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Abstract

The composition of littoral macroinvertebrate communities in lakes is governed by multiple
natural and anthropogenic environmental influences interacting at different spatial scales.
Since ecological assessment methods using littoral macroinvertebrates should respond
specifically to a single stressor, knowledge on the unique effects of a given stressor is
necessary. To effectively disentangle the effects of hydromorphology and trophic state
requires analysing macroinvertebrate communities at lake sites with the full range of both
stressors. We used a dataset of 98 lakes encompassing the entire gradient of geographical
locations, lake types, hydromorphological degradation and trophic states in Central European
lakes. We studied the unique and joint effects of hydromorphology and trophic state on
macroinvertebrate richness, community composition and the Littoral Invertebrate Multimetric
Index based on Composite Sampling (LIMCO). Variation partitioning analyses were
conducted to test the importance of hydromorphology relative to trophic state across and
within hydromorphological states (natural shorelines, hard and soft shore modifications) and
trophic states (oligotrophic to hypertrophic states). At natural, hard and soft modification sites,
hydromorphology explained 10, 16 and 19 %, respectively, of the average unique variation of

diversity, community composition and the LIMCO index, whereas trophic state explained on
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hydromorphology explained 10, 15 and 7 %, respectively, of the average unique variation of
diversity, community composition and the LIMCO index, whereas trophic state explained on
average 0.3, 3 and 6 %, respectively. Our results demonstrate that littoral hydromorphology
was a more important driver of macroinvertebrate diversity, community composition and
LIMCO than trophic state across hydromorphological states and trophic states. This indicates
that multiple stressors in lakes act hierarchically on littoral macroinvertebrate communities
and that the hydromorphological degradation of littoral zones is the primary driver for altered

communities.

1. Introduction

The diversity and composition of benthic macroinvertebrate communities in lakes is governed
by a variety of environmental factors interacting at several spatial scales (Heino, 2000;
Johnson and Goedkoop, 2002; McGoff et al., 2013b). Under natural conditions, benthic
communities are shaped by littoral hydromorphology, trophic state, lake morphometry,
catchment geology and biogeography (Johnson and Goedkoop, 2002; White and Irvine,
2003; Donohue et al.,, 2009). In the upper littoral zone, the diversity and complexity of
habitats represents a major governing factor for benthic macroinvertebrate communities
(Strayer and Findlay, 2010; Brauns et al., 2011; Patzig et al., 2015). Littoral hydromorphology
interacts with wind exposure, as fine sediment particles and fine particulate organic matter
(FPOM) are resuspended at wind-exposed shorelines and accumulate either at wind
sheltered shorelines or deeper littoral areas (Bloesch, 1995; Cyr, 1998). The increased
availability of nutrients derived from autochthonous or allochthonous sources, combined with
the high availability of light and substrates can result in an intense benthic primary production

(Vadeboncoeur et al., 2002; Ask et al., 2009; Cantonati and Lowe, 2014).

However, natural interactions of environmental drivers are often superimposed by impacts
associated with human activities (Brauns et al., 2011, Pilotto et al., 2015; Siling and Urbanic,

2



2ULU). SHILE auLUL Al @ LSHIUTY ayu, HUUISHLINPULS @iy 1S3uiuly Suuupiicauun nave ueen
recognized to represent a strong impact on lake ecosystems at the global scale
(Vollenweider and Kerekes, 1982; Schindler, 2006; Smith et al., 2006; Ansari and Singh Gill,
2014). Thus, considerable efforts have been made to reduce nutrient loadings from point
sources (Schindler, 2006; Ansari and Singh Gill, 2014). In spite of these efforts, surface run-
off from agricultural and urban areas still constitutes a significant driver of eutrophication and

its adverse ecological effects (Carpenter et al., 1998; Schindler, 2006).

Recently, human shoreline development has been recognised as a significant threat to the
ecological integrity of lakes through the simplification of the natural structural heterogeneity of
littoral zones (Ostendorp et al., 2004; Brauns et al., 2007b; Verdonschot et al., 2013). This
recognition has led to the development of approaches to assess the hydromorphological
status of lake shores based on littoral macroinvertebrate communities (Miler et al., 2013,
2015c; Urbanic, 2014). However, contemporary assessment methods for aquatic ecosystems
are faced with the fact that human impacts occur simultaneously (Hecky et al., 2010;
Johnson and Ringler, 2014; Noges et al., 2016). A recent meta-analysis of river, lake,
transitional/coastal water and groundwater sites found that more than 40% of the analysed
studies encountered combinations of two stressors (Noges et al., 2016). Of the analysed
multi-stress situations, combined hydrological and nutrient stress was dominant and occurred
in 53% of the rivers and 27% of the lakes (Noges et al., 2016). Multiple stressors pose
significant challenges for ecological assessments since they should attribute an ecological
status to a single driver even if multiple interacting drivers are present. Stressors in lakes
have been previously demonstrated to act in a hierarchical manner: Johnson et al. (2018)
ranked the effects of the stressors acidity, agriculture, forestry, urbanization and invasive
species on littoral macroinvertebrate assemblages in order of decreasing influence, after
accounting for covariance with natural factors. The first step to disentangle the effects of
multiple interacting drivers is to test for the nature of the interaction of stressors, i.e.

synergistic or antagonistic interactions. This requires knowledge on the relative importance of
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Lotic mesocosm experiments have shown interacting effects of multiple stressors on benthic
macroinvertebrates (Matthaei et al., 2010; Elbrecht et al., 2016; Beermann et al., 2018).
Nutrient enrichment increased total macroinvertebrate abundances, whereas sediment and
flow reduction negatively affected total macroinvertebrate abundances (Matthaei et al., 2010).
Mostly additive effects on macroinvertebrate taxa were found by Elbrecht et al. (2016).
Sediment addition negatively affected the abundances and richness of disturbance sensitive
taxonomic groups, whereas decreased current velocity reduced several disturbance sensitive
taxa metrics, but increased the abundances of some more common/disturbance tolerant

taxonomic groups (Elbrecht et al., 2016).

