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ARTICLE INFO ABSTRACT

Keywords: To test if phytobenthic algae provide additional important information to macrophytes and phytoplankton for
Phytobenthos lake monitoring, we sampled two large lakes in Norway. In each lake, we analyzed water chemistry and phy-
Periphyton toplankton above the deepest site, recorded macrophytes and non-diatom phytobenthic algae at 20 sites around
Water plants the shoreline and estimated site-specific nutrient input from land cover. Since no ready-to-use phytobenthos
Eutrophication

index exists for lakes in Norway, we tested the PIT index developed for rivers, commonly perceived signs of
disturbance such as high algal cover, and taxon richness as well as similarity patterns. Both lakes were nutrient
poor, but had potential local nutrient inputs (villages, agriculture). In neither of the lakes did phytobenthos
indicate a worse overall ecological status than macrophytes and phytoplankton. Our data therefore, did not
suggest that it would be useful to add phytobenthos into surveillance monitoring of lakes in Norway. There was a
loose correlation between macrophyte and phytobenthic site-specific taxon richness and similarities. This means
that macrophytes and phytobenthos do indeed give partly redundant information. High algal cover was found at
sites with both high and low phosphorus input. Using algal cover as indicator of site-specific nutrient input is
therefore overly simplistic. Urban and cultivated areas were associated with a more eutrophic PIT. This indicates
that the PIT, despite being developed for lotic waters, may be used to detect site specific nutrient input in lakes.

Water framework directive

1. Introduction

The Water Framework Directive (WFD; European Commission,
2000) aims to ensure at least good ecological status for all water bodies
in Europe. The underlying idea of the WFD is that “good ecological
status” reflects “healthy ecosystems”. Consequently, the boundary be-
tween good and moderate status in the WFD broadly separates healthy
ecosystems (those that are in good or high status) from the rest (those
that are in moderate, poor, or bad status; Kelly et al., 2016). Healthy
ecosystems are commonly understood to be able to maintain viable and
diverse populations, to maintain ecological processes such as nutrient
cycles, as well as being able to provide sustainable ecosystem services
for human use (Grumbine, 1994). Most member states, however, only
use abundance/composition or sensitivity/tolerance metrics for WFD-
compliant ecological status classification, while functional metrics
which could indicate ecological processes are rarely used (Poikane
et al.,, 2015). For lakes, the WFD defines good ecological status as
ecosystems that show only “slight” differences in the composition and
abundance of phytoplankton, aquatic flora, benthic invertebrates, and
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fish compared to reference status. The good-moderate boundary is at
the point where “slight” differences turn into “moderate” differences
compared to reference status. Since - possibly costly - measures need to
be taken if good ecological status is not achieved, the good-moderate
boundary receives much attention in ecological status classification.
The overall classification of a lake into an ecological status class
does not yet provide information with respect to which stressors may
affect the lake ecosystem. If a lake achieves at least good status,
knowledge about stressors is less important, simply because the overall
situation generally is accepted as being “good enough”. Consequently,
if the required biological quality elements for surveillance monitoring
(i.e. for lakes phytoplankton, aquatic flora, benthic invertebrates, and
fish) all indicate at least good status for a lake as a whole, there is no
legal need to know more about detailed impacts of stressors which may
operate only at specific sites or areas within the lake. However, if a lake
fails to achieve good status, measures must be taken, and water man-
agers need to know which pressures need to be addressed to improve
conditions (Schneider et al., 2016). Most metrics (often also called
“indices”) used for status assessment according to the WFD therefore
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have a “double role”: they are used for overall classification of a water
body into one of five status classes (high, good, moderate, poor, and
bad), but they also are related to specific stressors, such as nutrient
enrichment, organic pollution, or water level fluctuations. This means,
if good ecological status is not achieved, these indices can also be used
as a source of information with respect to which stressors affect the lake
(Birk et al., 2012).

The primary producers among the required biological quality ele-
ments, i.e. phytoplankton and aquatic flora - the latter consisting of the
sub-elements macrophytes and phytobenthos — are mostly used to as-
sess eutrophication, i.e. the over -enrichment of a water body with
nutrients (Birk et al., 2012). However, metrics related to other stressors
have also been developed. In Norway, for example, macrophytes in
lakes also are used to indicate acidification, and water level fluctuations
(Mjelde et al., 2013; Lyche Solheim et al., 2017). Most countries in
Europe have assessment systems for phytoplankton and macrophytes in
place (Poikane et al., 2015), but fewer countries use phytobenthic algae
in lakes (Poikane et al., 2016). Since phytoplankton, macrophytes and
phytobenthos all are sensitive to eutrophication, which still is the most
widespread stressor in lakes in Europe (Noges et al., 2016), there is a
question of redundancy: why should we analyze phytobenthos, if
phytoplankton and macrophytes provide the same information? Mon-
itoring is expensive, and the money may e.g. be used for restoration
measures instead. There is no reason why phytobenthos has to be the
third choice; however, this is the practice that has evolved throughout
much of Europe (Kelly et al., 2016).

In the EU intercalibration exercise, i.e. the process that ensured that
the good-moderate boundary was comparable among all countries in
Europe (Poikane et al., 2015), it was agreed upon that where a biolo-
gical quality element consists of two components, such as macrophytes
and phytobenthos, it may be sufficient to use only one of the two
components (European Commission, 2010). However, if only one
component is used, then it must be demonstrated that the impacts of the
existing pressures are being sufficiently detected by that component
(European Commission, 2010). Many countries therefore argued that
macrophytes would be sufficient to indicate shoreline eutrophication,
and phytobenthos would be redundant (Kelly et al., 2016). The concern
that macrophytes react slower to eutrophication than benthic algae and
therefore may overlook recent eutrophication processes (Schneider
et al., 2012), was responded to with the argument that phytoplankton
also was assessed, and this would respond relatively rapidly (Kelly
et al., 2016).

It is true that phytoplankton (Carvalho et al., 2013) and macro-
phytes (Sondergaard et al., 2010) are powerful ecological indicators for
lake assessment, and Kelly et al. (2016) have shown that — indeed -
phytobenthos is detecting relatively few impacted lakes that have not
already been identified by phytoplankton and macrophytes. However,
when a lake’s littoral zone is affected by hydrological pressures (such as
lake level alterations), the frequency of occurrence of many macrophyte
species may decline dramatically (Boschilia et al., 2012). In such cases,
and in lakes where the macrophyte community is naturally species-
poor, phytobenthos may be a better indicator of nutrient effects in the
littoral than macrophytes (DeNicola and Kelly, 2014). Both situations,
i.e. water level alterations caused by regulation, and naturally species-
poor macrophyte communities are common in Norway, suggesting that
phytobenthos in Norwegian lakes could indeed be relevant for lake
status assessment. In addition, phytobenthos is known to react more
quickly to changes in nutrient input than macrophytes (Schneider et al.,
2012) and may therefore be better suited to detect local hotspots of
nutrient input (DeNicola and Kelly, 2014). In other words: phyto-
benthos may be important in operational and investigative monitoring,
even if its role in overall lake status classification and surveillance
monitoring may be limited (Kelly et al., 2016).

