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Summary

According to EU’s Waterframe Directive, Denmark must provide a national
index based benthic macroinvertebrates, as well as for other so-called biolog-
ical quality elements (phytoplankton, phytobenthos & macrophytes and fish),
to assess ecological quality in its lakes.

This report presents such a new macroinvertebrate index based on an already
existing Lithuanian index (LLMI) that has been intercalibrated together with
national indices from other countries within the Central-Baltic Intercalibra-
tion Group (CB-GIG) to which also Denmark belongs.

The Danish Littoral Macroinvertebrate Index (DLMI) is multimetric being
composed of four different components being calculated as:

DLMI = (ASPT + H1+ EPTCBO + %COP)/4,

where ASPT is an index developed in the U.K. to assess ecological quality of
streams, Hs is defined as exp(Shannon-Wiener Index), EPTCBO is the number
of taxa of Ephemeroptera, Plecoptera, Trichoptera, Coleoptera, Bivalvia and
Odonata, and %COP is the relative abundance of Coleoptera, Odonata and
Plecoptera.

DLMI is calculated based on a composite kick-sample for 2 minutes on firm
substrates (sand, gravel, stones) in the littoral zone using a standard net in the
littoral zone.

The index was tested on a total 280 samples from 55 Danish lakes of which
two lakes complied with generally accepted criteria for reference conditions.
The data set included both shallow and deep lakes, however all being alkaline
and basically with “clear” (not humic) water. Thus, the index is used for both
these lake types representing about half of all Danish lakes.

The index correlated well (r2 = 0.33) with a combination of both “eutrophica-
tion”, assessed using a Principal Components Analysis on a suite of physical,
chemical and biological parameters and expressed by primary and best ex-
plaining axis (PCA1) scores, and the “anthropogenic pressure” in the littoral
and riparian zone (assessed from a large suite of different elements and activ-
ities) where macroinvertebrate sample were taken. Further, the index corre-
lated significantly with eutrophication alone (but not for anthropogenic pres-
sure alone).

Moreover, DLMI correlated well (r2 = 0.48) with the macroinvertebrate com-
mon metric (index) to which all national indices within the CB-GIG were
benchmarked in order to intercalibrate the national boundaries for
High/Good and Good/Moderate ecological quality.

After a preliminary designation of DLMI boundary values (expressed as a
Ecological Quality Ratio on a scale from 0 to 1) for High/Good, Good/Mod-
erate, Moderate/Poor and Poor/Bad, respectively, these boundaries were in-
tercalibrated using exactly the same procedure as already carried out for the
majority of countries within the CB-GIG (see Béhmer et al. 2014). The inter-
calibration showed that boundaries H/G and G/M were significantly biased



(0.311 and 1.091, respectively), well above 0.25, meaning that the boundaries
were stricter than required. Below is shown the adjusted boundaries, based
on a mean bias of 0.25 for both boundaries, and to be comparable with adjust-
ments made by Lithuania for their index:

Boundary H/G G/M M/P P/B
DLMIgqr 0.71 0.41 0.30 0.12

Boundaries H/G and G/M based on a mean bias of 0 and -0.25 is also pre-
sented in the report.

Taking into account that DLMI primarily reflects the pressure of eutrophica-
tion, it is estimated that obtaining at least good ecological in shallow or deep
alkaline and clear-water Danish lakes require that the total-phosphorus yearly
mean should not exceed 0.049 mg/L. This is within the range previously
(yearly means: 0.045 — 0.051 mg/L) recommended by Danish EPA in regard
to the other biological quality elements.

Thus in conclusion, the report recommends that DLMI should be used as an
official, national assessment method in lakes.



Sammenfatning

Ifglge EU’s Vandramme Direktiv er Danmark forpligtet til at tilvejebringe et
nationalt indeks baseret pd bundlevende makroinvertebrater (smadyr) til vur-
dering af gkologisk tilstand i sger (ligesom for andre biologiske kvalitetsele-
menter som planteplankton, bundlevende alger & vandplanter, og fisk).

Denne rapport praesenterer et sddant nyt makroinvertebrat indeks. Dette er
baseret pa et allerede eksisterende Litauisk indeks (LLMI), som er interkali-
breret i forhold til sammenlignelige indices fra andre lande inden for den sa-
kaldte Central-baltiske interkalibreringsgruppe (CB-GIG), som ogsa Dan-
mark tilhgrer.

Det danske indeks, Dansk Littoralzone Makroinvertebrat Indeks (DLMI) er
multimetrisk, dvs. sammensat af fire forskellige delelementer, og beregnes som:

DLMI = (ASPT + Hi+ EPTCBO + %COP)/4,

hvor ASPT er et indeks udviklet i U.K. til vurdering af gkologisk tilstand i
vandlgb, H; er defineret som exp(Shannon-Wiener Indekset) (et matematisk
udtryk for diversitet), EPTCBO er antallet af taksonomiske grupper af dagn-
fluer (Ephemeroptera), slgrvinger (Plecoptera), varfluer (Trichoptera), biller
(Coleoptera), muslinger (Bivalvia) og guldsmede (Odonata), og %COP er den
relative hyppighed af biller, guldsmede og slgrvinger.

DLMI beregnes for et given sg-lokalitet pd grundlag af en sékaldt “sammen-
sat” sparkeprgve, indsamlet over 2 minutter og ved brug af en standard ket-
sjer, pa fast bund (sand, grus, sten) i bredzonen (ogsa kaldet littoralzonen).

Indekset blev testet pa i alt 280 prever fra 55 danske sger. To af disse sger
kunne ud fra generelt accepterede kriterier karakteriseres som “reference”
sger, dvs. neermest upavirkede af menneskets aktiviteter. Der indgik bade lav-
vandede og dybe sger, som var alkaliske og basalt set med klart ikke-humus-
holdigt vand. De to sgtyper omfatter omkring halvdelen af alle danske sger.

Indekset var signifikant og ret godt korreleret (r2 = 0,33) med en kombination
af (a) en “eutrofieringsparameter”, som blev konstrueret pa baggrund af en
sékaldt “Principal Components Analysis” ud fra en rekke fysiske, kemiske
(bl.a. fosfor og kveelstof) og biologiske faktorer (som karakteriserer den pa-
geldende s@), og ved anvendelse af analysens bedst forklarende faktor
(PCAL), og (b) en parameter (Pl) som udtrykte “menneskeskabte pavirknin-
ger” i sgens lavvandede bredzone (hvor DLMI-prgven blev indsamlet) og de
narmeste omgivelser pa land. DLMI var ogsa signifikant korreleret med eut-
rofiering (PCAL1) alene, men ikke med bredzone-pavirkningen (PI).

Derudover var DLMI ret staerkt og signifikant korreleret (rz2 = 0,48) med det
feelles makroinvertebrat indeks (ICCM), som samtlige lande inden for CB-GIG
er blevet interkalibreret ("benchmarked”) i forhold til, saledes at de enkelte
landes nationale greenser mellem Hgj/God” og "God/Moderat” for gkolo-
gisk tilstand er sammenlignelige.



Efter en forelebig national fastleeggelse af greenserne mellem de fem klasser
(Hej, God, Moderat, Ringe, Dérlig) af skologisk tilstand (udtrykt pa en EQR-
skala fra 0 til 1, hvor 0 er darligst og 1 bedst) blev disse graenser interkalibreret
efter preecis samme procedure som allerede anvendt ved den allerede gen-
nemforte interkalibrering/benchmarking for flertallet af lande inden for CB-
GIG (se Bohmer et al. 2014). Pa grund af en hej bias pa greenserne mellem
H/G og G/Miforhold til de andre lande, som betyder at de nationale graenser
ville fremstd "“strengere”, er de forelobige graenseveerdier seenket. Med ud-
gangspunkt i en bias pa 0,25 er de justerede greenseveerdier vist nedenfor.
Greenserne H/G og G/M bliver dermed mere sammenlignelige med Litauens
(justerede) greenser.

Graense H/G G/M M/R R/D
DLMIleqr- 0,71 0,41 0,30 0,12
*EQR — Ecological Quality Ratio

Greenserne for H/G og G/M med bias 0 og -0.25 er vist i rapporten.

Eftersom det er pavist, at DLMI primeert afspejler eutrofiering, kan det ud fra
graenserne ovenfor beregnes, at opnaelse af mindst god ekologisk tilstand (det
overordnede mal i Vandramme Direktivet) kraever, at en sgs indhold af total-
fosfor (malt som arsgennemsnit) ikke ber overstige 0,049 mg/L (uanset om
der er tale om lavvandede eller dybe, alkaliske, ikke-brunvandede sger). Dette
er inden for de greenser (arsmiddel 0,045 mg/L for dybe sger, 0,051 mg/L for
lavvandede sger), som er udmeldt nationalt i forbindelse med den igangvee-
rende vandplanlaegning.

Det er pa denne baggrund rapportens konklusion, at DLMI kan anvendes som
et national, officielt indeks til vurdering af gkologisk tilstand i de setyper, som
det er udviklet for.