In lentic ecosystems, hydromorphological degradation through shoreline development often
occurs in lakes that are also subject to eutrophication (Brauns et al., 2007a; Latinopoulos et
al., 2016). Contrary to stream ecosystems, only few studies have attempted to quantitatively
disentangle the interacting effects of hydromorphological alteration and eutrophication on
littoral benthic macroinvertebrate communities in lakes. Pilotto et al. (2015) studied the
macroinvertebrate community composition in 14 Italian lakes and demonstrated that the
effects of hydromorphological alterations were 2.5 times higher than the effects of
eutrophication. The study also showed that lake type (i.e. subalpine and volcanic lakes) had
a substantial impact on the community composition aside from stressor effects. Hence,
sampling designs are required where the biological response variable is recorded in different
lake types along the complete gradient of a given stressor while keeping the other stressor(s)

constant.

Such an analysis could provide valuable information at which scales environmental
processes predominantly structure littoral macroinvertebrate communities and how these
compare between lotic and lentic aquatic ecosystems. Despite the well-known importance of
local hydromorphological and catchment-scale trophic influences on benthic

macroinvertebrate communities in lake littoral zones (Johnson and Goedkopp, 2002; Jurca et
4
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remains unknown. The ecological importance of lake littoral zones at the interface between
terrestrial and aquatic food webs and nutrient cycles and the significant role of zoobenthos in
benthic-pelagic coupling (Wetzel, 2001; Vadeboncoeur et al., 2002; Francis and Schindler,
2009; Strayer and Findlay, 2010) further warrant the study of hydromorphology and trophic
state as environmental factors influencing littoral macroinvertebrate community composition

and diversity.

From an ecological assessment perspective, distinguishing between the effects of
hydromorphology and eutrophication is necessary in order to quantitatively and precisely
analyse stressor-response relationships and to develop statistically robust assessment tools
(Johnson et al., 2018). The development of EU WFD compliant ecological assessment
indices requires the definition of a stressor gradient, from unimpacted (reference) sites to
heavily degraded (poor) sites (Hering et al., 2006, 2011; Ofenbdck et al., 2004). This is
necessary to properly calibrate biotic assessment indices against the stressor gradient
(Hering et al., 2006, 2011; Miler et al., 2013, 2015c). The frequent co-occurrence of both
hydromorphological and eutrophication stressors in lakes (Noges et al., 2016; Poikane et al.,
2016) necessitates distinguishing the effects of both on littoral macroinvertebrate
communities for assessment purposes. Furthermore, stressor specific assessments are vital
to ensure targeted restoration measures to improve the ecological status of lake littoral
zones. For example, measurably improving the ecological condition has been formulated as
one of the five criteria for successful river restoration (Palmer et al., 2005). This in turn
requires the selection of appropriate ecological indicators to measure the specific types of
stressors causing impaired ecological conditions (Palmer et al., 2005). Targeted restoration
measures specific to the diagnosed stressors affecting an impaired ecosystem should be

applied to improve its ecological condition (Palmer et al., 2005, 2010).

Hence, we quantified the interacting influences of trophic state and hydromorphology on

littoral macroinvertebrate communities from 98 lakes spanning the entire gradient of
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characteristic for Central European lakes. We used variation partitioning analyses to test if
the hydromorphology of the littoral zone represents a more important environmental factor
determining benthic macroinvertebrate diversity, community composition and ecological
assessment than trophic state i) across different hydromorphological states and across
different trophic states, ii) within different hydromorphological states, and iii) within different

trophic states.

2. Methods

2.1 Study area and sampling

We sampled 98 natural lakes in Germany (Fig. 1) covering all lake types from alpine to
lowland lakes. Concomitantly, the studied lakes represent ecoregions defined by the EU
WEFD, i.e. the Central Plains, Central highlands and Alps ecoregions (European Commission,
2000). The data set consisted of the results of biological monitoring performed for the
implementation of the EU WFD in Germany, using a standardized national sampling protocol
(Brauns et al., 2007a, 2007b; Schreiber and Brauns, 2010) during spring (April to June) from
2007 to 2014. Within each lake, the total number of sampling sites was determined based on

the shore length in km by the formula:
N,ies = 4+ +/shorelength (1)

Subsequently, for each lake the length of the whole shoreline was categorized into three
hydromorphological states, i.e. natural, soft modification (recreational beaches) and hard
modification shorelines (rip-rap, retaining walls, docks and marinas). The number of sampling
sites for each hydromorphological state in a lake was calculated by multiplying the share of
the respective hydromorphological state’s length on the whole shoreline length with the total
number of sampling sites that was calculated according to formula (1). Sampling sites for a

specific hydromorphological state were only determined if the hydromorphological state’s
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comprised a maximum of 50 m (recreational beaches, hard bank engineering, docks and
marinas) or 100 m (natural shores) of shore length and encompassed the upper littoral zone

down to 1.2 m water depth.