Phytobenthic algae never were part of routine lake monitoring in
Norway. Data are therefore scant, inconsistent and lack related in-
formation on other organism groups or water chemistry. To test if
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phytobenthic algae provide important additional information over and
above macrophytes and phytoplankton, we took samples at 40 sites in
two large regulated lakes in Norway. We selected regulated lakes be-
cause we expected that water level fluctuations may cause depauperate
macrophyte assemblages, which in turn may lead to unreliable mac-
rophyte index results. If this was the case, then the phytobenthos as-
sessment should be more informative than macrophytes. We selected
large lakes because the detection of local hotspots of nutrient input, for
which phytobenthos is assumed to be particularly well suited (DeNicola
and Kelly, 2014), may generally be more relevant than in small lakes,
which are more likely to have comparatively homogeneous surround-
ings. Since no ready-to-use phytobenthos index exists for lakes in
Norway, a purely statistical approach to address redundancy among
index values was not possible (such as in Kelly et al., 2016). In addition,
the few WFD indices which have been developed for phytobenthos in
lakes all are based on diatoms (Poikane et al., 2016). However, Norway
is the only country in Europe which exclusively uses non-diatom
benthic algae for freshwater monitoring (Poikane et al., 2016). Conse-
quently, it was not possible to test existing lake indices from other
countries on our data. Instead, we tested the PIT index developed for
rivers in Norway, looked at commonly perceived signs of disturbance
(such as high cover of green algae and cyanobacteria; Hart et al., 2013),
and analyzed taxon richness as well as similarities among macrophyte
and phytobenthos assemblages. To identify potential local hotspots of
nutrient input, we estimated phosphorus export from the adjacent
2.5 ha of land at each of the 40 sampling sites from CORINE land cover
(McGuckin et al., 1999) and from the national land resource map of
Norway (AR50 site index classification; Ahlstrgm et al., 2014).

We addressed the following questions: (1) Are there signs that
phytobenthic algae may indicate a worse overall lake status than phy-
toplankton and macrophytes? If phytobenthos indicates worse ecolo-
gical status, then this may indicate that phytobenthos is more sensitive
to the existing stressors than macrophytes and phytoplankton. This
would be a strong argument for including phytobenthos into surveil-
lance monitoring. (2) Do taxon richness and community similarity
patterns of phytobenthos and macrophytes co-vary? Covariation would
indicate that similar natural conditions and stressors affect macrophytes
and phytobenthos, which in turn would mean that they give redundant
information for ecological status evaluation. (3) Are phytobenthic algal
assemblages more closely related to local hotspots of nutrient input
than macrophyte assemblages? If phytobenthic algae indicate local
hotspots of nutrient input better than macrophytes, this would be an
argument for including phytobenthos into operational and investigative
monitoring.

2. Material and methods
2.1. Study area

Snasavatnet (122km? 21m a.s.l, 121 m maximum depth) and
Selbusjgen (57 km?, 159m a.s.l., 206 m maximum depth) are large
lakes located in Mid-Norway (Fig. 1). Both lakes have a Calcium con-
centration around 3.5 mg/1 and an alkalinity around 0.18 meq/1 (Lyche
Solheim et al., 2017). Although both lakes are regarded as clear, Sné-
savatnet has a higher TOC concentration (4 mg/l1 TOC in Snésavatnet
compared to 2.5 mg/1 TOC in Selbusjgen). Both lakes are regulated, but
in Snésavatnet the difference between upper and lower regulation level
is only 1.4 m, while it is 6.3 m in Selbusjgen. Consequently, Selbusjgen
is regarded as heavily modified. For lake status classification, however,
the same class boundaries are used as for corresponding lake types
(Lyche Solheim et al., 2017).

2.2. Sampling

In both lakes, the complete program of surveillance monitoring
according to the WFD was performed in 2016, including analysis of
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water chemistry, phytoplankton and macrophytes (Lyche Solheim et al.,
2017). Phytoplankton and water chemistry samples were taken
monthly during the growth season (from May to October) in form of
composite samples taken from 0 to 10 m water depth at the deepest
point of the lake. Water chemistry was analyzed according to Norwe-
gian standard procedures (Lyche Solheim et al., 2017). In each lake,
macrophytes were mapped once at 20 sites in August 2016, using an
bathyscope (a bucket with a transparent bottom) and a rake. Abun-
dance for each species at each site was recorded according to a five-
degree scale (1 = very rare, 2 = infrequent, 3 = common, 4 = fre-
quent, 5 = abundant, predominant).

Phytobenthos samples were taken at the same sites and at the same
time as the macrophytes. At each site, samples of non-diatom benthic
algae were collected according to European standard procedures (EN
15708:2009) at approximately 0.5 to 1 m water depth, along an ap-
proximately 10-m length of the shoreline using an bathyscope. The
water level at the time of sampling was average to slightly above
average for both lakes. However, periphyton growth was clearly visible
at the sampling depth, indicating that this area had been inundated for
at least several weeks prior to sampling. Percent cover of each form of
macroscopically visible benthic algae was recorded, and samples were
collected and stored separately in vials for species determination. In
addition, microscopic algae were collected from ten cobbles/stones
with diameters ranging between approximately 10 and 20 cm, taken
from each site. An area of about 8 x 8 cm from the upper side of each
cobble/stone was brushed with a toothbrush to transfer the algae into a
beaker containing approximately 11 of lake water from which a sub-
sample was taken. All samples were preserved with a few drops of
formaldehyde. The preserved benthic algae samples were later ex-
amined in a microscope (200 to 600 x magnification) and all non-
diatom algae identified to species, when possible. Diatoms were not
included due to the great differences in methodology for sample pre-
paration and enumeration between diatom and non-diatom benthic
algae, and to ensure consistency with the Norwegian assessment system
for rivers and streams, which exclusively relies on non-diatom benthic
algae (Schneider and Lindstrgm, 2011). For some genera of filamentous
green algae that could not be determined to species level (e.g. Spirogyra
Link or Mougeotia C. Agardh), categories based mainly on filament
width were used (see Schneider and Lindstrom (2009, 2011) for further
details). Abundance of each microscopic taxon was estimated in the
laboratory as “rare”, “common” and “abundant”. For data analysis,
these estimates were later translated into % cover as 0.001, 0.01 and

30

Limnologica 76 (2019) 28-40

Fig. 1.Location of sampling sites in
Snésavatnet and Selbusjgen. Circles indicate
the sampling sites for macrophytes and phyto-
benthos, quadrats the sites for water chemistry
and phytoplankton sampling. The lower left
panel exemplifies how the area was delineated,
in which CORINE land cover and AR50 site
index classifications were quantified at each
site.

0.1%, respectively. Macroscopic algae whose cover was recorded as
“ < 1%” in the field, were noted as “0.1%” for data analysis. For all
other taxa, the cover that was estimated in the field was used.

2.3. Estimation of site specific nutrient input from the near shore
surroundings

The CORINE Land Cover map (CLC) covers all Europe and was first
developed for the reference year 1990 by EUs CORINE (Coordination of
Information on the Environment) program (EEA, 2007). It has since
been updated three times, in 2000, 2006, and 2012 (EEA, 2014). The
CLC maps classify areas into 44 landcover classes, grouped in a three-
level hierarchy, with a minimum mapping unit of 25ha and 100 m as
the minimum width of linear elements (EEA, 2007). The national land
resource map of Norway (AR50) is based on the AR5 resource map
(Ahlstrgm et al., 2014). Each area is classified using four different
characteristics: main land use category, forest productivity, main forest
species, and type of agriculture. These four classifications result in 106
area types (legal combinations of the four characteristics). In AR50, the
minimum mapping unit is in general 1.5 ha, although smaller units can
occur.