1 Background

According to the European Union (EU) Water Framework Directive (WFD),
EU member states are not allowed to administer surface water resources as
normal trading goods. Surface water resources and ecosystems should be ad-
ministered as irreplaceable values to be protected and managed as such (EU-
Parliament and the Council 2000). In this context, ecosystems of all lakes and
streams targeted by the WFD should meet the legislative requirements and
obtain at least “good” ecological and chemical status by 2027. The ecological
status is based on four biological quality elements (BQE’s, including phyto-
plankton, phytobenthos + macrophytes, benthic invertebrates and fish) and is
categorised according to the deviation of biological communities from the
community which would be expected at none or insignificant anthropogenic
influence. The WFD operates with five ecological quality classes (high, good,
moderate, poor and bad). One ecological quality class should be determined
for each biological quality element, and the overall ecological quality class as-
cribed to a water body will be the lowest ecological quality class among all
biological quality elements (one-out-all-out principle).

Each EU member state should develop one or more metrics or indicators for
each biological quality element, and these metrics or indicators should target
the dominant anthropogenic stressors (e.g. eutrophication or hydromorpho-
logical degradation). Subsequently, these ecological indicator tools should be
intercalibrated with those of other EU member states to harmonise the thresh-
olds for the ecological quality classes.

Intercalibrated indices for Danish lake ecosystems exist for phytoplankton,
macrophytes and fish, all targeting eutrophication. Hence, Denmark still
needs to develop metrics or indicators for phytobenthos (as part of the mac-
rophyte and phytobenthos quality element) and benthic invertebrates to com-
ply with the objectives of the WFD.

Recently, Wiberg-Larsen (2014) developed two indices for benthic inverte-
brates in Danish lakes. The first index (DISI) mainly targeted local physical
stressors acting in the littoral and riparian zones, and the second index
(LIMCO) targeted eutrophication. However, LIMCO failed to meet the criteria
for successful intercalibration (Willby et al. 2014) with the common European
index (ICCM), and DISI varied significantly among within-lake sampling
sites, causing serious complications for lake management. Therefore, Wiberg-
Larsen (2014a) advised against the use of benthic invertebrates in the classifi-
cation of ecological status of lakes in Denmark. Subsequently, Denmark di-
rected itself to the Working Group ECOSTAT under the Common Implemen-
tation Strategy to obtain its WG ECOSTAT for excluding benthic invertebrates
from the Danish national assessment of ecological status in lakes (Wiberg-
Larsen 2014b).This application was, however, rejected.

The Environmental Protection Agency of Denmark (previously Nature
Agency) has assigned DCE/Bioscience, AU, to explore alternative indices for
benthic invertebrates in Danish lakes in order to meet the legislative require-
ments of the EU WFD. In this report we aim to develop an alternative index
based on littoral benthic invertebrates since these reflect the dominant stressor
in Danish lakes, i.e. eutrophication, taking into account also other major
stressors such as human activities in and near the littoral zone.
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1.1 Benthic invertebrates

In our work, benthic invertebrates refer to macroinvertebrates, for instance
worms, leeches, mussels, snails, larger crustaceans, such as isopods and am-
phipods, and not at least different aquatic insects. Hence, microinvertebrates,
for instance Microturbellaria, Copepoda, Cladocera and Ostracoda, are not
included in this study.

Danish lakes and ponds are inhabited by approximately 1,100 benthic inver-
tebrate species. A significant proportion of these are restricted to small lakes
and ponds. Most benthic invertebrates are affiliated with habitats in the litto-
ral zone that are often characterised by high macrophyte abundance and di-
versity and high substrate diversity compared with the profundal zone. De-
pending on wind direction and shelter, the littoral zones are exposed to wind
and may resemble habitats found in running water. Due to exposure and re-
stricted depth, oxygen concentrations in the water of littoral zones rarely de-
crease below critical thresholds. In contrast, in profundal zone oxygen con-
centrations may exceed such thresholds, especially during summer in strati-
fied lakes. Consequently, benthic invertebrates occupying the profundal zone
are typically characterised by traits that reduce their dependency on high ox-
ygen concentrations (e.g. haemoglobin). Therefore, the total abundance and
species richness of benthic invertebrates in littoral zones exceed by far those
of the profundal zones.

1.2 Lake littoral benthic invertebrates as environmental
indicators

Lake littoral benthic invertebrates are generally assumed to be sensitive to a
broad range of environmental stressors including acidification (Solimini et al.
2006; McFarland et al. 2010) and hydromorphological degradation (Smith et
al. 1987; Christensen et al. 1996; Solimini et al. 2006; Timm and M®dls, 2012),
and profundal benthic invertebrates are believed to better reflect gradients in
eutrophication than littoral benthic invertebrates (Saether, 1979; Lang, 1985;
Solimini et al. 2006; Timm and Méls, 2012). However, a former study of na-
tional monitoring data from a relatively large number of lakes indicates that
profundal/soft-bottom dwelling benthic invertebrates (including those in the
true profundal zone) do not to reflect well the gradient in eutrophication of
Danish lakes (Wiberg-Larsen et al. 2009).

A latter study of littoral macroinvertebrate communities has shown a poten-
tial of using macroinvertebrate for assessing the ecological state of the littoral
zones of Danish lakes (Wiberg-Larsen 2014a). Thus, it was possible to develop
a multimetric index, DISI, showing the responses of macroinvertebrates pri-
marily to anthropogenic pressures in the littoral zone and adjacent riparian
zones (including hydromorphometric alterations) but also to general eutroph-
ication. Further, an alternative index, LIMCO (Miler et al. 2012), was tested
for responses to eutrophication. Even though the indices based on littoral ben-
thic invertebrates showed potential to reflect human pressures, their use for
assessing ecological quality in Danish lakes was not recommended (Wiberg-
Larsen 2014b) for the following reasons: Index scores of DISI performed
poorly due to a too wide variation in scores when littoral/riparian anthropo-
genic pressures were low and LIMCO showed poor intercalibration with the
so-called intercalibration common multimetric index (ICCM), which is used
in the intercalibration exercise conducted by a number of countries in the Cen-
tral-Baltic Intercalibration Group (CB-GIG) to which Denmark belongs.



In spite of the Danish arguments for not using macroinvertebrates as a BQE
(Wiberg-Larsen 2014b), ECOSTAT ruled/decided that Denmark must —
should better arguments not be provided — implement a national method
based on macroinvertebrates (Sandra Poikane in litt., 2015). At the moment
macroinvertebrate methods are used in six CB-GIG countries, including Lith-
uania and Germany. Furthermore, ECOSTAT suggested that Denmark might
adopt the methods applied in either Germany or Lithuania (Sidagyte et al.,
2013) or, alternatively, the ICCM (Sandra Poikane in litt., 2015).

After discussions with the Environmental Protection Agency of how to com-
ply with the decision and views of ECOSTAT, it was decided to test if the
Lithuanian index (Sidagyte et al. 2013) would be suitable for Danish lakes,
possibly with some modifications.
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2 Lake categories and sampling sites

2.1 Categorisation of lake types

In the implementation of the WFD, the majority of European countries pri-
marily include lakes with a surface area > 50 ha; however, Denmark includes
all lakes with an area > 5 ha, and even some lakes with a surface area between
1 and 5 ha. This bias in size potentially influences the comparison between
Danish and EU lakes as species richness and biodiversity generally increase
with lake surface area.

Eleven different types of lakes have been identified in Denmark (Danish EPA
2004). About half of all Danish lakes belong to lake type 9 (alkaline, clear wa-
ter, shallow and freshwater) or type 10 (alkaline, clear water, deep, freshwa-
ter), consult table 2.1 for further details. The remaining lakes are primarily
characterised by low alkalinity and/or a high content of humic substances, or
being brackish.

Table 2.1. Physical and chemical characteristics of the two dominant lake types in Den-
mark (data from Sgndergaard et al. 2003a). *Lake typology also depends on stratification.

Lake type Alkalinity Colour Salinity Depthmean
(meg L) (mgPt L™) (%0) (m)*

9 20.2 <60 <05 <3

10 20.2 <60 <0.5 >3

In this context, and as the data available in terms of littoral benthic invertebrate
samples is sufficient only for lake types 9 and 10, we focus exclusively on these
in the development of a Danish littoral benthic invertebrate index. This is fur-
ther justified as intercalibration within the Central Baltic Geographic Intercali-
bration Group has been performed only on these lake types (B6hmer et al. 2014).
Only one example of another lake type was included, namely Lake Madum (rel-
atively close to a reference condition), characterised by low alkalinity (0.04 meq
L-1), non-humic conditions and near neutral pH (6.5).

2.2 Reference lakes

Due to the WFD requirements of evaluating all anthropogenic impacts on sur-
face water bodies as the deviance of biological communities from the commu-
nity expected to occur at none or insignificant anthropogenic influence (i.e.
reference conditions) (EU Environmental Quality Standards Directive 2008),
lakes subjected to minimal anthropogenic impact will be an essential element
of a Danish index based on littoral benthic invertebrates. Several definitions
of the term “reference condition” exist (Stoddard et al. 2006), presenting a
pragmatic and systematised procedure in cases where no truly un-impacted
ecosystems exist. As the Danish landscape is heavily utilised for agriculture
(60%) and urban settlements (15%), truly un-impacted or minimally impacted
lake ecosystems do not exist. Thus, Wiberg-Larsen (2014a) identified “best
achievable condition” as the best alternative definition available, and we refer
to Wiberg-Larsen (2014a) for a comprehensive evaluation of all alternative
definitions. The specific physical and chemical characteristics defining the
best achievable condition for Danish lakes have been identified by Sgnder-
gaard (2003) and are summarised in table 2.2. These threshold values were
supplemented with criteria for acceptance of a maximum proportion of do-



mestication in the lake catchment of 10% (including agriculture, urban settle-
ments, roads, paved surfaces etc.). Moreover, a maximum threshold of an-
thropogenic modification of the riparian and littoral zones (defined as a Pres-
sure Index value of 3 — see 3.3 for details of definition of the index) was in-
cluded following the recommendations of Wiberg-Larsen (2014a) and Béhmer
etal. (2014). Only two lakes qualified as having/fulfilling reference conditions
based on all selective criteria (Lake Almind and Lake Slaen).