At each site, the percentage contribution of all littoral habitats was estimated, i.e. sand
(defined as substrates < 20 mm grain diameter, i.e. < medium pebbles according to
Wentworth, 1922; Poppe, 2003), fine particulate organic matter (FPOM), stones (defined as
substrates 2 20 mm grain diameter, i.e. 2 coarse pebbles according to Wentworth, 1922;
Poppe, 2003; incl. rip-rap), cliffs (natural vertical rock surfaces), submerged tree roots,
coarse woody debris (CWD), emergent macrophytes, submerged macrophytes, docks and
marinas and retaining walls. At each site, a total area of 1 m? was sampled and the sampling
area of each habitat was calculated as a share of the total area of 1 m? based on the
percentage contribution of littoral habitats. Each habitat was sampled with a minimum area of

0.1 m2.

Macroinvertebrate sampling generally followed Schreiber and Brauns (2010). Briefly,
samples were taken using a dip net (500 um mesh size, rectangular opening with the
dimensions 0.25 m by 0.25 m). Macroinvertebrates were brushed from stones as well as from
coarse woody debris (CWD) into a dip net. Subsequently, the dimensions and surface area of
the sampled stones and CWD were measured, i.e. length x height x width (stones) and
diameter and length (CWD). Sand and FPOM were each sampled by dragging the dip net
along the surface of the bottom substrates and collecting approximately the uppermost 5 cm
of the substrate in the dip net. Sand and FPOM were subsequently sieved 20 times for
macroinvertebrate taxa floating up due to their lower densities compared to the sediment.
Within emergent macrophyte stands the bottom substrates located c. 1 m to 2 m from the
open water into the emergent macrophyte stand were sampled. In addition, 20 emergent
macrophyte stems were cut and collected from as close to the substrate surface as possible.

Macroinvertebrates from larger vertical surfaces, e.g. from cliffs, retaining walls and docks
7
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separately and macroinvertebrates were identified in the laboratory to species level,
whenever possible, except Diptera (family) and Oligochaeta (order). Generally, samples were
completely processed and all macroinvertebrates sorted. Subsamples (1/2 to 1/6 of the
sample volume) were only taken, if high volumes of inorganic and/or organic material were
encountered within a sample. Macroinvertebrate densities of each site were calculated as

individuals m™.

2.2 Environmental variables

Environmental variables were recorded in order to characterize hydromorphology, trophic
state, riparian land use, lake morphometry and geographical location (Table 1). The variable
class hydromorphology was parameterized by the percentages of habitat types, by the
number of habitats and by the Shannon Wiener diversity of habitats (Table 1). Trophic state
was parameterized by the seasonal mean total phosphorus content (TPseas) and seasonal
mean secchi depth (SDseas) that were measured and calculated according to Mischke et al.
(2009) and Riedmdller et al. (2013) (Table 1). Briefly, secchi depth was measured and water
samples for TP were collected from a sampling site located at the maximum water depth of
each lake. Water samples taken from the euphotic or epilimnic zone were collected on a
minimum of three separate sampling occasions during the vegetation period from March to
October. The trophic state of the studied lakes was classified according to Vollenweider and

Kerekes (1982).

Riparian land use was quantified based on the land use 15 m landwards from the shore as

the land use index:
% low impact land use + 2 x % high impact land use (2)

where low impact land use includes extensively used recreational beaches, orchards, parks
and gardens, while high impact land use includes recreational beaches, camping and
caravans, residential development, roads and railways, harbours, hard modification, docks

8
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morphometry was parameterized by surface area, mean depth and by lake type, i.e.
prealpine/alpine, lowland and riverine lakes (Table 1). Geographical location was quantified

via latitude and longitude (Table 1).
2.3 Biological response variables

We used the log10(x)-transformed number of taxa at each sampling site as a measure of
diversity. Macroinvertebrate community composition, i.e. more specifically the compaositional
dissimilarity of macroinvertebrate communities between sites, was quantified as the Bray-
Curtis dissimilarities of fourth root transformed macroinvertebrate taxa densities. We used the
2/pi arcsine-square root transformed multimetric assessment index LIMCO (Littoral
Invertebrate Multimetric Index based on Composite Sampling, Miler et al., 2013) for our
analyses, as it successfully indicates hydromorphological alterations across European
ecoregions (Miler et al., 2013, 2015b, 2015c; Lorenz et al., 2017). LIMCO is composed of
three metric types reflecting several aspects of the macroinvertebrate community that
commonly respond to anthropogenic stressors, i.e. i) diversity, ii) disturbance-sensitive taxa
and iii) abundance, taxonomic and functional composition (Hering et al., 2006, 2011). LIMCO
was calculated according to Miler et al. (2013) as the unweighted mean value of the four
metrics Margalef diversity, % abundance classes of Gatherers & Collectors, % abundance
classes of Chironomidae and no. of EPTCBO (Ephemeroptera, Plecoptera, Trichoptera,
Coleoptera, Bivalvia and Odonata) taxa. All metrics were normalized to values from O (worst

ecological condition) to 1 (best ecological condition).
2.4 Statistical analyses

First, in many lakes, several sites exhibited natural hydromorphology, hard modification or
soft modification and we thus averaged environmental and biological variables for each lake
and hydromorphological state combination. Four data sets stratified by hydromorphological
states were created and used for subsequent statistical analyses, encompassing i) sites from

9
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hard modification sites (n = 55), and iv) soft modification sites (n = 23).