For each of the 40 sites sampled for macrophytes and phytobenthos,
we used GIS to delineate a 2.5-hectare trapeze that stretched 200 m
inland from the shore of the lake (Fig. 1). 200 m was chosen based on
the topography of the adjacent land: we aimed at standardizing the area
while avoiding including valleys with an orientation parallel to the
shoreline (since nutrients from such areas would not be transported
towards this lake site). For each trapeze, we calculated the areas of
different land cover classes, using both CORINE and the AR50 site index
classifications, respectively. Phosphorus export coefficients for each
land use category were taken from Smith et al. (2005). The AR50 site
index differentiates among high, medium and low productivity within
several of the index classes. Within each index class, high values were
assigned an export coefficient of “average plus one standard deviation”,
while low values were assigned an export coefficient of “average minus
one standard deviation” (as tabled in Smith et al., 2005). For each
trapeze, the phosphorus export (in kg/year) was calculated by sum-
marizing the products of land cover area (in each land use class) with
their export coefficients.
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2.4. Data treatment

Ecological status evaluation for macrophytes, phytoplankton and
the supporting water chemical parameters followed the Norwegian
standard methods (Lyche Solheim et al., 2017). Briefly, phytoplankton
assessment in Norway is based on average Chl a concentration, average
PTI (an index calculated from taxon specific nutrient preferences),
average phytoplankton biovolume, and maximum biovolume of cya-
nobacteria, calculated from six monthly samples taken between May
and October. The overall status classification for phytoplankton is
generally derived by averaging these four metrics (however, some extra
rules apply; see Lyche Solheim et al., 2017; DG, 2013). The TIc index is
used for assessment of eutrophication based on macrophytes, an index
reflecting the relative occurrences of species which are sensitive and
tolerant to nutrient enrichment (DG, 2013). The TIc is calculated from
summarized species lists for entire lakes, resulting in one status as-
sessment for an entire lake. The TIc is not designed for site specific use,
i.e. for detecting small-scale differences among sites within a lake. It is,
however, nevertheless possible to calculate site-specific TIc indices
from the site-specific recordings of macrophyte presence.

Since no phytobenthos metrics exist for the assessment of lakes in
Norway, we calculated the Periphyton Index of Trophic status PIT
(Schneider and Lindstrgm, 2011), an index reflecting eutrophication
which was developed for use in Norwegian rivers and streams. In many
cases, the similarities between rivers and the shallow part of lake lit-
toral zones mean that concepts should be transferable (DeNicola and
Kelly, 2014). Also for macrophytes, there is a correlation between
species specific eutrophication scores for lakes and rivers (Schneider,
2007). The PIT index should therefore reflect eutrophication in lakes as
well. For status class boundaries, we used the same boundaries as for
rivers with a corresponding water chemistry, i.e. the boundaries given
for rivers with a Ca concentration > 1 mg/1 (DG, 2013). For this river
type, the boundary between high and good status is at PIT = 9.5, while
the good-moderate boundary is at 16. In addition to the PIT index, we
calculated the following response parameters from the phytobenthos
taxon lists: (1) taxon richness of phytobenthic algae, as well as of green
algae and cyanobacteria, as a simple means to describe biodiversity; (2)
total cover of benthic algae (calculated as sum of cover of all taxa), as
well as of green algae and cyanobacteria, because they often are viewed
as a sign of degradation (Hart et al., 2013), and because the WFD
mentions “accelerated growth of phytobenthos” in the definition of lake
ecological status classes (European Commission, 2000).

All phytobenthos response variables were calculated twice: once for
the complete taxon list, and a second time for a reduced taxon list,
which excluded all taxa which lack hold-fast structures (e.g. the genera
Cosmarium Corda ex Ralfs and Closterium Nitzsch ex Ralfs). This was
done because taxa lacking hold-fasts may not be strictly benthic, i.e.
they may be transported among sites by wave action, such that their
occurrence at a particular site may not necessarily be related to site-
specific pressures. In addition, the overall PIT index for each lake was
calculated in two different ways: once by averaging the PIT index at the
20 sites analyzed in each lake, and a second time by creating an overall
taxon list for each lake, and calculating the PIT from the overall taxon
list. This was done because there is no a priori best way how to cal-
culate an overall lake index from several sites, such that we tested both
options.

To explore species composition and abundance of the macrophyte
and phytobenthos assemblages, an NMDS (non-metric multi-
dimensional scaling) was computed on the square-root transformed
data. NMDS was used because, in contrast to other ordination methods,
it can also handle non-linear responses. The NMDS was computed using
the metaMDS function in R version 2.14.2 (R Development Core Team,
2012), extended with the “vegan” package 2.0-4 (Oksanen et al.,
2012). Bray-Curtis was used as dissimilarity measure because it is less
dominated by single large differences than many other dissimilarity
measures (Quinn and Keough, 2002). Two sites in Selbusjgen had no

31

Limnologica 76 (2019) 28-40

macrophyte vegetation, such that it was not possible to calculate dis-
similarities. For visualization in the NMDS plots, site scores similar to a
site with only one very rare species were manually assigned.

To test if similarities between phytobenthos assemblages were cor-
related with similarities between macrophyte abundances (i.e. to test if
the phytobenthos assemblages differ in a similar way among sites as the
macrophyte assemblages), a Mantel test was computed, using Bray-
Curtis as dissimilarity measure, and 999 permutations. Two sites
without macrophyte vegetation were excluded from this exercise. To
make macrophyte and phytobenthos similarities comparable, phyto-
benthos abundances were translated into 5-scale abundance classes
using the German system (1, microscopically rare; 2, microscopically
abundant; 3, maximum 5% cover; 4, 5% to 33% cover; 5, more than
33% cover; Schneider et al., 2018). In addition, presence-absence data
also were tested.

To explore if land use adjacent to the sampling sites can explain site-
specific macrophyte and phytobenthos assemblages, linear models were
computed using the MASS-package in R (Venables and Ripley, 2002),
separately for each response variable and each lake, with explanatory
variables selected through forward selection based on AIC (Akaike in-
formation criterion). Variables were log or sqrt transformed where
necessary in order to improve normality and homoscedasticity. To
avoid overinterpretation, criteria in addition to model significance were
applied for identifying informative models: a model was deemed in-
formative if the adjusted R? was > 0.2, and the number of model
parameters was < 3, i.e. there occurred no obvious model overfitting.

3. Results
3.1. Overall assessment of lake ecological status

Complete lists of macrophyte and phytobenthos taxa found in
Snésavatnet and Selbusjgen are given in appendix (Tables S1 and S2).
Briefly, we found a total of 21 macrophyte species in Snésavatnet, and
the dominant species were Isoetes echinospora Durieu, I lacustris L.,
Ranunculus reptans L., Subularia aquatica L. and Myriophyllum alterni-
florum DeCandolle in Lamarck et DeCandolle. Among the phytobenthic
algae, the genus Spirogyra reached a cover of = 50% at 6 out of 20 sites
(sites 5, 8,9, 10, 15 and 16). Among the taxa which were less abundant,
but present at almost all sites were the cyanobacterium Merismopedia
Meyen sp., and the green algal genera Bulbochaete C. Agardh,
Cosmarium, and Oedogonium Link ex Hirn.

We found 20 macrophyte species in Selbusjgen, and the dominant
species were Ranunculus reptans, Subularia aquatica, Potamogeton per-
foliatus L., Sparganium angustifolium Michaux fil. and Nitella opaca
(C.Agardh ex Bruzelius) C.Agardh. Two sites (sites 5 and 6) at the
northern shore were located underneath steep high cliffs, and were
devoid of aquatic vegetation. Benthic algae generally occurred in low
abundances at all sites, and the most prevalent taxa were the cyano-
bacterium Dichothrix orsiniana Bornet & Flahault, as well as the green
algal genera Bulbochaete, Cosmarium, Mougeotia, Oedogonium and
Zygnema C.Agardh.

Of the 86 phytobenthos taxa we registered in Snasavatnet and
Selbusjgen, 58 were assigned a PIT indicator value, i.e. are recognized
as having a comparatively narrow ecological amplitude in Norwegian
lotic waters. Of these, 7 (i.e. 12% of the indicator taxa) were assigned a
PIT indicator value > 16, i.e. worse than the good-moderate boundary
for rivers with a Ca-concentration > 1 mg/l. In contrast, 48 (i.e. 83% of
the indicator taxa) were assigned a PIT indicator value < 9.5, i.e. in-
dicate “high” ecological status in rivers with a Ca-concentration > 1
mg/1.

