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Abstract

Seasonal variation in macroinvertebrate communities may influence ecological assessment results
in lakes and therefore affect the interpretation of ecological status under the European
Union Water Framework Directive (WFD). In Denmark, ecological assessment of lake littoral
macroinvertebrates is conducted using the Danish Littoral Macroinvertebrate Index (DLMI),
which is typically based on autumn sampling. However, the extent to which seasonal variation
affects DLMI values and macroinvertebrate community composition has not previously been
systematically investigated.

This study examined seasonal variation in littoral macroinvertebrate communities across five
Danish lakes. Macroinvertebrate samples were collected during spring, summer, and autumn
of 2025. Ecological status was assessed using DLMI, while seasonal and spatial variation
in community composition were analyzed using non-metric multidimensional scaling (NMDS),
permutational multivariate analysis of variance (PERMANOVA), indicator species analysis, and
beta diversity.

The results showed that DLMI values and ecological status classes were generally stable
across seasons, indicating limited seasonal influence on ecological classification. Differences
among lakes were substantially stronger than seasonal differences, suggesting that local
environmental conditions and lake typology play a larger role in the the structuring of
macroinvertebrate assemblages than short-term seasonal variation. NMDS and PERMANOVA
analyses demonstrated significant seasonal variation in community composition, although the
effect of lake identity explained a larger proportion of the observed variation. Beta diversity
analyses further indicated that differences among communities were primarily driven by species
turnover rather than nestedness.

Overall, the findings suggest that DLMI is relatively robust to seasonal variation in the
investigated lakes and support the continued use of autumn sampling in Danish lake monitoring.
However, variation in community composition indicates that ecological patterns may differ among
seasons and lake types.
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1 Introduction

1.1 Importance of Lakes

Lakes are important freshwater ecosystems that provide habitats for a wide range of organisms
and deliver essential ecosystem services [Lyche-Solheim et al., 2013]. These ecosystem services
can be divided into provisioning, regulation, and cultural services [Mgller et al., 2015].
Provisioning services include the use of lake water for both drinking and non-drinking purposes,
such as livestock consumption and industrial use [Mgller et al., 2015]. Regulation services
include processes such as water purication and nutrient retention, where microorganisms,
plants, and sediments Iter pollutants and retain nutrients such as nitrogen and phosphorus.
In addition, nitrogen can be permanently removed through microbial denitri cation. Together,
these processes help maintain water quality and reduce eutrophication. It also consists of climate
regulation by storing carbon and in uencing greenhouse gas concentrations through processes
occurring in the water column, sediments, and associated biota [Mgller et al., 2015]. Cultural
services include educational and scienti ¢ values, as well as recreational activities such as walking,
boating, angling, swimming, and bird watching [Mgller et al., 2015].

1.2 Anthropogenic Stressors in Lakes

Across Europe, lakes have been strongly in uenced by anthropogenic stressors [Poikane et al.,
2015]. The main pressure identi ed as particularly important in Danish lakes is eutrophication
[Lyche-Solheim et al., 2013; Poikane et al., 2015; Wiberg-Larsen and Rasmussen, 2020; Wiberg-
Larsen, 2020]. Eutrophication results from nutrient enrichment, which increases primary
production and can lead to algal blooms, reduced water clarity, oxygen depletion, and changes in
community compaosition, thereby a ecting both biodiversity and ecosystem functioning [Wetzel,
2001; Sand-Jensen, 2017; Miljgstyrelsen, 2023]. In most freshwater lakes, phosphorus is generally
considered the main limiting nutrient for primary production, whereas nitrogen may also play a
role under speci ¢ conditions [Wiberg-Larsen, 2020; Johansson et al., 2025].

Phosphorus is an essential nutrient for plant growth and is typically regarded as the primary
limiting factor for algal production in lakes. As a result, it plays a key role in determining
water quality and many biological conditions within lake ecosystems [Johansson et al., 2025]. In
aquatic environments, phosphorus mainly originates from agricultural runo and natural land
areas, as well as wastewater from urban areas and dispersed settlements. Smaller contributions
may also come from industrial discharges and sh farming [Johansson et al., 2025].