Second, in order to represent each lake by a single value in the statistical analyses of trophic
states, we averaged all quantitative environmental and biological response variables for each
lake (since each lake belongs to only one of the three trophic states, i.e. low (oligotrophic and
mesotrophic), medium (eutrophic) and high (hypertrophic and polytrophic) trophic state).
Consequently, four data sets stratified by trophic states were created and used for the
statistical analyses, encompassing i) lakes from all three trophic states (n = 98), ii) low trophic
state lakes (n = 41), iii) medium trophic state lakes (n = 38), and iv) high trophic state lakes (n

= 19)

We applied a classical variation partitioning approach to disentangle the effects of
‘Hydromorphology’, ‘Riparian land use’, ‘Trophic state’, ‘Lake morphometry’ and
‘Geographical location’ using the varpart function in R (R Development Core Team, 2015;
Oksanen et al., 2016). Variation partitioning has been frequently used to assess the
joint/unique variation in the composition of plant and animal communities explained by
environmental factors (Liu, 1997; Legendre, 2008; Gothe et al., 2013). Partial linear
regressions with LIMCO as well as the number of taxa as dependent variables and 15
variables of the classes ‘Hydromorphology’, ‘Riparian land use’, ‘Trophic state’, ‘Lake
morphometry’ and ‘Geographical location’ as independent variables were conducted
(Table 1). For Bray-Curtis distances, we used distance based redundancy (db-RDA)

analyses instead of linear models.

Starting with ‘Hydromorphology’ as the variable class of interest, we first calculated a linear
model that included only the ‘Hydromorphology’ variables Sand (%), Stones (%), Xylal (%),
Macrophytes (%), Fortification (%), No. habitats and Habitat diversity as independent
variables. Then, we calculated a linear model that included the remaining eight variables not
belonging to ‘Hydromorphology’ (Table 1). Subsequently, a variation partitioning analysis was

conducted based on both linear models. The analyses resulted in five components of
10



Valiauuii. \ 1) 111G vaiiauuii Ui 1 iyuluiniuipiivivyy  valiauics aitel avouuniuiy 1ol vanauurl Of
‘Riparian land use’, ‘Trophic state’, ‘Lake morphometry’ and ‘Geographical location’ variables
(unique variation), (2) the variation that is shared between ‘Hydromorphology’ variables and
‘Riparian land use’, ‘Trophic state’, ‘Lake morphometry’ and ‘Geographical location’ variables
(shared variation), (3) the unique variation explained by ‘Riparian land use’, ‘Trophic state’,
‘Lake morphometry’ and ‘Geographical location’ variables (remaining variation), (4) the sum
of unique, shared and remaining explained variation (total explained variation) and (5) the
unexplained variation, i.e. 100 % - total explained variation (unexplained variation). The
variation partitioning procedure was then also conducted with ‘Riparian land use’, ‘Trophic
state’, ‘Lake morphometry’ and ‘Geographical location’ each specified subsequently as the

variable class of interest.

This process was repeated with the four data sets stratified by hydromorphological states
(across hydromorphological states, natural hydromorphology, hard modification, soft
modification) and the four data sets stratified by trophic state (across trophic states, low
trophic state, medium trophic state, high trophic state). We then contrasted the variation of
the four levels of hydromorphological degradation with the four levels of eutrophication:
‘across hydromorphological states — across trophic states’, ‘natural hydromorphology — low
trophic state’, ‘hard shore modification — medium trophic state’ and ‘soft shore modification —

high trophic state’.

3. Results

When all hydromorphological states were considered together, hydromorphology explained a
3.7, 37 and 6.4 times higher amount of unique variation of macroinvertebrate community
composition, diversity and the LIMCO index, (6.2 %, 13.6 % and 17.4 %, respectively) than
trophic state (1.7 %, 0.4 % and 2.7 %, respectively) (Table 2). With all three trophic states
being considered together, hydromorphology explained a 5, 10 and 4.3 times higher amount

of unique variation of macroinvertebrate community composition, diversity and LIMCO
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respectively) (Table 3).

At natural, undeveloped sites, variation in macroinvertebrate community composition.
diversity and LIMCO was 5.4, 14.8 and 3.2 times better explained by hydromorphology
(6.8 %, 9.5% and 14.9 %, respectively) than trophic state (1.2 %, 0.6 % and 4.6 %,
respectively) (Table 2). In oligotrophic & mesotrophic lakes, hydromorphology explained 8.2,
0.0 and 0.0 times (trophic state variation of diversity and LIMCO set to zero due to negative
values) more unique variation of community composition, diversity and LIMCO (6.8 %,
14.4 % and 8.8 %, respectively) than trophic state (0.8 %, 0.0 % and 0.0 %, respectively)

(Table 3).

At shorelines altered by hard modifications, hydromorphology explained 2.6, 6.1 and 2.7
times more unique variation of community composition, diversity and LIMCO (8.8 %, 18.2 %
and 21.1 %, respectively) than trophic state (3.4 %, 3.0 % and 7.9 %, respectively) (Table 2).
In eutrophic lakes, hydromorphology macroinvertebrate community composition, diversity
and LIMCO (10.2 %, 15.7 % and 19.9 %, respectively) 4.3, 5.9 and 5.9 times better than

trophic state (2.4 %, 2.7 % and 3.4 %, respectively) (Table 3).

At shorelines developed by soft modifications, hydromorphology explained macroinvertebrate
community composition and LIMCO (17.6 % and 26.3 %, respectively) 6.8 and 0.0 times
(trophic state variation of LIMCO set to zero due to negative values) better than trophic state
(2.6 % and 0.0 %, respectively) (Table 2). However, trophic state explained 1.1 times more
unique variation of diversity (12.4 %) than hydromorphology (11.6 %) (Table 2). In
hypertrophic & polytrophic lakes, variation in macroinvertebrate diversity was 2.8 times better
explained by hydromorphology (15.1 %) than trophic state (5.4 %) (Table 3). However,
trophic state explained 3.0 times more unique variation of community composition (13.2 %)
than hydromorphology (4.4 %) (Table 3). No unique variation of LIMCO was explained (set to

zero due to negative values) either by hydromorphology or trophic state (Table 3).