Table 2.2. Threshold values defining the best achievable condition for Danish lakes be-
longing to lake types 9 or 10 (Danish EPA 2004). Data originate from Sgndergaard et al.

(2003a).
Total-P Total-N Chlorophyll a Secchi depth
Lake type » 4 1
(Mg L™ (mg L (g L™ (m)
9 14.6 0.4 3.7 3.8
10 7.6 0.38 3.9 5.4

2.3 Lakes and sampling sites

A total of 55 lakes were included in the analysis on which historical data are
available through “grey” literature (investigations performed by the former
counties of Aarhus, Viborg, and Ringkgbing in 1984-1994 (n = 18)) and data
collected specifically for the development of a Danish lake index for littoral
benthic invertebrates in 2012 (n = 15) and 2013 (n = 24). The samples collected
in 2013 were not included in the study by Wiberg-Larsen (2014a). Two lakes
were sampled in both 2012 and 2013. To avoid pseudo-replication, we only
used 2013 data for these lakes (since more samples were available from all
lakes this year). Hence, the total number of lakes included in our analysis ex-
ceeded that of Wiberg-Larsen (2014a) by 22. The lakes included in the analysis
represent strong gradients in eutrophication and anthropogenic impacts in
the riparian zone (Table 2.3).

Table 2.3. Minimum and maximum values of central physical and chemical parameters for the 55 lakes included in the analysis.

Alkalinity pH Total-P Total-N Chlorophyll-a Secchi-depth PI*
(meq L) (hg L™) (mg LY (hg L™) (m)
Min 0.26 7.1 12 0.26 4.0 0.45 0
Max 3.57 9.2 327 4.50 121.0 5.31 33

1 PI=Pressure Index. See Methods section for details.

The number of sampling sites per lake ranged from 1 to 8 for lakes sampled
from 1984 to 1994 and from 4 to 6 for lakes sampled in 2012 and 2013. The total
amount of sampling sites summed to 280 compared with 166 in the study by
Wiberg-Larsen (2014a). A detailed overview of lake sizes, mean depths and
average values for central physical and chemical parameters is presented in
Appendix 1. For references to “grey” literature used to collect lake data from
1984-1994 see Wiberg-Larsen (2014a).
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3 Methods

3.1 Benthic invertebrate sampling

One composite sample was collected at all sampling sites, mainly targeting
hard substrate types (i.e. sand, gravel, and stones). “Stratified” sampling sites
were selected, i.e. the sites were distributed “evenly” along the banks where
suitable substrates were available. This method is described in detail in Wi-
berg-Larsen (2013). In brief, benthic invertebrates are collected for two
minutes using a standard kick-sampling net (frame 25 x 25 cm, mesh size 500
pum) and by stirring up bed substrate using a kick-sampling technique. Sam-
pling was, with a few exceptions during 1984-1994, restricted to September
and October. Important parameters such as sample volume, mesh size of the
standard net, and sampling effort was assessed comparable between the his-
torical data collected in 1984-1994 and the new samples collected in 2012 and
2013 (Wiberg-Larsen 2014a).

3.2 Processing of benthic invertebrate samples and
harmonisation of community data

Sample processing and the taxonomic level of identification for benthic inver-
tebrates with respect to samples collected in 2012 and 2013 followed the pro-
cedure described by Wiberg-Larsen (2013). Moreover, the level of identifica-
tion for samples collected in 1984-1994 was similar or sometimes even more
detailed compared with the recommended procedure (Wiberg-Larsen 2013).
No details on sample processing were available in the reports on the samples
collected in 1984-1994. However, based on expert judgement (Peter Wiberg-
Larsen), the composition of the taxonomic benthic invertebrate community
and species abundances do not imply major incongruence that could hamper
a comparison among samples collected in 1984-1994 with those collected in
2012 and 2013 (see also Wiberg-Larsen 2014a).

Since the taxonomic level of detail was larger for several samples collected in
1984-1994 (e.g. many Chironomidae identified to species level), the taxonomic
lists were harmonised according to the lowest level of detail to allow compari-
son of samples collected in 1984-1994 with those collected in 2012-2013. Moreo-
ver, several microinvertebrates were included in the taxon lists of some samples
collected in 1984-1994. Such taxa were removed and other adjustments made
prior to data analysis to realign taxonomic congruence among all samples.

3.3 Habitat characteristics

Physical habitat characteristics were recorded in the field for all sampling sites
in 2012 and 2013 following the protocol described by Wiberg-Larsen (2013).
In brief, physical habitat types were quantified within a predefined area (50
m of lake shore extending X m into the lake, where X is defined by the wade-
able depth). Within this area, the proportional coverage of 8 different sub-
strate types (e.g. sand, gravel, stones and coarse woody debris) was recorded.
Moreover, areal proportions containing overhanging vegetation, roots and
coverage of 11 different morphological types of macrophytes were recorded
along with the total volume of submerged macrophytes. For details, see Wi-
berg-Larsen (2013). Based on these data, two habitat indices were calculated:
i) the Substrate Index (SI) and ii) the Vegetation Index (VI). In terms of the
historical data (1984-1994), information of physical habitat characteristics



(substrate composition and aquatic plant community composition) was ex-
tracted from the Danish reports containing the benthic invertebrate data.

The Sl index is based on five different substrate categories (stones, gravel,
sand, silt and large woody debris). Initially, each substrate category is as-
signed an Adjustment Factor (AF), reflecting the potential positive influence
on benthic invertebrate biodiversity: stones (AF=5), gravel (AF=4), sand
(AF=2), silt (AF=1), large woody debris (LWD) (AF=5). Subsequently, the AF
of each substrate category is multiplied by its proportional coverage at the
sampling site, and the IS index is calculated as:

SI = (proportional coveragesions X AFmouldery) + (proportional coveragegraveny %
AFgraveny) + (proportional coveragesand) X AFsang)) + (proportional coverageginy X
AF i) + (proportional coverageqwpy x AFLwp)).

Hence, high Sl values represent high substrate diversity with dominance of
hard surfaces provided by boulder, gravel and LWD. Conversely, low Sl val-
ues represent low substrate diversity with dominance of soft substrates as silt
and sand.

The VI index is based on ten different morphological features of aquatic mac-
rophytes. Similar to bed substrate categories, each morphological feature is
assigned an AF: Submerged macrophytes with thread-forming lobes (AF=5),
bryophytes and submerged macrophytes without conspicuous lobe for-
mation and with parallel nerves (AF=3), broad-leaved macrophytes without
conspicuous lobe structure and without parallel nerves (AF=2) and all other
categories (AF=1). Subsequently, the proportional coverage of each morpho-
logical feature is multiplied by the AF specified for that morphological fea-
ture. Similar to the Sl index, the VI index is calculated as:

VI = (proportional coveragen) x AF)) + (proportional coverageg) X AFg) + (pro-
portional coveragecy X AF(c)) + (proportional coveragepy x AFp)) + (proportional
coveragee) X AFg) + (proportional coverager X AF) + (proportional coverage) X
AF ) + (proportional coverage x AF)) + (proportional coveragey x AFq),

where each capital letter (A-J) represents one of the ten morphological features.
Hence, high VI values represent high diversity of morphological features of
aquatic plants with dominance of submerged macrophytes with thread-form-
ing lobe structures and bryophytes and submerged macrophytes containing
leaves without conspicuous lobes but with parallel nerves. Conversely, low VI
values represent plant communities with few morphological features domi-
nated by those assigned an AF of 1. Please consult Wiberg-Larsen (2014a) for
further details concerning the categorisation and calculation of VI.

3.4 Anthropogenic pressure

Anthropogenic influence on sampling sites was recorded during the field
sampling in 2012 and 2013, while the historic sites (sampled during 1984-1994)
were “revisited” using Google Map or similar air photographs to quantify an-
thropogenic influence. In brief, anthropogenic pressures were recorded
within the habitat sampling area (described in section 3.3 and Wiberg-Larsen
2013) and in a 50 m zone extending from the edge of the habitat sampling area.
A comprehensive list of possible anthropogenic pressures can be found in Wi-
berg-Larsen (2013). The summed impact of anthropogenic pressures was
quantified using the Pressure Index (PI) (Miler et al. 2012). The PI index is
calculated as:
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Pl = number of category 1 pressures (outside, but maximum 50 m, the habitat sam-
pling area) + (2 x number of category 2 pressures (outside, but maximum 50 m, the
habitat sampling area)) + (2 x number of category 1 pressures within the habitat sam-
pling area) + (4 x number of category 2 pressures within the habitat sampling area),

where category 1 pressures represent low-intensity anthropogenic impacts
such as forest paths, non-paved roads, public parks, conifer plantations, fruit
gardens and pasture. Category 2 pressures represent high-intensity anthropo-
genic impacts such as industry, paved surfaces, agriculture, urban areas, lake
harbours and marinas, fixation of lake shores (e.g. riprap structures), drainage
canals and removal of aquatic vegetation and lake sediment.