Detailed results for phytoplankton are given in Lyche Solheim et al.
(2017). Briefly, the phytoplankton assemblages in both lakes were
dominated by chrysophytes, cryptophytes, and diatoms. Average Chl a
concentration was 0.8ug/l in both lakes, and the average phyto-
plankton biovolume was 0.15 mm?®/1 in Snésavatnet, and 0.13 mm?>/1 in
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Table 1
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Ecological status for Snasavatnet and Selbusjgen, as indicated by phytoplankton, macrophytes and phytobenthos, as well as supporting water chemical parameters.
Phytobenthos assessment was based on PIT status classes for rivers with a Ca-concentration > 1 mg/], i.e. reflecting the Ca-concentrations measured in Snasavatnet
and Selbusjgen. Phytoplankton and water chemistry results were calculated from monthly samples taken between May and October.

ecological
value
status class
Snasavatnet
phytoplankton
Chla (ug/l) 0.8 high
phytoplankton biovolume (mm3/I) 0.15 high
PTl index 2.27 moderate
max biovolume cyanobacteria (mm3/I) 0.01 high
macrophytes
Tlc 81 high
benthic algae
average PIT of 20 sites 8.1 high
PIT from "overall taxon list" 8.6 high
average PIT of 20 sites only strictly benthic taxa 9.3 high
PIT from "overall strictly benthic taxon list" 9.2 high
water chemistry
total phosphorus (ug/l) 4.7 good
total nitrogen (ug/l) 281 good
Secchi depth (m) 4.8 high
Selbusjgen
phytoplankton
Chla (ug/l) 0.81 high
phytoplankton biovolume (mm3/I) 0.13 high
PTI index 2.09 good
max biovolume cyanobacteria (mm3/I) 0.003 high
macrophytes
Tlc 70 good
benthic algae
average PIT of 20 sites 6.4 high
PIT from "overall taxon list" 8.9 high
average PIT of 20 sites only strictly benthic taxa 6.7 high
PIT from "overall strictly benthic taxon list" 9.5 high
water chemistry
total phosphorus (ug/l) 33 high
total nitrogen (ug/l) 187 high
Secchi depth (m) 6.6 high

Selbusjgen, respectively. The maximum cyanobacteria biovolume was
0.011 mm?®/1 in Sndsavatnet, and 0.003 mm?®/1 in Selbusjgen.

The macrophyte index TIc indicated “high” ecological status for
Snésavatnet (Table 1). In contrast, the phytoplankton index PTI in-
dicated “moderate” status. However, since Chl a, phytoplankton bio-
volume and the maximum biovolume of cyanobacteria all indicated
“high” status (Table 1), the overall status class for phytoplankton was
assessed as “good”. The supporting water chemical parameters in-
dicated “good” status for TP and TN, and “high” status for Secchi depth.
For phytobenthos, the Periphyton Index of Trophic status PIT indicated
“high” ecological status, irrespective of which method was used for
calculating the overall lake status class (Table 1). However, the indices
calculated from the “strictly benthic” taxon list were slightly higher, i.e.
indicated slightly more nutrient enriched conditions, than when cal-
culated from the complete taxon list. In summary, among the primary
producers, phytoplankton indicated “good” ecological status, while
macrophytes and phytobenthos indicated “high”.

For Selbusjgen, the macrophyte index TIc indicated “good” ecolo-
gical status (Table 1). The phytoplankton index PTI also indicated
“good” status, but Chl a, phytoplankton biovolume and the maximum
biovolume of cyanobacteria all indicated “high” status, such that the
overall phytoplankton assessment resulted in “high” status. All
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supporting water chemical parameters also were in “high” status. The
Periphyton Index of Trophic status PIT indicated “high” status for all
four different ways of calculating overall PIT. However, the PIT cal-
culated from the overall strictly benthic taxon list indicated slightly
more nutrient-enriched conditions and was at the boundary between
“high” and “good” status (which is at PIT = 9.5; Table 1). In summary,
among the primary producers, the macrophytes indicated “good” eco-
logical status, while phytoplankton and benthic algae indicated “high”.

3.2. Richness and diversity patterns

In Snésavatnet, there were no obvious groups of sites which shared
similar macrophyte or phytobenthos assemblages among each other
while differing from the remaining sites (Fig. 2a, b). Nevertheless, as-
semblages at some individual sites differed from the others (i.e. they are
located at the edges of the NMDS plots; Fig. 2). With respect to mac-
rophyte assemblages, sites 3 and 10 were slightly different from the
remaining sites. Site 10 is situated at a campground, and had a more
depauperate macrophyte vegetation than the other sites (Fig. 2a, Table
S2a). The macrophyte assemblage at site 3 differed from the other sites
by its absence of Isoetes. There are some cottages close to site 3, and the
surrounding area is agriculturally used, but the reason for the absence
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of Isoetes at this site is unknown. With respect to benthic algal assem-
blages, sites 10, 11, 15, and partly 17, differed from the other sites
(Fig. 2b). At site 10, situated at a campground, Spirogyra, Zygnema and
Oedogonium together reached a cover of 70% (Table Sla). Site 11 is
located at the north-eastern-most shore of Sndsavatnet, with a sandy
beach, and a small village close to the shore. Mats of algae washed
ashore were observed during sampling. The phytobenthos assemblage
at site 11 differed from the other sites by the presence of Homoeothrix
varians Geitler, and the absence of the otherwise quite common genus
Bulbochaete sp. Site 15 is situated close to a railway line. It was the site
with the fewest number of phytobenthos taxa in Sndsavatnet, had a
high cover of Spirogyra, was the only site where Cosmarium sp. was
absent, and one of two sites where Gongrosira sp. Kiitzing was found in
Snésavatnet. At site 17, cattle could enter the lake. This site was the
only site in Snasavatnet with a high cover of Phormidium autumnale
Gomont.

In Selbusjgen, sites 4, 5, and 6 stood out by having no or almost no
submerged vegetation (Fig. 2c, Table S2b). Phytobenthos taxon rich-
ness at sites 5 and 6 was below average (9-10 taxa), but there occurred
15 phytobenthos taxa at site 4 (Table S1b). Sites 4-6 have a steep stony
littoral and are located at the northern lake shore underneath steep high
cliffs, which probably explains the depauperate macrophyte vegetation.
Another group was formed by sites 2, 17 and 19. They have in common
that the macrophyte vegetation was depauperate (only 3-4 species
occurred per site). In contrast, phytobenthos taxon richness at these
sites was 9-16 (Table S1b). The same is true for site 3. At all these sites,
the littoral sediment consisted of gravel, and they are obviously a point
of access for swimming, bathing, and boating. Sites 8-13 formed a third
group. They lie in the easternmost bay of Selbusjgen, and the
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macrophyte vegetation differs from most other sites by the occurrence
of Callitriche hamulata Kiitzing ex Koch, Myriophyllum alterniflorum, and
Potamogeton perfoliatus. With respect to the phytobenthos assemblages,
no groups of sites sharing similar assemblages were obvious (Fig. 2d).
The individual sites with benthic algal assemblages most dissimilar
from the rest were sites 8, 9, 11, and 18 (Fig. 2d). Sites 8 and 9 are
located at the eastern shore of Selbusjgen, and were the only sites
where Stigeoclonium sp. Kiitzing occurred. There was some agriculture,
and a small factory close to the shoreline, but at both sites there were
buffer stripes with woody vegetation towards the lake shore. Site 11
was the only site where Anabaena sp. Bory ex Bornet & Flahault,
Chaetophora elegans (Roth) C.Agardh and Tetraspora gelatinosa (Vau-
cher) Desvaux occurred. This site is situated in front of a wood-pro-
cessing factory, and the littoral sediment was covered with wood chips.
Site 18 is located at a small valley between deep cliffs. The valley
ground is used for agriculture, and there also is a small inflow to Sel-
busjgen. The phytobenthos assemblage differed from the other sites by
the occurrence of Phormidium corium Gomont ex Gomont, Microspora
lauterbornii Schmidle and a broad form of Mougeotia (Table S1b).