12
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state, was higher than the unique variation explained by trophic state when the sites are
classified by hydromorphological states (Fig. 2, Table 4, Appendix Table 1). This was true for
all four comparisons ‘across hydromorphological states — across trophic states’, ‘natural
hydromorphology — low trophic state’, ‘hard shore modification — medium trophic state’ and

‘soft modification — high trophic state’ (Fig. 2, Table 4, Appendix Table 1).

4. Discussion

4.1 Relative effects of hydromorphology and trophic state

Disentangling the unique effects of multiple environmental drivers of littoral macroinvertebrate
communities and ranking their importance remains an important aspect of lake ecology.
Across hydromorphological states as well as across trophic states, hydromorphology
explained more unique variation than trophic state, irrespective of whether community
composition (Bray-Curtis distances), diversity or LIMCO was used (Fig. 2, Table 2, 3 and 4,
Appendix Table 1). Previous studies, with an environmental gradient of hydromorphology and
trophic state comparable to our study, have also shown hydromorphology to have a stronger
effect on macroinvertebrate community composition than trophic state (Brauns et al., 2007b;
Jurca et al.,, 2012; McGoff and Sandin, 2012; McGoff et al., 2013b; Pilotto et al., 2015).
However, these analyses included the effects of covariation between the co-occurring
stressors hydromorphological degradation and eutrophication on littoral macroinvertebrate
communities, making an unequivocal ranking of the two environmental stressors impossible.
In our study, we demonstrated a hierarchical stressor response of macroinvertebrate
communities, more specifically a higher importance of hydromorphology for littoral
macroinvertebrates based on the unique variations of hydromorphology and trophic state

disentangled from their shared variation.

4.2 Environmental conditions explaining the influence of hydromorphology

and trophic state on littoral macroinvertebrates
13
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those from trophic state within each hydromorphological state, hydromorphology explained
more variation of macroinvertebrate community composition, diversity and LIMCO (Fig. 2,
Table 4, Appendix Table 1). This result is surprising as we expected trophic state to be more
important than hydromorphology given the large range of TP in our study (7-788 ug L™, 24 %
hypertrophic lakes), n = 98 lakes). Previous studies found substantial effects of trophic state
on macroinvertebrate communities (Tolonen et al., 2001; Brauns et al., 2007a; Donohue et
al., 2009; Tolonen and Hamalainen, 2010) with the TP in these studies ranging from 4-
23 ug I”" (Tolonen et al., 2001), 8-19 ug I”! (Tolonen and Hamalainen, 2010) and 1-80 ug I
(Donohue et al., 2009; 4 % hypertrophic lakes, n = 25 lakes) to 13-366 ug ™' (Brauns et al.,
2007a; 29 % hypertrophic lakes, n = 7 lakes). A potential reason for the different outcome of
our study could be that these studies focused on hydromorphologically undisturbed sites,
while we analysed a gradient of hydromorphological degradation, ranging from natural
hydromorphology to soft and hard modification sites (Table 1, Appendix Table 2).
Furthermore, Tolonen et al. (2001), Brauns et al. (2007a), Donohue et al. (2009) and Tolonen
and Hamalainen (2010) did not distinguish between the unique and shared variation
explained by trophic state, whereas in this study we specifically compared the unique
variation explained by trophic state at constant hydromorphology relative to the unique

variation explained by hydromorphology at constant trophic state.

Furthermore, previous studies focused on the effects of trophic state on macroinvertebrate
community composition nested within mesohabitats (Tolonen et al., 2001; Brauns et al.,
2007a; Donohue et al., 2009; Tolonen and Hamalainen, 2010). In our study, we were less
interested in capturing the diversity and taxonomic composition of macroinvertebrate taxa in
specific mesohabitats. Instead, using composite samples as in our study, we were able to
assess the availability and relative composition of littoral habitats at a given site and their
macroinvertebrate fauna and hence to appropriately evaluate the effect of overall

hydromorphological degradation on littoral macroinvertebrate community composition.
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macroinvertebrate communities at hard and soft modification sites compared to natural
hydromorphology sites. At both hydromorphological states, the number of taxa was more
strongly negatively correlated with TPseas compared to natural shores, indicating a wider
range of the number of taxa values at hard and soft modification sites (Spearman-Rank;
across hydromorphological states: p =-0.35, p<0.001; hard modification: p =-0.39,
p =0.003; soft modification: p =-0.70, p <0.001; natural hydromorphology: p =-0.26,
p = 0.008). With increasing eutrophication and thus productivity, specialized, disturbance-
sensitive taxa will disappear and generalist, disturbance-tolerant taxa will increase in
densities, potentially resulting in a decrease of the overall number of taxa at a site (Brodersen
et al.,, 1998; Brauns et al., 2007a; Tolonen and Hamalainen, 2010). These results could
potentially explain the larger effect of trophic state on the number of taxa, macroinvertebrate
community composition and the LIMCO index (which includes the metric Margalef diversity

as a measure of taxonomic diversity).

In addition, soft and hard modification sites were characterized by reduced habitat diversity
(Appendix Table 2). Hereby, uniform sandy substrates were the dominant littoral habitat,
especially at soft modification sites (Appendix Table 2). The littoral macroinvertebrate
community composition of sandy substrates has been shown to be significantly correlated
with lake TP concentrations (see Brauns et al., 2007a for North-German lowland lakes).
These patterns in habitat diversity and occurrence could be responsible for the higher
amount of unique variation explained by trophic state at hard and soft modification sites

compared to natural hydromorphology sites.