3.5 Physical and chemical characteristics

Physical and chemical properties of the lakes were described by a series of
spatial and environmental parameters including, but not limited to, catch-
ment area, lake surface area, mean depth, alkalinity, pH, ortho-phosphate, ni-
trate, ammonium, total-P, total-N and phytoplankton biomass (chlorophyll-a
and Secchi-depth used as proxies). These data were collected from central da-
tabases (e.g. containing data via the National Monitoring Program for Nature
and Aquatic Environment, NOVANA) and regional monitoring reports (see
Appendix 2 in Wiberg-Larsen 2014a). If available, physical and chemical data
from the year of benthic invertebrate sampling was used (normally possible).
If this requirement could not be fulfilled (historical data), the temporarily clos-
est physical and chemical data was selected to minimise incongruence.

Yearly mean values of alkalinity, pH, ortho-phosphate, nitrate, ammonium,
total-P, total-N, chlorophyll-a, and Secchi-depth were calculated and used in
the analyses. Number of yearly measurements in each lake was generally > 7.

3.6 Benthic invertebrate metrics and indices

Compared with the first report on the development of a lake littoral benthic
invertebrate index (Wiberg-Larsen 2014a), this report contains an extended
dataset. Therefore, all basic benthic invertebrate metrics and indices were cal-
culated again as an extended dataset may change correlations to environmen-
tal variables. The calculated metrics were primarily those included in LMMI
(Sidagyte et al. 2013) and in the so-called Intercalibration Common Metric in-
dex (ICCM) used in the intercalibration process of national indices of the other
countries of the Central-Baltic Intercalibration Group).

The development of a new Danish benthic invertebrate index for lakes follows
the requirements of the WFD and contains elements of taxonomic composi-
tion and diversity, species specific abundances and relationships between sen-
sitive and tolerant taxonomic groups of relevance for the dominant stressor.
Further, absence of major taxonomic groups is considered by including
EPTCBO taxa (although it is assessed that this parameter might not be as
meaningful for lakes as for streams). Table 3.1 gives an overview of all calcu-
lated metrics and indices.

The software ASTERICS 4.04 was used to calculate multiple metrics and indi-
ces. Please consult Anonymous (2013) for an overview of Software opportu-
nities in ASTERICS, version 4.



Table 3.1. Overview of indices and metrics used in development of a national macroinvertebrate littoral index for Danish lakes.

Indices/metrics

Description

Characterisation according
to WFD requirements

% ETO (abundance)

Hill's 1. number (H;)

Abundance of Ephemeroptera+Trichoptera+ Odonata) (% of all taxa)

Taxonomic composition,
abundance, diversity

Taxonomic composition, di-
versity

Taxonomic composition,
abundance, diversity

Number of taxa of Ephemeroptera+Plecoptera+Trichoptera+ Coleop-
tera+Bivalvia+Odonata versity

Taxonomic composition, di-

Taxonomic composition,

___________________________________________________________________ abundance
Average Score Per Taxon (= BMWP/antal taxa) (Armitage et al. 1983). Ratio sensitive/non-sensitive
Based on occurrence of families, each assigned a specific indicator value __taxa ______________________.
SW, cf. Shannon (1948) Diversity
Exp (Shannon-Wienerindex) Diversity

The Lithuanian Lake Macroinvertebrate Index (LLMI) is a combination of four
metrics: (i) Average Score Per Taxon (ASPT), giving information on species
sensitivities towards low oxygen concentrations (consequence of heavy eu-
trophication) (Armitage et al. 1983), (ii) the first Hill’s number (H.), giving the
effective number of operational taxa (Hill 1973), (iii) CEP taxa (number of op-
erational taxa belonging to the orders of Coleoptera, Ephemeroptera, and
Plecoptera), giving a measure of taxonomic community composition, and (iv)
%COP (proportional abundance of individuals belonging to the orders of Col-
eoptera, Odonata and Plecoptera), giving a measure of group abundances.

The LLMI was finally derived as the average value of these four core metrics
(converted to EQR) as:

LLMI = (ASPT + H; + CEP + %COP)/4.

Further, an alternative version of LLMI, substituting CEP taxa with EPTCBO
taxa , was calculated as:

DLMI = (ASPT + H1+ EPTCBO + %COP)/4.

This version is referred to as The Danish Lake Macroinvertebrate Index
(DLMI). The reason for taking this modification of LLMI into account is ex-
plained in chapter 4.2.

3.7 Data treatment and statistical analyses

The overall aim of the present report was not to differentiate between lake
types 9 and 10 since a new Danish index for littoral benthic invertebrates
should cover both lake types. Therefore, all lake data were analysed without
differentiating between lake typologies.

3.7.1 Environmental parameters

During the former attempt to elaborate a Danish macroinvertebrate index for
lakes (Wiberg-Larsen 2014a), it was found that none of the variables tradition-
ally reflecting eutrophication (such as total-P, total-N, chlorophyll-a, and Sec-
chi depth) exhibited optimal correlations with macroinvertebrate metrics.
Therefore, and in accordance with this work, a Principal Component Analysis
(PCA) was performed on all chemical variables, depth and surface area (listed



in section 3.5) to compare and quantify interdependencies between environ-
mental parameters along the first two orthogonal axes in the ordination space.
All data were log (x+1) transformed prior to analysis. The rationale was to
obtain a eutrophication metric that would better reflect eutrophication. The
PCA analysis was performed in PC-ORD for Windows. Correlations between
PCAL scores and environmental parameters (Pearson correlation) were deter-
mined in Sigma Plot 11.0 for Windows.

3.7.2 Macroinvertebrate indices

Before calculating the multimetric indices, all calculated invertebrate metrics
were converted to so-called EQR values (ecological quality ratios) on a scale
from 0 to 1 according to the following formula:

observed value - lower anchor

EQR =
reference value - lower anchor

For the conversion, it is essential to estimate two anchor points, the upper (being
theoretically equal to a reference value) and lower anchor. In the CB-GIG inter-
calibration exercise (B6hmer et al. 2014), the upper and lower anchor values
were derived as 90% and 10% percentiles of all samples from the common da-
taset (including lake sites from Belgium, Estonia, Germany, Lithuania, the
Netherlands and the UK) — see values in table 3.2. However, these anchor values
were applied to the Danish dataset to calculate multimetric indices, several met-
rics showed significantly negative values and, consequently, several negative
index scores. Therefore, we adjusted both the upper and lower anchor points
from the CB-GIG intercalibration exercise taking the actual Danish dataset into
account. Thus, we estimated national reference values as the 75t percentiles of
the distribution of samples from reference lakes (Lakes Almind and Slaen) fol-
lowing recommendations by Hering et al. (2006) — see table 3.2.

Calculations of LLMI, DLMI and ICCM were all carried out in Excel, and in-
dex scores were tested against environmental parameters (PI, VI, SI and
PCAL) by use of linear and multiple linear regressions in SigmaPlot 11.0.

Table 3.2. Anchor points used to scale relevant metrics to EQR values in the present study and in the CB-GIG intercalibration
exercise, respectively, according to Bohmer et al. (2014)*. # No data available. **Note that these values are erroneously

switched in Bohmer et al. (2014).

Anchor points ASPT

Hill (H1) CEPtaxa %COPtaxa EPTCBOtaxa %ETOtaxa %Lithophile taxa

Upper (present study) 5.5
Upper (CB-GIG)* 55
Lower (present study) 3.0
Lower (CG-GIG)* 3.6

10.6 18 9.5 20 49.5 19.5
# # # 20.1 48.1 25.1%
2.2 1 0 1 14 1

# # # 2.8 9.8 8.7**
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3.7.3 Description of macroinvertebrate communities

The macroinvertebrate composition of the samples was analysed using mul-
tidimensional scaling (MDS). Prior to the analyses, taxa were aggregated to
obtain constituency across the whole dataset (see chapter 3.2), and fourth root
transformation was performed to down-weight very abundant taxa. Subse-
quently, Bray-Curtis similarities were calculated for every pairwise combina-
tion of the 280 samples. These were then scaled in a MDS biplot showing the
best possible expression of the species composition reflected by the two pri-
mary axes. Next, we tested for the difference between groups of samples des-
ignated to one of the five ecological quality classes (EQC). This classification
is only a labelling of the samples and does influence the analysis described



above. The actual designation (labelling) was derived from the setting of na-
tional boundaries for DLMI and corresponding ICCM values (according the
results presented in chapter 4.4). The tests were carried out using ANOSIM
(acceptance of significance: P < 0.1%). Finally, using SIMPER, we assessed the
taxa that contributed most to each of the five EQC’s and separated these be-
tween classes. All analyses were carried out using the software PRIMER 6.