The average number of macrophyte species per site was 11 in
Snésavatnet (range: 4-16), while an average of 18 phytobenthos taxa
was recorded per site (range: 10-22). Selbusjpen was slightly species
poorer, with an average of 6 macrophyte (range 0-13), and 15 phyto-
benthos taxa per site (range 9-23). At most sites, there occurred fewer
macrophyte than phytobenthos taxa (Fig. 3). This was also by and large
true when only strictly benthic algal taxa were considered (Fig. 3b).
Although the explained variance was low, benthic algal taxon richness
was significantly correlated with macrophyte taxon richness (Pearson
r = 0.33; p = 0.04), but only for the complete taxon list, not for the
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Fig. 3. Benthic algal taxon richness plotted against macrophyte taxon richness; a) complete phytobenthos taxon list, b) only strictly benthic algal taxa; the grey dotted
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Fig. 4. Bray-Curtis dissimilarities among site-specific macrophyte assemblages,
plotted against dissimilarities among site-specific phytobenthos assemblages; 5-
scale abundance classes were used for calculating dissimilarities. Mantel test
statistics: r = 0.27, p = 0.001.

strictly benthic taxon list.

Despite considerable variation, dissimilarities in phytobenthos as-
semblages among sites were significantly correlated with dissimilarities
in macrophyte assemblages among sites (Fig. 4). This was true for all
four different ways of calculating dissimilarities: using presence-ab-
sence data as well as 5-scale abundance classes, for the complete as well
as for the “strictly benthic” algal taxon list (Mantel test statistics:
complete phytobenthos taxon list, abundance classes: r = 0.27,
p = 0.001; strictly benthic algal taxon list, abundance classes: r = 0.18,
p = 0.013; complete phytobenthos taxon list, presence-absence:
r = 0.27, p = 0.001; strictly benthic algal taxon list, presence-absence:
r=0.19, p = 0.016).

3.3. Site specific eutrophication effects

To analyze if macrophytes and phytobenthos provided comparable
information on local hotspots of nutrient input, we tested if site-specific
values of the eutrophication indices for macrophytes and phytobenthos
(TIc and PIT, respectively) were correlated with each other. This was
not the case, however, even though by and large, high TIc values (in-
dicating oligotrophic conditions) were associated with low PIT values
(also indicating oligotrophic conditions; Fig. 5).

Land use adjacent to the sampling sites was dominated by agri-
culture and coniferous forest in both lakes (Table S3). However, some
sites also were close to urban areas. We estimated P-export from 2.5 ha
adjacent to each site based on CORINE land cover and AR50 site index
classes (Table S3). Average P-export per site estimated from CORINE
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was 7.5kg/year in Snasavatnet (range: 0.5-11.6), and 6.1 kg/year in
Selbusjgen (range: 0.8-12.2). Average P-export estimated from AR50
site indices was 3.9kg/year in Snésavatnet (range: 0.9-12.2), and
1.8kg/year in Selbusjgen (range: 0.6-12.2).

To test if local phosphorus export affected site-specific macrophyte
and phytobenthos assemblages, we tested for correlations between P-
export, and macrophyte and phytobenthos response parameters, sepa-
rately for Snasavatnet, Selbusjgen, and the combined dataset (Table
S4). The only significant correlation occurred between P-export and the
taxon number of macrophytes in the combined dataset, indicating that
more macrophyte taxa occurred at sites with a higher nutrient export.
However, the explained variance was low (Table S4, Fig. 6).

To test if different land use categories adjacent to the sampling sites
affected macrophyte and phytobenthos assemblages, we modelled the
response parameters from CORINE land cover and AR50 site index
classes, separately for each lake and the combined dataset. Three con-
sistent relationships (i.e. informative and similar models for each lake,
as well as for the combined dataset) were detected (Table 2). (i) In-
creased algal cover occurred at sites with low index coniferous forest,
sparsely vegetated and urban areas, while decreased algal cover oc-
curred at sites with medium index coniferous forest and agricultural
areas (quantified from AR50). (ii) Sites located adjacent to wetlands
and agricultural areas had a lower (more eutrophic) macrophyte index
Tlc, while sites located adjacent to sparsely vegetated areas or medium
index coniferous forest (quantified from AR50) had a higher (more
oligotrophic) TIc. (iii) Sites located adjacent to urban areas and areas
with complex cultivation patterns (quantified from CORINE) had a
higher (more eutrophic) PIT index.

4. Discussion
4.1. Overall assessment of lake ecological status

Macrophytes and phytoplankton are routinely used in lake status
assessment and, in this study, we asked if phytobenthic algae could
provide additional important information to these two biological
quality elements. There is no a priori reason why phytobenthos has to
be the third choice, but this is the situation that has developed in most
of Europe (Kelly et al., 2016). If phytobenthic algae indicated a worse
ecological status than macrophytes or phytoplankton, then this would
suggest that they are more sensitive to the relevant pressures. This
would be a strong argument for including phytobenthos in surveillance
monitoring. However, this was not the case for the two lakes of our case
study. In Snasavatnet, phytoplankton was “worst” by indicating “good”
ecological status, while macrophytes and phytobenthos indicated
“high”. In Selbusjgen, macrophytes were “worst” by indicating “good”
ecological status, while phytoplankton and phytobenthos indicated
“high”. While the macrophyte and phytoplankton assessment methods
used in Norway are officially accepted and intercalibrated with
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assessment methods of neighboring countries, no phytobenthos method
exists for lakes in Norway. To compare phytobenthos with macrophyte
and phytoplankton assessment, we therefore applied the Periphyton
Index of Trophic status PIT (Schneider and Lindstrgm, 2011), which
was developed and intercalibrated for use in Norwegian rivers and
streams, and applied the same status class boundaries as for rivers and
streams with a corresponding water chemistry to the study lakes (i.e.
the boundaries given for rivers with a Ca concentration > 1 mg/1). Our
decision to use indicator values developed for lotic waters also in lakes
was based on earlier experience from macrophytes, which showed that
species-specific eutrophication scores between independently devel-
oped stream and lake metrics were correlated with each other
(Schneider, 2007). Generally, the similarities between rivers and the
shallow part of lake littoral zones mean that concepts should be
transferable (DeNicola and Kelly, 2014). We therefore feel confident
that the overall assessment of a lake using a river eutrophication metric
is not far from the truth. There is however, without doubt, some un-
certainty in the status class boundary values, as well as in individual
species scores. However, phytoplankton (Sndsavatnet) and macro-
phytes (Selbusjgen) indicated “good” ecological status, respectively.
This means that to be more sensitive than macrophytes and phyto-
plankton, phytobenthos would have to indicate “moderate” ecological
status. However, 83% of the phytobenthos taxa found are associated
with very low nutrient concentrations in Norwegian lotic waters (i.e.
indicating “high” status). Despite the uncertainties related to the ap-
plication of a river index to a lake, the strong dominance of taxa as-
sociated with very nutrient poor conditions makes it highly unlikely
that the “true” phytobenthos status is “moderate”, i.e. worse than
macrophytes and phytoplankton. We therefore conclude that in our two
study lakes phytobenthos did not provide additional important
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Fig. 5. Macrophyte trophic index (TIc) plotted against the
Periphyton Index of Trophic status (PIT), at the 38 sites in
Selbusjgen and Snésavatnet for which both TIc and PIT could be

Lad calculated; a) complete benthic algal taxon list; b): only strictly
. benthic algal taxa.
L
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information to macrophytes and phytoplankton for surveillance mon-
itoring. This is despite the fact that in both lakes there were potential
local sources of nutrient input, which phytobenthos is assumed to react
faster to than macrophytes (DeNicola and Kelly, 2014, and literature
cited therein). Differences between the different ways of calculating an
overall status class from site-specific results (averaging sites versus
creating an overall lake taxon list, complete versus “strictly benthic”
taxon lists) were minor and did not affect status classification.