The unique variation explained by trophic state across hydromorphological states, natural
hydromorphology and hard modification sites was comparatively low (Table 2). However,
these values were still higher than the zero unique variation of LIMCO explained by
hydromorphology in high trophic state lakes (Table 3, downward arrows for LIMCO in

Table 4). In lakes with high trophic states, in contrast to unique variation explained by
15
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suggests a strong influence of environmental variables other than hydromorphology, more
specifically riparian land use and trophic state, since the land use index and total phosphorus
(ug 1) showed higher mean values in high trophic state compared to medium and low

trophic state lakes (Table 1; Appendix Table 2).

4.3 Influence of hydromorphological degradation and eutrophication on

lake littoral and stream macroinvertebrate communities

The influence of multiple stressors on benthic macroinvertebrate communities for ecological
assessment, conservation and recovery processes has so far been more intensively studied
in streams, compared to the comparatively scarce number of publications concerning lake
ecosystems (Verdonschot et al., 2013; Poikane et al., 2015; Noges et al., 2016). Recent
studies analysing stream macroinvertebrate data confirm the major importance of
hydromorphological stressors relative to nutrient enrichment (Noges et al., 2016; Gieswein et
al., 2017; Villeneuve et al., 2018). According to Noges et al. (2016) potential explanations for
this are (1) the generally high ratio of bottom substrates to water volume in a stream cross-
section and (2) the dilution of nutrients with water flow, thereby reducing their effect at a

specific site.

Furthermore, experimental studies in stream ecosystems also identified nutrient enrichment
and sedimentation/flow reduction as the two major trophic and hydromorphological stressors
impacting macroinvertebrate communities, respectively (Matthaei et al., 2010; Elbrecht et al.,
2016; Beermann et al., 2018; Davis et al., 2018). The results from mesocosm experiments
showed hydromorphological stressors to affect total abundances, abundances of disturbance
sensitive taxa andor taxonomic richness of benthic stream macroinvertebrate communities
considerably more than nutrient enrichment (Matthaei et al.,, 2010; Elbrecht et al., 2016;

Davis et al., 2018).

The relative effects of multiple stressors also depend on the geographical scale of the studied
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2016). Local physico-chemical water quality variables as a result of catchment-scale
processes were primarily responsible in shaping stream macroinvertebrate communities
across Germany, overriding the considerably weaker effects of riparian land-use at the local
scale (Leps et al., 2015). Catchment-scale land use and water quality were significantly more
important than local hydromorphological degradation in highland rivers in Central Germany
(Sundermann et al., 2013). Aschonitis et al. (2016) described a strong effect of ecoregion in
lotic systems of Northern Italy (including the Po river watershed), with considerably lesser
effects of hydromorphology and water quality on macroinvertebrate communities.
Considering such scale-dependent effects could explain the outcomes of studies that
conclude water quality to be a more significant factor than local hydromorphological

degradation in determining stream macroinvertebrate community composition.

Furthermore, we could expect, with regards to the explanations put forward by Noges et al.
(2016) above, in lower river reaches decreasing flow velocities and a higher water volume
per stream cross-section compared to upper and middle reaches (Wetzel, 2001). This could
be a potential explanation for the higher importance of water quality/nutrient stressors relative
to hydromorphological stressors on macroinvertebrate communities observed in the Danube
river (Rico et al., 2016), the Ebro river watershed in Spain (Herrero et al.,, 2018) and the
Luanhe River in China (Shi et al., 2019). Urbanic et al. (2020) described a dominance of
hydromorphological stressors on macroinvertebrate communities, but almost equal effects of

water quality (and land use) in five large South-eastern European rivers.

The outcomes of our study suggest that overall local scale hydromorphological effects in
lakes are more important than catchment scale trophic effects on macroinvertebrate
communities. This is at first glance in contrast to the findings of Sundermann et al. (2013)
and Leps et al. (2015) for stream macroinvertebrate communities. Generally low benthal-to-
pelagial ratios of lakes together with generally high retention times would indicate a higher

importance of nutrient stress compared to hydromorphology for the overall lake
17
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stress has a high importance for eulittoral macroinvertebrate communities close to shorelines
(Strayer and Findlay, 2010; Noges et al., 2016), which is confirmed by the results of our
study. Potential reasons for this could be the commonly found higher physical habitat
complexity (macrophytes, coarse woody debris, stones) and shallower water depth in the
littoral zone and the presence of a land-water ecotone with riparian vegetation (Brodersen et
al., 1998; Wetzel, 2001; Ostendorp et al., 2004; Strayer and Findlay, 2010), resulting in high
benthal-to-pelagial ratios close to the shore comparable to stream ecosystems, in which
hydromorphology has been shown to affect benthic macroinvertebrates more than nutrient

enrichment (Noges et al., 2016).

Overall, the total amount of explained variation in our study ranged from 9 % to 71 % for
hydromorphology and from 1 % to 71 % for trophic state. This is comparable to other studies
that analysed the influence of environmental variables on littoral macroinvertebrate
communities (Pinel-Alloul et al., 1996; Trigal et al., 2007; Pilotto et al., 2015; Siling and
Urbanic, 2016). Other important environmental drivers may explain the residual variation, for
example fish predation (Okun and Mehner, 2005), wind exposition (Scheifhacken et al.,
2007), water-level fluctuations (Baumgartner et al., 2008) and resource availability (Brauns et
al., 2011). Combinations of these often difficult to quantify environmental drivers, potentially
acting together with those analysed in our study (e.g. hydromorphology and trophic state),
could be important in explaining macroinvertebrate community composition, diversity and
LIMCO. This does however not diminish the relevance of our conclusions with respect to the

relative importance of hydromorphology and trophic state.