Figure 4.1. PCA of morphomet-
ric, chemical and biological pa-
rameters characterising the in-
lake environment of 55 Danish
lakes: mean depth (Dmean), lake
surface area (Area), chlorophyll-a
(CHL_a), Secchi (Secchi depth),
pH (pH), total alkalinity (TA), total
phosphorus (TP) and total nitro-
gen (TN). Abbreviations of the
names of the specific parameters
are given in Appendix 1. Chemi-
cal/biological parameters are
given as yearly mean values
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4 Results

4.1 Environmental parameters

Strong gradients in surface area, depth, water chemistry and proxies for phy-
toplankton biomass were identified. In total, 44.3% of the variation in the da-
taset was explained by PCA axis 1, whereas an additional 19.9% of the data
variation was explained by PCA axis 2 (figure. 4.1). Overall, PCA axis 1 rep-
resented a gradient in eutrophication, primarily reflected by total-P (Pearson
r=-0.76, p <0.0001), total-N (Pearson r = -0.64, p <0.0001), chlorophyll-a (Pear-
son r = -0.88, p <0.0001), pH (Pearson r = -0.72, p <0.0001) and Secchi depth
(Pearson r = 0.87, p <0.0001). Accordingly, PCA axis 2 represented a gradient
in lake size (surface area: Pearson r = 0.82, p <0.0001) and mean depth (Pear-
son r =0.74, p <0.0001). Data on physical/chemical parameters and PCA1
scores are presented in Appendix 1.

In the further analyses, PCA axis 1 scores were used as a “proxy” for eutroph-
ication as these values integrate multiple elements of eutrophication rather
than just one (e.g. total-P), allowing a much more comprehensive and reliable
interpretation of eutrophication. This method has previously been suggested
by Hering et al. (2006).
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The littoral habitat was described by anthropogenic pressures (Pl = pressure
index) as well as by substrates (SI = substrate index) and vegetation (VI = veg-
etation index). Among these, Pl and VI had long gradients, whereas SI was
more uniform due to the selection of sampling sites with “hard” substrates
(Wiberg-Larsen 2013). Only Pl and VI were significantly correlated (posi-
tively), though only slightly (r2 = 0.05, p<0.05). None of the three indices was
significantly correlated with eutrophication (PCAL).



4.2 Biological metrics

Among the calculated indices and metrics all, except for %lithophile taxa,
were strongly and significantly correlated with PCAL (P<0.001), whereas they
were all less (although still significantly) correlated with the pressure index
(P<0.05), see table 4.1. Pearson r was, however, high (>0.5) only for ASPT and
EPTCBO taxa and close to 0.5 for CEP taxa and %COP taxa. The correlations
between PCA1 and Hill; and %ETO, respectively, were found to be relatively
weak, whereas PCA 1 was, as already mentioned, not significantly correlated
with %lithophile taxa. Further, PCA 1 was not correlated with the pressure
index (see above).

The higher correlation with PCAL of EPTCBO taxa compared with CEP taxa
may justify substituting this metric in LLMI, thereby providing a new Danish
version of LLMI (DLMI). Further, EPTCBO is already included in ICCM, pre-
supposing that DLMI would intercalibrate well with this. Thus, based on this
result we focussed primarily on DLMI in providing a new national method,
however testing also LLMI.

Table 4.1. Correlations (r, Pearson coefficient) between macroinvertebrate indices/metrics
and environmental variables for 280 specific sites in 55 Danish lakes. Indices/metrics were
calculated as EQR-values after normalisation according to table 3.2, whereas pressure in-
dex and PCA1 scores were normalised using maximum and minimum values as upper
and lower anchors.

Pressure
Parameter P-value PCAL (r) P-value
Index (PI) (r)
ASPT -0.132 0.027 0.509 <0.001
Hilly -0.142 0.017 0.306 <0.001
CEP taxa -0.125 0.037 0.479 <0.001
%COP taxa -0.134 0.025 0.429 <0.001
EPTCBO taxa -0.124 0.028 0.515 <0.001
%ETO taxa 0.069 0.025 0.244 <0.001
%Lithophile taxa -0.127 0.034 0.059 0.33
PI 0.013 0.83

4.3 Multimetric indices tested in relation to pressures

The Lithuanian index as well as the new proposed Danish index was tested
against each of the major pressures, eutrophication (represented by the proxy
parameter PCA1) and the pressure index. The tests were carried out in linear
as well as in multiple linear regressions (see table 4.2). We also calculated lin-
ear and multiple regressions for ICCM.

The results for DLMI are shown graphically in figure 4.2.
We further tested if inclusion of the habitat parameters SI and VI would
strengthen the explanatory power of the multiple linear regressions, but

strengthening was negligible (rz2 = 0.343, p<0.001), only VI contributing be-
sides PCA1 and PI.
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Table 4.2. Results of linear regression models for LLMI, DLMI and ICCM including PCA1
and Pl as explanatory variables.

Index Regression formel r? P-value
LLMIpcarpy  0.348 + (0.0638 * PCAL) - (0.00469 * PI) 0.324 <0.001
LLMIpcary 0.311 + 0.0635 * PCA1 0.294 <0.001
LLMIpy) 0.356 — 0.0045 * PI 0.027 0.004

DLMIpcarpy  0.352 + (0.0665 * PCAL) - (0.00474 * PI) 0,332 <0.001
DLMlpca1) 0.316 + 0.0652 * PCA1 0.301 <0.001
DLMlIpy) 0.361 —0.00454 * PI 0.026 0.004

ICCMpcarpy  0.384 + (0.0423 * PCAL) - (0.00212 * PI) 0,245 <0.001
ICCMpcan) 0.367 + 0.0422 * PCA1 0.235 <0.001
ICCMpy 0.389 —0.0002 * PI 0.007 >0.05

Overall, LLMI and DLMI both fulfil the requirements of the WFD as r2 > 0.25
for PCA1 separately and in combination with PI. Both indices are therefore
appropriate to reflect multi-stressors; with main weight, however, on eu-
trophication. ICCM did not fulfil the requirement for PCA1 and PI, neither in
combination nor separately.
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Figure 4.2. Linear regression between DLMI and PCAL, a proxy for “eutrophication” (LEFT), and Pressure Index, PI, represent-
ing anthropogenic impact in the littoral zone (RIGHT).

PCAL is used as a proxy for eutrophication. More directly, eutrophication is
reflected by concentrations of nutrients, N and P. Therefore, we also tested for
linear regression between DLMI and these nutrients, see table 4.3.

Table 4.3. Results of linear regression models for DLMI and total phosphorus (TP) and to-
tal nitrogen (TN) separately and in combination, and Pl in combination with TP, as explan-
atory variables.

Index Regression formula r? P-value
DLMI¢rppi 0.441 - (0.688 * TP) - (0.00541 * PI) 0.08  <0.001
DLMIrp) 0.390 - (0.608 * TP) 0.045 <0.001
DLMIry) 0.355 - (0.0204 * TN) 0.003 0.189
DLMI e, 0.391 - (0.604 * TP) - (0.00101 * TN) 0.039 0.002
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Figure 4.3. Linear regression
between DLMI and ICCM based
on 280 macroinvertebrate sam-
ples from 55 lakes. Shown re-
gression line (solid line), 95%
C.L. (stippled lines) and 25 and
75% percentiles (dotted lines).

DLMI was only significantly correlated with total-P alone and in combination
with PI; however, the correlations were weak in both cases and far from fulfil
the WFD requirement of r2 > 0.25.

4.4 Difference in DLMI values according to lake type

We also tested for statistical differences in DLMI scores among the two lake
types: shallow and deep lakes (see table 4.4), and the scores turned out to be
highly different, particularly for the deep lakes.

Table 4.4. Comparison of DLMI scores from shallow and deep lakes. Differences were
tested and turned out to be statistically significant by Mann-Whitney U-test (P<0.001).

Lake type Minimum  Mean Median Max N
Shallow (Dmean <3 m) 0.09 0.23 0.22 0.38 26
Deep (Dmean > 3 M) 0.11 0.40 0.34 0.98 29

4.5 Intercadlibration of LLMI and DLMI with ICCM

Both LLMI and DLMI correlated well and satisfactorily with ICCM (r2 >>0.25,
p< 0.001, N=280):

LLMI = -0.0258 + (0.927 * ICCM) (r2=0.446) and
DLMI = -0.0276 + (0.946 * ICMM) (r2=0.479).

The result of the correlation for DLMI is shown in figure 4.3 (the correspond-
ing correlation for LLMI is almost similar and therefore not shown).

Values appeared to be relatively well distributed along the regression line,
except for a few outliers that only represented 3.5% of all samples.

The results of the regressions support the usefulness/appropriateness of
DLMI as a new national method (or index).

1.6

1.2

0.8+

DLMI

0.4+

0 0.2 0.4 0.6 0.8 1.0 1.2
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4.6 “Preliminarily” selected EQC boundaries for the Danish
macroinvertebrate index

Danish boundaries for the five ecological quality classes (EQC) were prelimi-
narily derived on the basis on the national intercalibration results (see above)
using an equal subdivision of the ICCM axis and subsequent estimation of
boundaries for corresponding DLMI values using the equation presented in
chapter 4.5. The boundaries are presented in table 4.5.

Table 4.5. Suggested “preliminary” national boundaries of ecological quality classes
(EQC) for DLMI — and corresponding classification according to the CG-GIG common in-
tercalibration metric.

Boundaries DLMI ICCM
High/Good 0.73 0.8
Good/Moderate 0.54 0.6
Moderate/Poor 0.35 0.4
Poor/Bad 0.16 0.2

4.7 Intercalibration of “preliminary” EQR boundaries to those
of other CB-GIG countries

The national ecological assessment methods — and thus also the present ma-
croinvertebrate index for lakes (DLMI) - must be compared (intercalibrated)
with those of other countries.