Phytoplankton, macrophytes and phytobenthos are all sensitive to
eutrophication. However, they differ in reaction time and in access to
sediment nutrients. Macrophytes have a longer life span and persistent
propagules, and therefore respond more slowly than phytoplankton or
phytobenthos to changing environmental conditions (Schneider et al.,
2012; Eigemann et al., 2016). Macrophytes can take up nutrients from
both water and sediment (Madsen and Cedergreen, 2002), while phy-
toplankton and phytobenthic algae have direct access only to water
nutrients (although epipelic periphyton may play a role in the release of
sediment-associated phosphorus; Lowe, 1996). The main nutrient
source for phytoplankton therefore is the pelagic (phytoplankton sam-
ples are generally taken in the middle of the lake), for phytobenthos the
littoral water, and for macrophytes the littoral sediment in addition to
the water. In Sndsavatnet, phytoplankton indicated slightly worse
ecological status than macrophytes and phytobenthos (Table 1). This
may indicate a slightly enhanced availability of nutrients from the pe-
lagic compared to the littoral. Indeed, Sndsavatnet has slightly humic
water (4 mg/1 TOC) while the littoral sediment mainly consists of gravel
and sand (pers. obs.). Dissolved organic matter forms a large potential
source of nutrients and carbon for phytoplankton (Vahatalo et al.,
2003). In contrast, macrophytes indicated slightly worse ecological
status than phytoplankton and phytobenthos in Selbusjgen (Table 1).
This indicates an enhanced nutrient availability from the littoral sedi-
ment and may possibly be explained by the water level fluctuations
caused by regulation (6.3 m between upper and lower regulation level),
because re-wetting of desiccated sediments results in an initial flush of
available nutrients, which can be incorporated into macrophyte bio-
mass (Baldwin and Mitchell, 2000).

4.2. Richness and diversity patterns

There were generally more phytobenthos than macrophyte taxa per
site (Fig. 3). This meets expectations, particularly in lakes subject to
water level fluctuations, such as Snésavatnet and Selbusjgen. In lakes
subject to hydrological pressure, the frequency of occurrence of many
macrophyte species may decline (Boschilia et al., 2012). Likewise, the
observation that fewer species occurred per site in Selbusjgen than in
Snasavatnet (both for macrophytes and phytobenthos) is likely ex-
plained by the greater water level fluctuations in Selbusjgen (the dif-
ference between upper and lower regulation level is 6.3m in Sel-
busjpen, compared to 1.4 m in Snasavatnet). Our data therefore support
the assumption that water level fluctuations lead to a depauperate lit-
toral vegetation. This notwithstanding, the macrophyte vegetation was



Limnologica 76 (2019) 28-40

S.C. Schneider, et al.

(8pd 1x2u UO panunU0D)

24 by jPuweaeseus  yf ‘[pv uwegfsnqps 4 [pv 19sejep 919[dwod
dwrreq./00°0 + PW ANBL.6100°0 zoe3[e dIyiuaq
uled 183D ou JuedYIUSIS [Ppow ou JuedyIudIs [ppowr ou €10 - 1Au1,8/000°0 - 2O'ST SSQUUDLI UOXE)
zoede
urdjed 1e3 ou JuedyIudIs [opowr ou JuedyIu3Is [opowr ou JuedYTUdIS [opOW OU U313 SSAUYDLI UOXE]
Y31y 1eq; 50
-99G°9 + NIeWNeus.}y(-9G8°9
+ dwrpuelq,$0-946'€ + IAW, 40 ZelIseqoueAd
urajed 163D ou JuedYIuSIS [Ppow ou G0 -9ZH'9 - PAW Ieq,$0-30'T + 0ZI'E JuedyIudIs [Ppow ou SSOUILI UOXe)
wnIpauwr ANeL.Z€00°0 Jed[e orypuaq
urdjed 1e3 ou JuedyIudIs [opowr ou JuedyIu3IS [opowr ou 91°0 - YIRWNRUS,9T00°0 - 12 LT SSUYDLI UOXE)
pauwr Aner,.€0
-9/T'T - PAW Ieq, b 0311 T sede
u)ed 1e9[d ou JuedyIUdIS [9pow ou JuedYIUSIS [9pow ou 81°0 - NIRWNRUS,£0-9/p'T - T0+94Z'T U213 SSQUYDLI UOXe)
Y81y 1eq,50-9€0°6 + dwrIeq,zo
-¢T'T + dwrpue[q.y0-918°S BLIDIORQOURAD
uled 1e9[d ou JuedyIUdIS [9pow ou €0 + paurieq,y0-9g0'l + ¥C'E Juedyrudis [ppour ou SSOUUDLI UOXE)
yniqpIol,p0-op T +
384q.40-2vL'C + YSIY ANR[Z0-3%'T 1AW, 0-9€6°L + Y31y pue[q.y0-28€"€
SumyLao - Y31y pue|[q,£0-9G9°'E€ + MO[ 18], G0 Y31y 1eq,$0-947 T - PAW ANB[,EQ + Y31y 1eq.y0-981°C - POW ANB[,EQ sa1dydoroew
[9pOW WOy I9Jns s)[nsal ‘utaned Jus)sisuod ou 90 -pT L - YIeWNeus,.£0-20'y - 29'8 ¥9'0  -9TT'E - PAW 18q,$0-91S°C - €6'L ¥v'0 -998°€ - PAW 1B(Q,$0-9LT'E - 6L°6 SSoUUPDLI uoXe)
LI 93] 9SBaIDUI 1S3I0J SNOISJIUOD (911 19431y B 0] pes| yIewneus pue
Ayirenb moj pue seare pajeadoa Afasieds MO[ Ieq e} SaJedIpul 90’0 = d PIIm ynuqp.of,. G0 YIDWNDUS, (0-2€°C + YNiqpdof,. SO
D1 9} 9SB2I09P 2INIMOLISe PUR SPUB[IOM [opour & Inq) juedyrudis [opour ou VA 4] -9£Z°T - AW $0-9pFF - 99°6 940 -96Z°Z - 4AuL p0-929°S - §9°6 1L 1bs
pawanol, 0
}DWNDUS, £0-9EC" L 249 - pAW DY, S0-29Z 'k sede
I9A0 e[k [e30) 0} Je[IuIls S€0 + M0)UDQ.$0-9S0°T + [0-2€8°€E- JuedyIudIs [ppowr ou [30] - M0]UDQ. 096 1T + L0-289°'G- 2218 19400 30]
88£q.50-28+°9 BLI9IORQOURAD
urdjed 1esp ou JuedyIudIs [opowr ou £Z0 + 97129, 10-216°'L - 00 +2£T'I- JuedyTudIs [opowr ou 19400 301
seare
[eIn3noLISe pue 1910 SNOIDJIUOD SSB[D XIPUl
WNIPSW [IIM SIS JB J9A0D PISBIIIDP ‘Seale yniqpaof, S0
ueqIn pue pajeladoa A[asieds 1s910j SNOIDJIUOD YIDUNDUS, £0-2£0°T -98/°'Z - PoUIIDQ, G0-946°E pawunq,. S0-21'F
SSE[2 XopUul MO[ [JIM $9)IS Je ISA0D pasealour 9£°0 + MO]"IDq.S0-2/5°6 + Z0-208°8- ¥e0 - 3349.50-21Z'v + 10-2/LL'C- £€°0 - M0]1Dq.$0-290°T + [0-281°'C- 12400 [e3[e 30]
YTeWneus, G0-9971°¢ - Y31y ANe[,S0
-9pC°G - ANIQPIO[,90-265
ura)ed 1es[d ou JuedyTudIs [9powr ou JuedyTudIs [opowr ou 20 + Y31y pue[q.50-929°C + 10-9LE'S zlid 301 S9sSBd
pawinq. G0-241° - 8849, G0-210'L xaput
wned Iesp ou 480 + Y31 unq.90-3/8'6 - 10-2SZ°6 JuedyIudIs [opowr ou JuedyTUdIS [opowr ou 11d 3o1 9IS 0SUV
A ‘v joumeaeseus  y ‘fpy uwagfsnqps Y fpy 19sejep 9191durod
uonejaidiajur [opour 1s3q asuodsax