Our results are valid for other Central European lakes given that the studied lakes
encompass the most important lake types found there. For example, lowland and riverine
lakes of Western Poland and Denmark contain macroinvertebrate communities similar to the
lakes in our study (Miler et al., 2013, 2015a; Porst et al., 2019; Solimini et al., 2014).

Concerning prealpine/alpine lakes, which are located in the Central highlands and Alps
18
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comparable in their morphological and trophic characteristics as well as in their benthic
macroinvertebrate community composition and biotic assessment method characteristics to
prealpine/alpine lakes in our study (Urbanic et al., 2012; Peterlin and Urbanic, 2013; Solimini
et al., 2014, Siling and Urbanic, 2016). The applicability of our results to lakes found in other
ecoregions determined by the EU WFD (European Commission, 2000), e.g. Italy, Corsica
and Malta (ecoregion 3), Ireland and Northern Ireland (ecoregion 17), Great Britain
(ecoregion 18), Borealic uplands (ecoregion 20) and Fenno-Scandian Shield (ecoregion 22),
remains restricted given the differences in macroinvertebrate communities (McGoff et al.,
2013a; Miler et al.,, 2013; Porst et al., 2019). In conclusion, littoral macroinvertebrates
specifically indicate the ecological status of lakes affected by hydromorphological alterations
of lake shores even if trophic state covaries with hydromorphological impacts. This finding
demonstrates that littoral macroinvertebrates fulfil the requirements of the EU WFD by
responding in a stressor-specific manner. Moreover, this facilitates the definition of targeted

restoration measures to improve the ecologic status of so far degraded lake ecosystems.
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Tanie L. environmerntal varianles usea In siatsucail aldlyses.

Environ-
Mean =
mental Variable Description Range
SD
variable
Grain size <2 cm including
Sand (%) fine  particulate  organic 56 + 32 0-100
matter
Grain size > 2 cm including
Stones (%) 9+20 0-100
natural vertical cliffs
Sum of submerged tree
Xylal (%) roots and coarse woody 6+ 12 0-50
Hydro- debris
morphology Sum of emergent and
Macrophytes (%) submerged aquatic 26 +£31 0-100
vegetation
Rip-rap, retaining walls,
Fortification (%) 3+14 0-100
including docks and marinas
No. habitats 2+x1 0-6
Shannon-Wiener diversity of
Habitat diversity 1+0 0-2
littoral habitats
% low impact land use + 2 x
Riparian % high impact land use )
Land use index 1+1 0-2
land use (15 m landwards from the
shoreline)
Trophic Total phosphorus
Seasonal mean 73+113 7-788
state (g 1™
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Prealpine/alpine, lowland
Lake type
and riverine lakes
Lake
morpho- Surface area (km?) 9+17 1-103
metry

Mean water depth
(m)

Geographi-  Latitude (dd)

cal location  Longitude (dd)

Table 2. Variation partitioning of the effects of the environmental variables
‘Hydromorphology’ and ‘Trophic state’ on the biotic variables macroinvertebrate community
composition (Bray-Curtis dissimilarity, Bray-Curtis), diversity (humber of taxa, No. taxa) and
the multimetric assessment index LIMCO. Results are given for the analysis across

hydromorphological states and within each of the hydromorphological states.

Source of variation
Enrw]glr:?;l- Classification  2°UC | ynique shared '€Man- totalex-  unex-
i Variable 9 ing plained plained
variable
Across hydro-
Hydro- — phological B~ | 6.2 5.4 12.4 24.0 76.0
morphology states Curtis
Hvdro- Across hydro-
Y morphological No.taxa | 13.6 0.9 20.4 34.9 65.1
morphology states
Hvdro- Across hydro-
y morphological LIMCO 17.4 1.0 19.0 374 62.6
morphology states
Natural
Hydro- hydro- Bray- | gg 7.2 8.4 23 777
morphology morphology Curtis
Hvdro- Natural
y hydro- No.taxa | 9.5 4.2 12.7 26.4 73.6
morphology morphology
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Natural

Hydro- hydro- LIMCO | 149 43 8.6 277 723
morphology morphology
Hydro- Hard Bray- | gg 00 143 231 76.9
morphology  modification Curtis
Hydro- Hard — \otaxa| 182 00 163 345 655
morphology  modification
Hydro- Hard —— \mco | 211 00 157 368 632
morphology  modification
Hydro- Soft Bray- | 176 96 121 393 607
morphology  modification Curtis
Hydro- SOt No.taxa| 11.6 431 151 69.9  30.1
morphology  modification
Hydro- SOt ) \mco | 263 328 117 708  29.2
morphology  modification
. Across hydro-
Trophic — orphological B~ | 17 15 208 240  76.0
state Curtis
states
Trophic Across hydro-
stzgte morphological No. taxa 0.4 3.5 31.0 34.9 65.1
states
Troohic Across hydro-
Stgte morphological LIMCO | 2.7 6.9 27.8 37.4 62.6
states
: Natural
Trophic Bray-
state hydro- Curtis 1.2 1.0 19.9 22.1 77.9
morphology
Trophic Natural
o hydro- No.taxa | 0.6 1.4 24.0 26.1 73.9
morphology
Troohic Natural
Stgte hydro- LIMCO | 4.6 3.4 15.6 23.6 76.4
morphology
Trophic Hard Bray-
state modification Curtis 3.4 1.3 18.1 22.8 712
Trophic Hard — \otaxa| 30 28 257 314 686
state modification
Trophic Hard LIMCO | 7.9 54 220 3B3 647
state modification
Trophic Soft Bray-
state modification Curtis 2.6 12.0 24.7 39.3 60.7
Trophic SOt No.taxa| 124 385 189 69.9  30.1
state modification
Trophic Soft LIMCO | 00 308  40.3 710 29.0
state modification
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‘Hydromorphology’ and ‘Trophic state’ on the biotic variables macroinvertebrate community
composition (Bray-Curtis dissimilarity, Bray-Curtis), diversity (humber of taxa, No. taxa) and
the multimetric assessment index LIMCO. Results are given for the analysis across trophic