In practice data from all comparable countries, in this case countries belong-
ing to the CB-GIG, has to be included in a comprehensive analysis described
in detail in chapters 6 & 7 in Béhmer et al. (2014). Overall, every national index
is linearly correlated with the ICCM (see above). First of all common metric
elements were standardised, normalised and combined into the multimetric
common index, ICCM expressed as EQR. Then national EQRs of status class
boundaries were translated into ICCM using regression lines of the ICCM in
dependence of the national EQR. Thereafter, ICCM class boundary values
were averaged to get a common view, and finally the deviation of the national
indices was expressed in terms of their status class width. The tolerable bias
(status class width) is + 0.25 (B6hmer et al. 2014).

Accordingly, the preliminary boundaries of DLMI (according to table 4.5)
were intercalibrated by Jirgen Bohmer, BIOFORUM GmbH using exactly the
same procedure as referred to above.

The result is shown in figure 4.4.
For Denmark the intercalibration means that the preliminary boundaries of

both H/G (bias 0.311) and G/M (bias 1.091) are above 0.25. This means that
the boundaries are more strict than required.
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Figure 4.4. Class widths (bias) for the boundary of high/good (H/G) and good/moderate (G/M), respectively, for national ma-
croinvertebrate indices of each of the CB-GIG countries. Notice that boundaries for Estonia and Lithuania have been adjusted

subsequently to reduce their bias.

Figure 4.5. Multidimensional
scaling of Bray-Curtis similarities
based on 280 macroinvertebrate
samples from 55 Danish lakes.
The symbols show the “a priori”
classification of status class ((H —
high, G — good, M — moderate, P
— poor, and B — bad) according to
the new Danish index, DLMI.

4.8 Description of macroinvertebrate communities related to
ecological quality classes

A total of 354 macroinvertebrate taxa were found in the 280 samples. Of these
144 taxa were rare and recorded in less than 5 samples each. Thus, macroin-
vertebrate communities were characterised by relatively few widely occur-
ring and generally abundant taxa. Only 9 taxa occurred in 50% or more of the
samples and 37 taxa were identified in 25-49% of the samples.

MDS analysis revealed a relatively uniform taxonomic composition as re-
flected in a relatively high stress value (0.27), showing only a poor presenta-
tion of the scaled similarities in a two-dimensional plot (figure 4.5). Thus, the
“gradients” in taxon composition was relatively weak, suggesting that many
(common) taxa occurred over the whole spectrum of samples (and lakes).
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Based on the ecological quality classification (or labelling) of DLMI, and thus
without influence on the multidimensional scaling, a further analysis showed
that samples with high quality were significantly separated from those with
good, moderate, poor and bad quality (ANOSIM, R=0.21-0.46, P=0.001). Samples
with good quality were significantly separated from those with poor and bad
quality (R=0.099/0.47, P=0.006/0.001), but not from those with moderate quality
(R=0.061-0.099, P=0.017). Samples with moderate quality were significantly
separated from those with bad quality (R=0.38, P=0.001) but not from those
with poor quality (R=-0.002, P=0.50). Finally, samples with poor quality were
significantly separated from those with bad quality (R=0.16, P=0.001).

This picture of a relatively uniform taxonomic composition is supported when
further characterising the macroinvertebrate communities (using SIMPER);
thus, the majority of widely occurring and abundant taxa were found in sam-
ples covering the whole spectrum of quality classes and pressures.

Thus, taxa like Tubificidae (Oligochata), Pisidium spp. (Bivalvia), Asellus aquat-
icus (Crustacea), Caenis horaria, and C. luctuosa (Ephemeroptera) all contrib-
uted significantly to the taxon composition of samples with high, good or
moderate quality. Also taxa like for instance Potamopyrgus antipodarum (Gas-
tropoda), Erpobdella spp. (Hirundinea), Gammarus pulex (Crustacea), and Glyp-
totendipes spp. (Chironomidae) occurred predominantly among these quality
classes. However, samples with high quality were generally characterised by
a much higher number of contributing taxa than those with good or moderate
quality. Further, many of the contributing taxa had higher abundances in high
quality samples than those with good quality. Some “indicator” taxa could be
identified as characterising high or good quality (e.g. Nemoura avicularis
(Plecoptera), Leptophlebia spp., Ephemera vulgata (Ephemeroptera), Notidobia cil-
iaris and Goera pilosa (Trichoptera), but no taxon was specific for either of the
two classes. However, these “indicators” were only rarely recorded in sam-
ples with moderate or poor quality.



5 Discussion

Based on the recommendation and suggestions from ECOSTAT, we here pro-
pose a new national macroinvertebrate index for implementation in Danish
lakes to assess ecological quality (or status).

The suggested index, DLMI (Danish Littoral Macroinvertebrate Index), repre-
sents a slight modification of the Lithuanian index (LLMI), which already is
intercalibrated within the CB-GIG. The two indices include three common
metrics (ASPT, Hill;, %COP taxa), whereas the fourth, and last, metric is
EPTCBO taxa in DLMI rather than the CEP taxa in LLMI. In both indices, the
four metrics are weighted equally.

The adjustment of LLMI represented in its Danish version, DLMI, is made
because (i) it reflects important pressures, eutrophication and morphometric
alterations (or anthropogenic impacts) of the littoral zone slightly better for
Danish lakes than LLMI, (ii) it supposedly performs more steadily as it in-
cludes more taxonomic groups (due to the substitution of metric CEP taxa
with EPTCBO taxa), and (iii) EPTCBO taxa are specifically included in the
multimetric index (ICCM) to which the CB-GIG countries intercalibrated
their national methods.

5.1 Intercadlibration of DLMI and national boundaries

Despite the obvious scarcity of available reference lakes necessary to provide
the upper anchor values of the EQR scale (only two lakes fulfil the criteria),
DLMI was successfully intercalibrated relative to the CB-GIG standard pro-
cedure. Thus, nationally performed linear correlation (see chapter 4.5) with
ICCM was high (r2=0.48), in fact as high as the best among the CB-GIG coun-
tries obtained from the comprehensive CG-GIG intercalibration (see B6hmer
et al. 2014). Only the Netherlands performed slightly better (r2=0.49), whereas
the results for the remaining countries were significantly poorer (r2=0.13-
0.40). Among these, LLMI only had r2=0.13, presumably due to a very small
gradient in pressures (see below).

DLMI reflected the pressures well compared with the other countries (B6hmer
et al. 2014). Being able to reflect both eutrophication (expressed as PCAl
scores) and anthropogenic pressures (expressed as a pressure index, Pl, equiv-
alent to so-called morphometric alterations) of the littoral zone with r2=0.33,
DLMI performed rather well and fulfilled the requested value of at least 0.25.
DLMI also performed much better than LLMI in Lithuania (r2<0.28 for BOD-
— a “proxy” of phytoplankton biomass, and only r2=0.15 for the combined
pressure of total-P and morphometric alterations). In comparison, the German
index was slightly poorer correlated with the combined pressure of total-P
and morphometric alterations (r2=0.30) than DLMI, whereas the indices of Es-
tonia and the Netherlands correlated better with, respectively, land use and
shore alterations (r2>0.40). It should be noted, however, that DLMI correlated
poorer with total-P and morphological alterations than the Lithuanian and
German indices.

Due to the convincing overall correlation with ICCM and pressures, we pro-
pose DLMI as a new national common index despite the score differences ob-
served between shallow and deep lakes. The differences we ascribe to differ-
ences in eutrophication between the two lake categories. There is no reason to
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Class widths (bias)

1.0

believe that the basic differences between the two lakes types should influence
the overall relationship between DLMI and pressures as the invertebrate com-
munities were only assessed in near-shore water with less than 1 m water
depth. This is opposite to macrophytes, for which two different multimetric
indices have been developed for shallow and deep lakes, respectively, since
the metrics applied biologically depend on depth (Sendergaard et al. 2009).
Moreover, the differences in DLMI scores observed between shallow and
deep lakes are likely due to the fact that the shallow lakes are more nutrient-
rich and more impacted by anthropogenic pressures in the littoral and ripar-
ian zone than the deep lakes. Statistically, the development of two different
indices would be hampered by lack of fewer data in the correlations and there-
fore be weaker. A final argument for using only one index is that the other
CB-GIG countries use a common index for both shallow and deep lakes (and
also the same boundaries between status classes).

In conclusion, we presume that DLMI may be successfully implemented.
However, according to the intercalibration of DLMI together with data from
the other CG-GIG countries, the preliminary national boundaries (H/G and
G/M) are more strict than required, the bias (as class width) being >0.25 (see
chapter 4.7). Adjustment of the mean bias to approximately 0.25 implies that
boundaries should be lowered to 0.71 for H/G and 0.41 for G/M (see Figure
5.1 and Table 5.1). Accordingly, the boundaries for M/P and P/B should be
adjusted to 0.30 and 0.12, respectively.

