reported a strong

correlation between pond size and macro-invertebrate

diversity. Diversions from conventional species–area

relationships may be due to ecological interactions as
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second-order effects (Hassall et al., 2011). Treating

different groups of organisms separately would give a

better understanding of species–area relationships

under varying environmental conditions. Gray &

Arnott (2011) identified limited dispersal and popula-

tion connectivity as an important factor determining

the formation of communities. Our study organisms

are generally regarded as good dispersers (Corbet,

1999; Andersen et al., 2016) and should therefore be

able to fly between all lakes included in this study. It is

therefore more likely that our nested communities are

shaped by acidity on different trophic levels, and/or by

interactions with predators, than by dispersal issues.

There are many different approaches to assessing

the ecological impact of acidification, and methods

differ between countries (Moe et al., 2010). Several

different metrics are in use, especially for river

assessment, while fewer attempts have been made to

assess acid stress effects on invertebrates in lakes

(Schartau et al., 2008). Most indices use species of

Ephemeroptera, Plecoptera, Trichoptera, Gastropoda,

Hirudinea and Crustacea, while excluding most other

invertebrates, including the Odonata. We know that

Odonata species respond more to the form and

structure of the habitat than to its acidity or general

nutrient level (Cannings & Cannings, 1994; Foster,

1995), but in this study we show that some of the most

abundant Odonata species react, at least indirectly, to

the reduced acidity in a habitat subjected to liming. As

stated, this may either be a direct effect caused by

changes in the food chain/species community as a

whole, thus comparable to predation, or due to other

factors. This has interesting implications for future

revisions of indices, indicating that new taxa might be

considered.Moe et al. (2010) pointed out that there is a

research challenge to find biological metrics able to

distinguish between naturally acidic habitats and

anthropogenically acidified ones. We suggest that

the Odonata may be a good candidate taxon, at least in

fishless habitats, but further research is needed to

evaluate causes and effects on other trophic levels and

in naturally acidic lakes.
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