Nitrogen is another important plant nutrient in uencing algal growth and overall lake condition
[Johansson et al., 2025]. Nitrogen enters aquatic systems primarily through leaching from
terrestrial areas, particularly agricultural land. Additional but less signi cant sources include
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wastewater treatment plants, industrial activities and sh farms [Johansson et al., 2025].

Another important anthropogenic stressor is hydrological alterations, including water abstraction
and other impacts in the littoral zone [Styrelsen for Grgn Arealomlaegning og Vandmiljg, 2025].
In addition, the decomposition of organic material plays an important role, as it requires oxygen,
and large amounts of readily available organic material can therefore lead to oxygen depletion.
This process may be further intensi ed by climate change, as warm water holds less dissolved
oxygen at equilibrium with the air than cold water, and increased temperatures can enhance
respiration rates during the breakdown of organic matter, thereby increasing oxygen demand
[Sand-Jensen, 2017; Styrelsen for Grgn Arealomlaegning og Vandmiljg, 2025]. Climate change
may also increase runo from surrounding land, resulting in higher nutrient inputs to lakes
[Styrelsen for Grgn Arealomlaegning og Vandmiljg, 2025].

1.3 Water Framework Directive and Lake Monitoring

To protect and restore freshwater ecosystems, the European Union's Water Framework Directive
(WFD) requires all Member States to achieve at least good ecological status in surface waters,
including lakes [European Parliament and Council of the European Union, 2000].

Ecological status assessments of lakes following the WFD are based on biological quality elements
(BQESs). These are supported by hydromorphological-, chemical-, and physico-chemical quality
elements. The BQE consists of: (1) composition, abundance and biomass of phytoplankton; (2)
composition and abundance of other aquatic ora; (3) composition and abundance of benthic
invertebrate fauna; and (4) composition, abundance and age structure of sh fauna [European
Parliament and Council of the European Union, 2000].

In Denmark, the WFD is implemented through national water management plans, (Vandplan-
erne, VP3), where BQEs form the biological basis for evaluating the status of lakes, streams,
and coastal waters [European Parliament and Council of the European Union, 2000; Styrelsen
for Grgn Arealomleegning og Vandmiljg, 2025]. Within VP3, water management, including lakes,
is administered by the Ministry for the Green Tripartite. Increased e orts targeting lakes have
been introduced, with several initiatives aimed at reducing phosphorus inputs. These include
the establishment of phosphorus wetlands, planting trees along watercourses, regulation of phos-
phorus use, and the buyout of sh farms [Styrelsen for Grgn Arealomlaegning og Vandmiljg,
2025].

In general, lake monitoring can be divided into control monitoring and operational monitoring.
Control monitoring consists of documenting the state of lakes and thereby provide a general
overview of their condition as well as their development over time. Whereas operational
monitoring consists of assessing the e ects of management actions, including evaluating the
e orts required in lakes where the status is unknown, as well as in lakes that are at risk of not
maintaining or achieving the required objectives [Miljgstyrelsen, 2023; Johansson et al., 2025].

Page 2 of 41



1.4. Status of Danish Lakes Aalborg University

1.4 Status of Danish Lakes

Danish lakes are generally relatively small water bodies. In Denmark approximately 120,000
lakes are larger than 100 i, whereas only around 2,700 lakes exceed 10,006 i1 ha) in area
[Danish Agricultural Agency, n.d.]. Only a subset of Danish lakes are included in ecological
assessment programs under the EU Water Framework Directive, where 985 lakes are currently
included in VP3 Il [Styrelsen for Grgn Arealomlaegning og Vandmiljg, 2025].

In the implementation of the WFD, most European countries primarily include lakes larger than
50 ha as individual water bodies, whereas Denmark additionally includes lakes larger than 5 ha
and some lakes between 1 and 5 ha [Wiberg-Larsen and Rasmussen, 2020].

The ecological status of lakes in Denmark has been investigated through NOVANA, a national
monitoring and assessment program for the aquatic and terrestrial environment [Miljgstyrelsen,
2023; Johansson et al.,, 2025]. Overall, these assessments show an improvement since the
monitoring began in 1989. This improvement was most pronounced during the 1990s, whereas
only minor changes have been observed in more recent years, including signs of increased nutrient
levels [Johansson et al., 2025].