Alternatively, adjusting the H/G and G/M boundaries according to a bias of
0 or -0.25 would result in significantly lower values that would differ mark-
edly from those of the other countries that decided to adjust their preliminary
boundaries, not at least Lithuania (who only adjusted their preliminary values
to 0.347 and 0.331, respectively). Further, aiming at a bias of 0 and -0.25 would
result in a very skew EQR scale (see Table 5.1).
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Figure 5.1. Class widths (bias) for the boundary of high/good (H/G) and good/moderate (G/M), respectively, for national ma-
croinvertebrate indices of each of the CB-GIG countries, and after adjustment of preliminary Danish boundaries H/G (from 0.73
to 0.71) and G/M (from 0.54 to 0.41). Note that bias is now reduced to 0.241 and 0.266, respectively. Thus, the mean bias of the
two boundaries (that statistically influences each other) is 0.25. Further notice that the presented boundaries for Estonia and
Lithuania have been adjusted subsequently to reduce their biases (see text).
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Figure 5.2. Classification of 280
samples and 55 lakes into the
proposed (adjusted) status clas-
ses (see table 5.1).

Table 5.1. Overview of boundaries for national macroinvertebrate indices already inter-
calibrated within the CB-GIG — supplemented with the preliminary and adjusted bounda-
ries for DLMI.

Member state Intercalibrated index H/G G/M
Belgium (FL) Multimetric index 0.90 0.70
Germany AESHNA 0.80 0.60
Estonia Multimetric index 0.86 0.70
Lithuania LLMI (multimetric index) 0.74 0.50
The Netherlands WFD expert-based index 0.80 0.60
United Kingdom CPET 0.77 0.64
Denmark DLMI (multimetric index):
Preliminary boundaries 0.73 0.54
Adjusted boundaries (bias 0.25) 0.71 0.41
Adjusted boundaries (bias 0) 0.57 0.334
Adjusted boundaries (bias -0.25) 0.52 0.327

5.2 Applying ecological status classes to Danish lakes in the
present dataset

According to the proposed (adjusted) boundaries of the ecological status clas-
ses presented in table 5.1 (according to a bias 0.25), the macroinvertebrate
samples were classified into five classes reflecting the actual adjusted DLMI
EQR values (see figure 5.1).

Further, mean DLMI EQR values for each of the 55 lakes were calculated and
classified into status classes (see figure 5.2).
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The classification was rather “skew”. Thus, most samples (44%) and lakes
(51%) were classified as having poor ecological status. Only 22 % of the sam-
ples and 18 % of the lakes obtained at least good ecological status.

Both reference lakes (Lake Almind & Slaen) and one additional low-nutrient
lake (Madum) were classified as having high ecological quality.

As expected the DLMI values varied among the samples within the specific lake
(Appendix 2). However generally, the variation assessed as S.D. was hot unac-
ceptable high. In the reference lakes it was only about 10% of the mean, although
extremely high variation (up to and above 100%) was found in some lakes.
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Figure 5.3. Classification of 30
lakes into ecological status clas-
ses according to four ecological
quality elements represented by
five metrics. Data derived from
the national monitoring pro-
gramme (NOVANA) and calcu-
lated/provided by “Danish Agency
for Water and Nature Manage-
ment” (SVANA).
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5.3 DLMIlin relation to other national BQEs

In a national perspective, it is relevant to investigate how DLMI classifies
lakes compared with the classifications of other biological quality elements
(BQE). From the national monitoring programme (NOVANA) it was possible
to obtain data for the complete suite of for all other available BQEs covering a
total of 30 (not specifically representative) lakes. The relative distribution of
the five quality classes for four quality elements (representing five metrics) is
presented in figure 5.3, showing an overall overrepresentation of DLMI scores
in the “lower” part of the quality scale (poor or bad status).

The overrepresentation is confirmed by pair-wise statistical tests (Wilcoxon
Signed Ranks Test). Thus, DLMI scored poorer (median difference = one qual-
ity class) than the corresponding metrics for chlorophyll-a, phytoplankton
and macrophytes (P<0.001-0.002). However, there was no significant differ-
ence in scores between DLMI and the national fish index for lakes (P=0.156).
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5.4 Implementation of DLMI

Primarily, DLMI shows relatively high correlation with eutrophication and also
with anthropogenic alterations in the littoral/riparian zones. Eutrophication is,
however, much better reflected by the constructed eutrophication variable,
PCAL1, than by total-P (and total-N). Unfortunately, PCAL is not straightfor-
ward for use in water management action plans describing how much eutroph-
ication must be reduced to achieve at least good ecological status as defined by
DLMI. However, if DLMI boundaries are transformed to specific PCA1 bound-
aries described by the equations in table 4.2, the latter can be further trans-
formed into total-P boundaries (expressed as yearly means) using an exponen-
tial function between PCAL and total-P, see figure 5.4.

The relationship is relatively well described by the exponential function (r2 =
0.61). However, we must point out that total-P is already included in the PCA1
scores, and therefore the parameters are not independent. Anyway, “feeding”
the boundary for DLMI between good/moderate status (0.41) into the linear
regression between DLMI and PCA1 provides a PCA1 boundary of 1.44. This
can, in turn, be transformed to a total-P value of 0.049 mg L. This boundary
is close the critical values (also expressed as yearly means) generally assumed
to fulfil at least good status in shallow (0.051 mg/L) and deep lakes (0.045
mg/L) when implementing the water management plans for the period 2015-
2021 (Naturstyrelsen 2014, page 53).



Figure 5.4. Relationship be-
tween the constructed eutrophi-
cation metric, PCA1, and total-P.
Data for 55 Danish lakes included
in the present study.
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5.5 Revision of technical guidance to macroinvertebrate
sampling and sample processing

When implementing DLMI in the national legislation, the present methods
guidance must be revised and a new technical guidance developed under NO-
VANA. Although sampling should build on previous practices, the number
of samples per lake might be downscaled to 4-5 from the previous 6 depend-
ing on lake morphology and occurrence of “hard” substrates as no significant
differences were found in standard deviation between lakes with 4-5 and 6
samples, respectively (Mann-Whitney U-test, P=0.12).

Furthermore, adjustments should be made relative to the level of identifica-

tion needed to calculate the four metrics in the multimetric index. For exam-
ple, identification of Chironomidae to genera/species will likely be omitted.
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8 Appendices

Appendix 1: Table overview of lake characteristics (surface area, mean depth
and central physical and chemical parameters) for each of the 55 lakes used in
the analysis.

Appendix 2: DLMI scores and ecological quality classification of samples from
55 Danish lakes.



Appendix1. Surface area, mean depth and central physical/chemical parameters for each of the 55 lakes used in the analysis.