states and within each of the trophic states.

Source of variation
Environ- . .
L. Biotic . remain- total ex-  unex-
mental Classification : unique shared . : .
. Variable ing plained plained
variable
Hydro- Across Bray- | 74 6.8 115 25.4 74.6
morphology trophic states  Curtis
Hydro- Across No. taxa | 12.5 2.6 17.0 32.1 67.9
morphology trophic states
Hydro- ACIOSS LIMCO | 17.2 1.5 12.9 31.6 68.4
morphology trophic states
Hydro- Lowtrophic — Bray- | oo ;g 11.3 251 749
morphology state Curtis
Hydro- —Lowtrophic i\ ava | 144 0.0 7.9 22 778
morphology state
Hydro- — Lowtrophic \,u~q | gg 0.0 0.0 8.8 91.2
morphology state
Hydro- Medium Bray-- | 102 112 107 321 67.9
morphology trophic state Curtis
Hydro- Medium o taxa| 157 99  26.0 517  48.3
morphology trophic state
Hydro- Medum —\mco | 199 55 283 537  46.3
morphology  trophic state
Hydro- High trophic  Bray- |, 136 151 33.1 66.9
morphology state Curtis
Hydro- — Highrophic ) t1va| 151 186 265 601  39.9
morphology state
Hydro- —Hightrophic /06 | 00 117 581 69.7  30.3
morphology state
Trophic Across Bray-
state trophic states  Curtis 1.4 1.1 23.4 26.0 74.0
Trophic ACroSS N taxa | 1.2 1.8 30.2 33.3 66.7
state trophic states
Trophic Across LIMCO | 4.0 5.2 22.7 31.9 68.1
state trophic states
Trophic  Lowtrophic  Bray- | 4  gg 18.6 249 751
state state Curtis

33



1 TOPIMC LOW uUopric

No.taxa | 0.0 0.0 22.8 22.8 77.2
State State

Trophic — Lowtrophic | e | g 1.3 0.0 1.3 98.7
State State

Trophic Medium Bray-

state trophic state Curtis 2.4 2.1 21.0 321 67.9
Trophic Medium o taxa | 2.7 7.6 41.4 51.7 48.3
state trophic state

Trophic Medium LMCO | 34 102 401 53.7 46.3
state trophic state

Trophic  Hightrophic  Bray- | .5, g 29.6 42.8 57.2
State state Curtis

Trophic  High trophic a0 | 5.4 0.0 58.6 64.1 35.9
State State

Trophic  High trophic | \c5 | 90 151  35.9 51.0 49.0
State State

Table 4: Synthesis of the variation partitioning approach analysing the variables trophic state
with hydromorphology kept constant and hydromorphology when trophic state was kept
constant. Constant hydromorphology is indicated by the classification into
hydromorphological states (natural hydromorphology, hard modification, soft modification,
across hydromorphological states) at the left side of the table. Constant trophic state is
indicated by the classification into trophic states (low, medium, high, across trophic states) at
the top of the table. The direction of each arrow indicates the unique variation explained by
the variable hydromorphology relative to trophic state, i.e. upward arrows = hydromorphology
more important than trophic state & downward arrow = hydromorphology less important than
trophic state. Biotic variables are separated in each cell by / in the format: community

composition/number of taxa/LIMCO.

Trophic state
Low Medium High Across
trophic trophic trophic trophic
state state state states
Hvdro- Natural hydromorphology NN NN NN NN
m())/rpho Hard modification NN NN NN Vi
logical Soft modification _ NN NN NN= AN=I1
state Across hydrtoTorphoIoglcaI NN NN NNV NN

states
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Figure headers

Figure 1: Location of 98 studied lakes sampled for littoral macroinvertebrates in Germany.
Circles indicate lowland lakes, stars indicate riverine lakes and triangles indicate

prealpine/alpine lakes.

Figure 2: Percentage of unique (black bars) and joint variation (grey bars) in littoral
macroinvertebrate community composition (A), in littoral macroinvertebrate diversity (B) and
in the multimetric biotic assessment (LIMCO) (C). Each figure contains the unique and joint
variation explained by trophic state in the four classifications ‘across hydromorphological
states’, ‘natural hydromorphology’, ‘hard shore modification’ and ‘soft shore modification’ and
the unique and joint variation explained by hydromorphology in the four classifications ‘across

trophic states’, ‘low trophic state’, ‘medium trophic state’ and ‘high trophic state’.
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Highlights

Variation partitioning of littoral macroinvertebrate assessment & community metrics

Natural, soft & hard modification lake shores, oligotrophic to hypertrophic lakes

Hydromorphology explained more unique variation than trophic state

Consistent findings across hydromorphological and trophic states

Littoral macroinvertebrates suitable for assessment of hydromorphology
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