Although some lakes in Denmark remain in good ecological condition, most Danish lakes are
currently characterized by high nutrient concentrations, which can negatively a ect both the
biological conditions and water clarity [Johansson et al., 2025].

Out of the 985 lakes included in VP3 I, only 15% of these are estimated to have at least good
ecological status. The number of lakes estimated to have moderate, poor, and bad ecological
status are 22%, 19%, and 25% respectively [Styrelsen for Grgn Arealomlaegning og Vandmiljg,
2025]. Furthermore, the ecological status remains unknown for 19% of the lakes included in VP3
I1. In addition, a baseline analysis from 2019 indicates that approximately half of the lakes in VP3
are at risk of failing to achieve good ecological status by 2027 [Styrelsen for Grgn Arealomlsegning
og Vandmiljg, 2025]. This highlights the need for additional management measures targeting
lakes, as well as further investigations.

1.5 Benthic Macroinvertebrates as Ecological Indicators

Benthic macroinvertebrates are widely used as indicators of ecological status in monitoring
programs for both lakes and rivers ['porka et al., 2006; Timm and Mdls, 2012; Sutela et al., 2013;
Mehari et al., 2014; Poikane et al., 2015]. There are several reasons why macroinvertebrates are
used as indicators. First, macroinvertebrates are relatively sedentary and therefore they re ect
local environmental conditions [Mehari et al., 2014]. Second, they respond relatively quickly to
environmental changes due to their short life cycles, which will re ect in changes in community
composition [Mehari et al., 2014]. Third, macroinvertebrates respond to pollutants in both the
sediment as well as pollutants in the water column [Mehari et al., 2014].

In general, biological monitoring, including macroinvertebrates, re ect the e ects of environ-
mental stressors over longer time periods and therefore provide a more holistic assessment of the
environment compared to chemical monitoring, which represents local conditions at the time of
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sampling [Lyche-Solheim et al., 2013].

Benthic macroinvertebrates are less studied in lakes than in streams [Timm and Mols, 2012].
However, several studies have shown that macroinvertebrates are sensitive to changes in
hydrological conditions, nutrient levels, and climate change [Timm and Mdls, 2012; Lyche-
Solheim et al., 2013; Sutela et al., 2013; Kornijow et al., 2021; Johnson et al., 2025].

Although macroinvertebrates have been shown to respond to climate change, it should be noted,
that investigating the impact of climate change on macroinvertebrates can be challenging, as
multiple environmental factors in uence ecosystems simultaneously and interact with each other
[Johnson et al., 2025].

1.6 The Danish Littoral Macroinvertebrate Index (DLMI)

In Denmark, littoral macroinvertebrate communities are assessed using the Danish Littoral
Macroinvertebrate Index (DLMI), which is used as the o cial index for evaluating the ecological
status of lakes under the WFD [Wiberg-Larsen and Rasmussen, 2020; Wiberg-Larsen, 2024;
Wiberg-Larsen, 2025].

DLMI sampling is conducted in the littoral zone of lakes down to a depth of 75 cm [Wiberg-
Larsen, 2024]. The littoral zone is generally de ned as the shallow nearshore area in lakes where
light reaches the bottom and allows the growth of macrophytes [Wetzel, 2001]. The plants can
usually grow down to depths where about 10% of the light remains [Sand-Jensen, 2017]. This zone
typically supports high biodiversity and plays a key role in ecosystem functioning by providing
well-oxygenated conditions, habitat and food resources, and by contributing to nutrient cycling
[Wetzel, 2001; Sand-Jensen, 2017]. Littoral habitats are sensitive to environmental changes such
as nutrient enrichment and water level uctuations, making them suitable for assessing ecological
status in lakes [Wetzel, 2001; Wiberg-Larsen and Rasmussen, 2020].