'€S 9[qe], ur pauredxs aIe s1ejowrered [9poUI 10 SUOTIBIADIQQY “IST[ UOXE] DIIUSq A[IDLIIS YY) WOLJ PIJR[NI[ed 9I9M g UOISUSIXD 9} 1M s1ajourered
asuodsay “(SumIyIaA0 woly 1BYNS A[SNOIAGO Jou op "3°T) s1v)owered [opour 331y} WNWIXEW U[BIUOD PUB ‘C°( < Y PAIsn(pe ue saey di[elr pue p[oq Ul SPPOIA ‘S[PPoW UoIssa13a1 pany (00 > d) Jueoyrusis jo Arewrung

(A1 CLA

36



Limnologica 76 (2019) 28-40

S.C. Schneider, et al.

urened ou
urened ou
urened ou
uraned ou
urened ou
uraned ou

diysuonerax
B NS MOYS J0U PIP J9UlRABSRUS INg ‘SqNIYs

JuedyTudIs [opows ou
JuedyIudIs [Ppow ou
JuedyTudIs [opowr ou
JuedyIudIs [opowr ou
Juedyrudis [ppowr ou

JueoyTudis [opow ou

JuedyTudIs [opowr ou
JuedyIUdIS [9pow ou
JuedyTudIs [opowr ou
JuedyIudIs [opowr ou
JuedyIudis [ppowr ou

JuedyTudIs [ppow ou

JuedyIudrs [opour ou
JuedyIUBIS [opow ou
JuedyIudrs [opour ou
JuedyTudIs [opowr ou
JuedyIudIs [opowr ou

JuedyuSis [opow ou

goede o1yIuaq
SSOUILI UOXe)
zoede

9918 SSAUYDLI UOXE)
genploeqouekd
SSAUILI UOXe)

Jed[e Jrypuaq
SSOULI UOXe)
Qede

U213 SSAUYDLI UOXE)
BLI9)ORqOURAD
SSOULLI UOXE)

-PUBR[POOM [RUONISURI) PUE JSI0J SNOISJIUOD 159.404fu03.. 40 15240ffu02, G0 sa1hydoroew
PIM 9IS Je sarads d1Aydordewr 1omay juedyIusIs [ppow ou -20S°I - qIYS, $0-2LE°T - IEL IZ°0 -2IS°8 - QLIS H0-261°S - 00+28I'6 SSOUYPLI UOXE)
uroned ou Juedyrudis [opowr ou JuedyIudIs [ppowr ou Juedyrudis [ppour ou 1L 1bs
oede
urened ou Juedyrudis [opowr ou JuedyIudIs [opowr ou JuedyIu3Is [ppour ou uaa13 19100 301
BLI9)ORqOURAD
uwened ou JuesyTuds [opowr ou JuedyTudIs [9pour ou JuedyruIs [opow ou 19A00 80]
15240ffu02,,60-29%°S 15910J°JU02,.G0
wened 1edpd ou zz0 + 1n27dwod, G0-2£6°€ - 10-21Z°E JuedyTudIs [9powr ou 11°0 -9%8°C + qnIYs.G0-98% 'y - 10-98Y'C — 19403 Ted[e 3of
2 °7dw02,90-260°S
Iea[o $s9] Inq ‘LId 03 Ieruis JuedyIUSIS [Ppow ou QN8P G0-21L°S + 10-980°8 (44 + QISP 50-264°T + [0-9LS'8 Tl1d 80]
Seale PaJRANIND pUR UeqIN n2°1dw0.90-261°S Ma1dwo2,. 90-26 'S
0 350[2 $3Y1s 1& LId (drydonns arowr) 1oy Iz'o + @IS, S0-2I°T + [0-269°8 QISP G0-21'S + 10-9C6°L sco + @mIsIP.50-204°'I + 10-982°8 11d 301 INIOD
uonejaxdiajur [opour 1s3q asuodsax

(pomuguod) g 31qelL

37



S.C. Schneider, et al.

not seriously affected by regulation in either of the two lakes. This is
evidenced by the macrophyte index WIc, which was developed to in-
dicate water level drawdown (Mjelde et al., 2013). The WIc indicated
“high” status for both Snasavatnet and Selbusjpen (Lyche Solheim et al.,
2017). Although the WIc is still regarded as preliminary for some lake
types and regulation regimes, it indicates that the water level fluctua-
tions did not lead to a seriously depauperate macrophyte vegetation in
any of the two lakes.

There was a weak correlation between macrophytic and phyto-
benthic taxon richness across the sites (Fig. 3a). However, the corre-
lation did not occur when phytobenthic taxa lacking hold-fast struc-
tures were excluded (Fig. 3b). This is consistent with the observation
that many phytobenthos taxa (e.g. Closterium species) occur loosely
attached to submerged macrophytes (John et al., 2011). They may,
however, be dislodged by wave action, such that their occurrence at a
particular site may not necessarily be related to site-specific pressures.
Taxon richness is generally affected by habitat complexity, disturbance,
and chemical conditions such as nutrient concentrations (Biggs and
Smith, 2002; Casartelli and Ferragut, 2018). The main difference in the
exposure of macrophytes and phytobenthos to habitat complexity,
disturbance, and chemical conditions at each sampling site is related to
the depth where the samples were taken. While phytobenthos was
sampled from the shallow littoral, the entire littoral down to the lower
vegetation depth was taken into account for macrophytes. The lower
vegetation depth was around 5m in both lakes (Lyche Solheim et al.,
2017). This means that within site variability in habitat complexity,
disturbance and water chemistry between 1 and 5 m depth has affected
macrophyte, but not phytobenthos richness. This likely explains the
absence of a correlation between macrophyte and phytobenthos rich-
ness, when only strictly benthic algal taxa were considered (Fig. 3b).

The different sampling depth likely also explains why phytobenthos
but not macrophyte assemblages at sites 11, 15 and 17 in Snésavatnet
were different from the other sites (Fig. 2a and b). These sites are af-
fected by trampling (11), artificial substrate (15), as well as trampling
combined with pollution from cattle (site 17). These disturbances
mainly affect the shallow littoral, which explains why phytobenthos
assemblages exclusively taken in the shallow littoral react most. In
Norway, macrophyte vegetation is not recorded in “depth zones”, such
as for example in Germany (Schaumburg et al., 2004). It is possible that
the shallow littoral macrophyte vegetation would have indicated these
stressors, but our data do not allow such an analysis. In Snasavatnet,
site 10 is situated at a camp-ground, which implies that the site likely is
affected by recreational activities such as swimming, fishing, and
boating. These disturbances led to differing macrophyte as well as
phytobenthos assemblages (Fig. 2a and b).