Depth Chloro-  Secchi

Lake Area (mean) Tot-P Tot-N phyll depth Year of
Lake name code (km?) (meqg/L) (mg/L) (mg/L) (ug/L) (m) PCA1 data
Almind Sg AL 0.53 10.4 0.58 7.54 0.012 0.29 4 5.31 4.75 1994/95
Bastrup Sg BA 0.32 34 2.89 8.50 0.102 0.86 16.2 2.15 0.43 2013
Borresg BO 1.95 4.9 1.47 8.55 0.157 2.35 27 1.05 -0.96 1985
Bromme Lillesg BL 0.14 1.8 3.16 8.28 0.028 1.07 25.1 0.99 0.08 2013
Bryrup Langsg BR 0.38 4.6 1.47 9.14 0.230 2.25 107 0.75 -2.23 1988
Damhus Sg DA 0.46 1.6 1.40 8.90 0.066 1.16 135 1.78 0.22 2013
Dons Ngrresg DN 0.36 1.0 1.96 9.14 0.081 1.23 192.9 0.61 -2.32 2013
Engelsholm Sg EN 0.44 2.6 1.73 8.11 0.045 0.81 21.7 2.28 0.99 2013
Esrum Sg ES 17.3 12.3 2.60 8.43 0.151 0.52 6.7 4.96 1.93 2013
Flyndersg FL 4.18 3.6 2.70 8.42 0.327 1.75 120 0.45 -2.75 1994
Frederiksborg Slotssg FR 0.21 3.1 2.03 8.08 0.117 1.76 52 1.04 -0.95 2012
Fussing Sg FU 3.33 14.6 1.69 8.70 0.100 0.94 15 4.08 1.36 1989/90
Gentofte Sg GE 0.26 0.9 1.56 8.66 0.026 0.74 6 1.40 1.09 2012
Grarup Sg GA 0.08 21 2.84 8.38 0.062 1.61 67.1 111 -0.94 2013
Graerup Langsg GR 0.33 0.7 0.69 7.78 0.061 0.58 16 0.92 0.51 2012
Ggadstrup Sg G@ 4.60 1.8 2.27 7.90 0.207 4.09 94 0.90 -2.40 1990
Hald Sg HA 3.33 14.6 1.06 8.00 0.165 1.49 41 2.72 0.41 1985
Hinge Sg HI 0.93 1.2 1.70 8.39 0.064 1.44 49.4 0.88 -1.02 2013
Hvidkilde Sg HV 0.61 2.0 3.51 8.78 0.278 1.16 100.1 1.39 -1.85 2013
Jels Midtsg JE 0.25 41 2.69 8.29 0.050 2.75 21 1.82 -0.01 2012
Jels Nedersg JEN 0.53 5.7 2.30 8.13 0.046 1.94 10.8 2.61 1.04 2013
Jels Oversg JEO 0.08 1.2 3.93 8.05 0.142 1.57 75.6 0.85 -1.77 2013
Juel Sg Ju 5.70 7.8 1.85 7.52 0.130 3.63 7 2.80 0.69 1985
Klokkerholm Sg KL 0.08 0.9 1.73 8.91 0.062 1.81 59.1 1.12 -1.26 2013
Lading Sg LD 0.44 1.0 2.00 8.72 0.186 1.42 17.6 1.27 -1.01 2013
Langesg LA 0.18 3.1 3.57 8.30 0.114 1.57 66 1.75 -0.84 2012
Madum Sg MD 2.01 3.2 0.03 6.50 0.031 0.63 11.3 212 343 2013
Magle Sg v. Brorfelde MA 0.15 3.6 2.97 8.39 0.016 0.82 10.8 2.49 1.82 2013
Maribo Sgndersg MS 8.62 1.7 2.40 8.39 0.049 1.35 22 1.44 -0.13 2012
Mellemdyb (V.Stadil Fjord) ME 0.86 0.4 1.00 8.13 0.227 1.94 145.6 0.35 -3.17 2013
Mossg MO 13.1 10.3 1.79 8.97 0.101 1.20 51 1.42 -0.42 1986
Ollerup Sg oL 0.23 1.2 3.47 8.71 0.211 1.46 148.3 0.65 -2.69 2013
Peblinge Sg PE 0.10 2.2 1.76 9.16 0.124 1.09 15 1.96 -0.04 2012
Ravn Sg RA 1.80 15.0 2.29 7.60 0.028 3.58 9 3.66 1.71 1988
Ring Sg RI 0.24 29 1.47 8.04 0.124 0.92 29 1.69 0.14 2012
Salten Langsg SL 3.00 4.5 1.29 8.14 0.078 0.88 32 151 0.35 1993
Skarre Sg SK 1.93 2.6 3.01 8.27 0.091 0.90 29 1.83 0.00 2012
Sl&en Sg SA 0.18 7.3 1.39 7.11 0.023 0.26 9 4.88 3.87 2012
Stallerup Sg SA 0.24 2.1 2.20 8.55 0.079 1.19 84.0 1.07 -1.04 2013
Stigsholm Sg SH 0.21 0.8 1.17 8.18 0.088 2.02 34 0.94 -1.08 2012
Stilling-Solbjerg Sg SS 3.66 8.1 2.13 8.52 0.253 4.50 46 1.30 -1.67 1984
Stubbergard Sg ST 1.54 2.3 1.91 8.60 0.241 1.64 86 0.76 -2.09 1990
Sunds Sg SU 1.27 1.6 0.49 7.70 0.043 2.70 6 2.40 1.22 2012
Sgbo Sg Sg 0.21 3.6 3.11 8.23 0.046 1.02 61 1.73 0.05 2012
Sgnder Sg SN 1.25 3.3 2.79 8.43 0.024 0.72 225 1.34 0.79 2013
Thorsg TH 0.69 4.2 0.98 7.85 0.025 0.31 9.8 2.55 2.78 2013
Tillerup Sg Tl 0.05 2.8 271 7.99 0.097 1.26 58.6 1.01 -0.75 2013
Tjele Langsg TL 4.72 2.9 2.06 8.96 0.110 2.08 72 0.67 -1.93 1984
Ugledige Sg UG 0.16 2.6 4.89 8.37 0.201 1.21 40.3 0.99 -1.32 2013
Ulse Sg us 0.50 8.8 1.96 8.03 0.171 0.83 10.2 2.03 0.94 2013
Ulstrup Langsg UL 0.44 4.8 1.87 7.33 0.036 0.91 5 4.34 2.68 1993
Vedsted Sg VE 0.08 5.0 0.26 7.21 0.021 0.52 7 3.98 3.76 2012
Viborg Ngrresg VN 1.23 3.6 1.51 8.38 0.219 2.11 75 1.08 -1.58 1986
Viborg Sgndersg VS 1.46 4.2 1.59 8.68 0.310 2.19 121 0.96 -2.19 1986
@rn Sg IR 0.40 4.0 0.88 7.97 0.113 1.39 43 1.48 -0.11 1988
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Appendix 2. DLMI scores of samples (mean, minimum, maximum, S.D., and number of samples (N)) and ecological quality
classification (EQSpreiiminary and EQSagjusted) according to the suggested boundaries (see table 4.5 & 5.1). Reference lakes indi-

cated in “bold”. #: SD could not be estimated due to too few samples.

Lake Lake code DLMI_mean DLMI_min DLMI_max DLMI_SD N EQSpre EQisad
Almind Sg AL 0.98 0.81 1.09 0.09 7 H H
Bastrup Sg BA 0.40 0.33 0.50 0.07 6 M M
Bromme Lillesg BL 0.12 0.09 0.17 0.05 3 B P
Borresg BO 0.46 0.21 0.68 0.19 5 M G
Bryrup Langsg BR 0.35 0.18 0.61 0.16 5 M M
Damhus Sg DA 0.30 0.24 0.39 0.05 6 P P
Dons Ngrresg DN 0.16 0.03 0.30 0.11 6 P P
Engelsholm Sg EN 0.19 -0.01 0.36 0.15 6 P P
Esrum Sg ES 0.36 0.19 0.61 0.15 6 M M
Flyndersg FL 0.30 0.19 0.38 0.07 6 P M
Frederiksborg Slotssg FR 0.20 0.12 0.30 0.07 5 P P
Fussing Sg FU 0.47 0.29 0.61 0.14 4 M G
Grarup Sg GA 0.25 0.17 0.40 0.08 6 P P
Gentofte Sg GE 0.19 0.14 0.22 0.03 6 P P
Greerup Langsg GR 0.19 0.11 0.30 0.07 6 P P
Gadstrup Sg G@ 0.32 0.32 0.32 # 1 P M
Hald Sg HA 0.66 0.46 1.06 0.28 4 G G
Hinge Sg HI 0.28 0.16 0.64 0.18 6 P P
Hvidkilde Sg HV 0.17 0.13 0.25 0.04 6 P P
Jels Midtsg JE 0.29 -0.09 0.66 0.28 6 P P
Jels Nedersg JEN 0.30 0.10 0.41 0.11 6 P M
Jels Oversg JEO 0.16 0.06 0.36 0.12 6 B P
Juel Sg Ju 0.35 0.29 0.40 0.05 5 M M
Klokkerholm Sg KL 0.29 0.23 0.33 0.05 3 P P
Langesg LA 0.26 0.17 0.34 0.07 6 P P
Lading Sg LD 0.36 0.13 0.50 0.17 4 M M
Magle Sg v. Brorfelde MA 0.30 0.18 0.43 0.09 6 P P
Madum Sg MD 0.73 0.38 1.23 0.33 6 G H
Mellemdyb (V.Stadil Fjord) ME 0.26 0.19 0.43 0.09 6 P P
Mossg MO 0.25 0.12 0.52 0.13 7 P P
Maribo Sgndersg MS 0.18 0.09 0.24 0.06 6 P P
Ollerup Sg oL 0.20 0.07 0.31 0.10 4 P P
Peblinge Sg PE 0.09 0.04 0.14 0.04 6 B B
Ravn Sg RA 0.61 0.43 0.88 0.16 8 G G
Ring Sg RI 0.23 0.15 0.32 0.06 6 P P
Stallerup Sg SA 0.21 0.13 0.32 0.08 6 P P
Stigsholm Sg SH 0.20 0.10 0.33 0.09 6 P P
Skarre Sg SK 0.38 0.00 1.26 0.51 5 M M
Salten Langsg SL 0.34 0.34 0.34 # 1 P M
Sgnder Sg SN 0.29 0.22 0.36 0.06 6 P P
Stilling-Solbjerg Sg SS 0.33 0.19 0.45 0.11 5 P M
Stubbergard Sg ST 0.33 0.33 0.33 # 1 P M
Sunds Sg SuU 0.26 0.18 0.33 0.11 2 P P
Sgho Sg S@ 0.11 0.04 0.26 0.08 6 B B
Sl&en Sg SA 0.72 0.57 0.84 0.10 6 G H
Thorsg TH 0.56 0.40 0.66 0.09 6 G G
Tillerup Sg Tl 0.31 0.26 0.35 0.04 3 P M
Tjele Langsg TL 0.24 0.04 0.49 0.18 4 P P
Ugledige Sg uG 0.10 -0.05 0.22 0.11 4 B B
Ulstrup Langsg UL 0.24 0.21 0.28 0.03 4 P P
Ulse Sg us 0.22 0.12 0.33 0.09 6 P P
Vedsted Sg VE 0.48 0.24 1.03 0.30 6 M G
Viborg Ngrresg VN 0.31 0.19 0.41 0.09 4 P M
Viborg Sendersg VS 0.23 0.20 0.25 0.02 4 P P
arn Sg IR 0.54 0.34 0.96 0.28 4 G G
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A NEW DANISH MACROINVERTEBRATE INDEX
FOR LAKES

An assessment of ecological quality

This report presents a new Danish multimetric index based
on macroinvertebrates inhabiting the littoral zone of lakes.
The index (“Danish Littoral Macroinvertebrate Index”, DLMI)
was tested against environmental stressors like eutrophi-
cation and anthropogenic pressures in the littoral and the
adjacent riparian zone, and it was documented that the
index significantly correlates with these pressures. The
index intercalibrated well with the common intercalibration
metric used by other countries included in the so-called
Central-Baltic Intercalibration Group to which Denmark
belongs. The provision of DLMI is part of the Danish imple-
mentation of the Water Framework Directive as the ma-
croinvertebrate index is intended for use in an assessment
of the ecological quality of Danish lakes in line with other
biological quality elements (phytoplankton, macrophytes/
phytobenthos and fish).
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