The DLMI is a multimetric index based on the composition and diversity of littoral
macroinvertebrate communities, and it has been shown to correlate with environmental pressures
such as eutrophication and anthropogenic impacts [Wiberg-Larsen and Rasmussen, 2020]. It
is intercalibrated with comparable indices used by other countries within the Central-Baltic
intercalibration group, ensuring consistency with European assessment frameworks [Wiberg-
Larsen and Rasmussen, 2020; Wiberg-Larsen, 2025].

The index was designed specically for Danish lake types 9 and 10, which are de ned as
calcareous, non-brown, freshwater systems that are shallow or deep [Wiberg-Larsen, 2025].
Furthermore, it is designed to re ect long-term ecological status rather than short-term
uctuations, and sampling is therefore conducted in autumn to enhance comparability between
years [Wiberg-Larsen and Rasmussen, 2020].

1.7 Seasonal Variation in Macroinvertebrates

Studies from both lakes and streams demonstrate that seasonal variation can in uence biological
metrics and, in some cases, a ect the interpretation of ecological status assessments ['porka
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et al., 2006; Timm and Mdls, 2012; Kornijéw et al., 2021].

Shchapov and Ozersky [2025] investigated full-year dynamics of macroinvertebrates in nearshore
zones of Lake Superior (Minnesota, USA), which is a large and deep freshwater lake. Their
ndings indicate limited seasonal variation in community composition and density, as well as
similar diversity across seasons, with only slightly higher taxa richness observed in autumn and
slightly lower richness in summer [Shchapov and Ozersky, 2025]. This suggests that the stability
of biological indicator may depend on lake type and climatic conditions.

Furthermore, a study from Ethiopia investigating seasonal variation in macroinvertebrates in the
Enfranz River, found no signi cant di erences between seasons [Mehari et al., 2014]. They also
did not see any di erence in physicochemical parameters between seasons, which may explain
the lack of seasonal di erences in macroinvertebrate communities [Mehari et al., 2014].

Despite these investigations, the seasonal variation in DLMI scores has not been systematically
examined in Denmark.

1.8 Aim of Study

In this study, ve lakes were investigated. These lakes were selected to represent di erent types
of lakes and environmental conditions, allowing investigation of seasonal dynamics in contrasting
lake systems and assessment of whether lake-speci ¢ conditions in uence seasonal patterns.
Since DLMI assessments are based on autumn sampling, understanding seasonal variability in
littoral macroinvertebrate communities is crucial to evaluating whether this sampling period
adequately represents ecological conditions throughout the year. Improved knowledge of seasonal
dynamics in these communities in Denmark is therefore essential for interpreting monitoring
results and re ning future sampling protocols.

The aim of this study is to investigate seasonal variation in littoral macroinvertebrate
communities across the ve lakes to assess whether autumn sampling adequately represents
ecological conditions throughout the year. This is achieved by using DLMI to assess the
ecological quality of the lakes across three seasons (spring, summer, and autumn). In
addition, similarities in taxa composition and abundance among seasons are analyzed using
non-metric multidimensional scaling (NMDS), permutational multivariate analysis of variance
(PERMANOVA), and beta diversity analyses. Furthermore, indicator species, fauna groups, and
the e ect of human impact are investigated.

Page 5 of 41



2 Methodology

2.1 Sampling and Sample Processing

The sampling was carried out on ve freshwater lakes in Jutland, Denmark (Figure 2.1). The
samples were divided into spring (March 31 - April 1, 2025), summer (June 26 - 27, 2025), and
autumn (September 25 - 26, 2025).

Figure 2.1. Map showing the placement of the ve lake locations in Jutland, Denmark. The circles
indicate the di erent lakes and the square show the placement in Jutland.

At each Lake, four replicate samples were collected, with their exact positions shown in the
study area description (Section 2.2). The sampling procedure followed the technical instruction
for macroinvertebrates in the littoral zone of lakes [Wiberg-Larsen, 2024], with a number of
modi cations to better suit local conditions. First, the standard 4-minute kick sample was
terminated earlier if it was assessed that su cient material (0.5-1 L) had already been collected.
The kick sample was taken throughout the station to ensure that all available habitat types were
represented. Before disturbing the area, an initial assessment of habitat conditions was made and
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