While taxon richness only considers how many taxa occur at a site,
assemblage similarities additionally consider taxon identities and
abundances. Dissimilarities in phytobenthos assemblages among sites
were significantly correlated with dissimilarities in macrophyte as-
semblages, although the explained variance was low (Fig. 4). This
means that sites having a similar macrophyte assemblage are likely to
also have a similar phytobenthos assemblage, and indicates that mac-
rophytes and phytobenthos give partly redundant information. In ac-
cordance with the results from the taxon richness patterns, the corre-
lation was stronger when all phytobenthic algae (including those that
lack hold-fast structures) were taken into account. This does not,
however, exclude the possibility that some additional important in-
formation is contained. In Selbusjgen, 7 out of 20 sites had depauperate
or absent macrophyte vegetation. This likely is related to natural con-
ditions (steep and stony sediment) combined with water level fluctua-
tions caused by regulation. At the same time, phytobenthos assem-
blages were not particularly species poor. This suggests that
phytobenthos assemblages may generally be useful indicators at sites
with little or no macrophyte vegetation.
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4.3. Site-specific eutrophication effects

Macrophytes and phytobenthos commonly react to increased nu-
trient input by increased growth, as well as shifts in species composition
towards taxa thriving in nutrient rich conditions (Lowe, 1996; Egertson
et al., 2004). In the field, this is often immediately visible as increased
algal cover, often in form of green algae or cyanobacteria (Hart et al.,
2013), or as macrophyte assemblages dominated by taxa known to
thrive in nutrient rich conditions (e.g. Elodea canadensis, Sparganium
emersum; Melzer, 1999; DG, 2013). Taxon specific indices, such as the
TlIc and the PIT, are a convenient way to quantify shifts in macrophyte
and phytobenthos assemblages related to nutrient inputs. Nutrient
input into lakes can principally occur via aerial deposition, or from
surface or subsurface inflow (Lowe, 1996). While aerial deposition
should affect the entire lake more or less homogeneously, surface and
subsurface inflow is more local, and therefore primarily leads to local
changes in macrophyte and phytobenthos biomass and species com-
position. Such changes have long been used to detect local sources of
nutrients around the shoreline of lakes (Melzer, 1999). Although the
macrophyte index TIc applied in Norway is not designed to indicate
site-specific differences in nutrient input, changes in macrophyte spe-
cies composition in response to local nutrient input should nevertheless
be reflected in the TIc. Likewise, changes in the phytobenthic algal
species composition towards species that thrive in nutrient-rich condi-
tions should be reflected in the PIT. In the absence of site-specific water
chemistry data, we estimated site-specific P-export from CORINE land
cover and AR50 site index classes. This is a common method which has
been successfully applied before to infer water quality data, albeit at a
larger scale (lake scale, instead of site-scale; e.g. Smith et al., 2005;
Uuemaa et al., 2005). However, site-specific P-export was uncorrelated
to any of the macrophyte or phytobenthos response parameters, with
the exception that more macrophyte taxa occurred at sites with a higher
nutrient export (Fig. 6). The result that increased nutrient input is re-
lated to increased macrophyte species richness is consistent with the
hump-shaped relationship between productivity and species-richness:
species richness generally peaks at intermediate levels of productivity
(Dodson et al., 2000). Oligotrophic Scandinavian softwater lakes, such
as Snésavatnet and Selbusjpen, generally have low macrophyte species
richness (Murphy, 2002), and this means that an increase in nutrient
input will lead to an increase in species richness. The absence of cor-
relations between estimated P-export and any of the other macrophyte
and phytobenthos response parameters likely is explained by the
overriding effect of other natural conditions and stressors, which also
affect macrophytes and phytobenthos, such as substrate type, sediment
slope, grazing, turbidity, temperature, and mechanical disturbance by
e.g. wave action (Lowe, 1996; Weisner et al., 1997; Lehmann, 1998),
combined with uncertainties in the estimation of P-export (Smith et al.,
2005).

Another factor which likely contributed to the absence of correla-
tions between P-export and macrophyte and phytobenthos assemblages,
is the relatively short gradient covered by the eutrophication indices TIc
and PIT in our data. The TIc index generally ranges from -100 to + 100
(DG, 2013), but among the 40 sites sampled in Snésavatnet and Sel-
busjgen, all sites except 2 had values above 70 (Fig. 5). Likewise, the
PIT can take values between 2 and 68 (Schneider and Lindstrgm, 2011),
but the 40 sites in our dataset all had values below 14 (Fig. 5). Short
gradients can prevent the detection of relationships between stressors
and responses (Feld et al., 2016). The short gradients likely also explain
the absence of a correlation between site specific TIc and PIT values.

In order to explore the data in greater detail, we also tested if
macrophyte and phytobenthos response parameters could be explained
by land use adjacent to the sampling sites (Table 2). Although phyto-
benthos cover was consistently related to land use (Table 2), our results
indicate that using algal cover as an indicator of site-specific nutrient
input is overly simplistic. Increased algal cover was associated with
urban areas as well as with coniferous forest, while agriculture seemed
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to decrease algal cover (Table 2). Poor relationships between phyto-
benthos biomass and lake trophic status have been observed before
(Lowe, 1996), and are explained by the many natural conditions and
stressors which interact to affect phytobenthos biomass. In addition, the
most common and prevalent taxa in both Sndsavatnet and Selbusjgen
(Cosmarium, Mougeotia, Spirogyra, Zygnema, Oedogonium) are known to
occur in a wide range of habitats, including nutrient-poor as well as
nutrient-rich waters (John et al., 2011).

Wetlands and agricultural areas tended to be related to a more eu-
trophic macrophyte index TIc. While the influence of agriculture is
obviously caused by nutrient run-off from fertilized land, a eutrophying
impact of wetlands may seem counter-intuitive. However, organic se-
diments generally contain more nutrients than mineral sediments
(Schneider and Melzer, 2004), which often dominated in Snésavatnet
and Selbusjgen (pers. obs.). Since sediment nutrients are available to
macrophytes (Madsen and Cedergreen, 2002), more “eutrophic” mac-
rophyte assemblages may occur on organic sediments in generally nu-
trient poor lakes. More data are needed before the effects of naturally
increased sediment nutrients can be differentiated from anthro-
pogenically increased nutrient input, but our data indicate that the TIc
is a promising tool which could be improved to detect site-specific
nutrient input. Likewise, urban and cultivated areas were associated
with a more eutrophic PIT index. Both urban and cultivated areas are
known to have a higher nutrient export than natural vegetation (Smith
et al., 2005). Although the explained variance was low (Table 2), this
indicates that the PIT may be a promising tool to detect site specific
nutrient input.

5. Conclusions

Both Snasavatnet and Selbusjgen are generally nutrient poor, but
there nevertheless are some potential local sources of nutrients (vil-
lages, agriculture, campground) around the shore. In addition, both
lakes are regulated, albeit to a varying degree. In such a situation,
phytobenthos is expected to be potentially more informative with re-
spect to eutrophication than macrophytes and phytoplankton (DeNicola
and Kelly, 2014). However, our data provided no indication that phy-
tobenthos would indicate a worse overall ecological status than mac-
rophytes and phytoplankton. Therefore, although we only have data
from two lakes, our results provide no support for generally including
phytobenthos into surveillance monitoring of lakes in Norway.

Overall, site-specific taxon richness and assemblage similarities
were loosely correlated between macrophytes and phytobenthos. This
indicates that similar natural conditions and stressors affected macro-
phytes and phytobenthos at the sampling sites, and means that mac-
rophytes and phytobenthos do give partly redundant information. Since
the explained variance was low, however, the results could actually
provide some useful additional information. The additional information
provided by phytobenthos likely is most relevant at sites with little or
no macrophyte vegetation. In Selbusjgen, 7 out of 20 sites had depau-
perate or absent macrophyte vegetation (=< 4 macrophyte taxa oc-
curred). In contrast, the phytobenthos assemblages at these sites con-
tained between 9 and 18 taxa. This indicates that phytobenthos may
generally be useful in lakes with little or no macrophyte vegetation.

We found that using algal cover as an indicator of site-specific nu-
trient input is overly simplistic. This was because increased algal cover
was associated with potentially high (urban areas) as well as with po-
tentially low sources of phosphorus (coniferous forest) to water bodies,
while other potential high sources of phosphorus (agriculture) were
related to decreased algal cover. Wetlands and agricultural areas tended
to be related to a more eutrophic macrophyte index TIc. Our data
therefore indicate that the macrophyte index TIc may be developed into
a tool for detecting site-specific nutrient input. This requires more data,
however, such that the effects of naturally increased sediment nutrients
can be differentiated from anthropogenically increased nutrient levels.
Urban and cultivated areas were associated with a more eutrophic
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phytobenthos index PIT. This means that the PIT, despite being devel-
oped for lotic waters, may be used to detect site specific nutrient input,
and indicates that the PIT may be useful for operational and in-
vestigative monitoring. More data are required, however, for setting
status class boundaries.
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