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Preliminary note
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contributions are given in a separate document.

Figures and tables are numbered continuously timmuigthe thesis. Therefore, the
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Summary

Small headwater streams comprise most of the ¢b@hnel length and catchment area
in fluvial networks. They are tightly connectedtheir catchments and, thus, are highly
vulnerable to changes in catchment hydrologic btedged land use. Although these
small, often fishless streams are of little ecorwnmterest, they are vital for the
ecological and chemical state of larger water ®diglthough numerous studies
investigate the impact of various anthropogenicesstors or altered catchment
conditions, we lack an in-depth understanding efrihtural conditions and processes in
headwater streams. This natural state, howevegellaaffects how a headwater stream
responds to anthropogenic or climatic changes. @inthe major threats to aquatic
ecosystems is the excessive anthropogenic inpatitoients leading to eutrophication.
Nutrients exert a bottom-up effect in the food wdbremost affecting primary
producers and their consumers, i.e. periphyton bedthic grazers in headwater
streams. The periphyton-grazer link is the mainhpat autochthonous (in-stream)
production into the stream food web and the strenfjthis link largely determines the
effectiveness of this pathway. Therefore, this ithesms at elucidating important
biological processes with the explicit focus onipleyton-grazer interactions. | assessed
different aspects of periphyton-grazer interactiossg laboratory experiments to solve
methodological problems, and using a field studgdmpare the benthic communities
of three morphologically similar, phosphorus-lindifenear-natural headwater streams.
With the results of the laboratory experiments, dswable to show that periphyton
RNA/DNA ratios can be used as proxy for periphygmowth rates in controlled
experiments and that the fatty acid compositiograzing mayfly nymphs responds to
changes in fatty acids provided by the diet aftelyawo weeks. The use of the
RNA/DNA ratio as a proxy for periphyton growth raalows a comparison of these
growth rates even in simple experimental set-upkthareby permits the inclusion of
this important process in ecotoxicological or egatal experiments. The observed fast
turnover rates of fatty acids in consumer tissuesasthat even short-term changes in
available primary producers can alter the fattylammposition of primary consumers
with important implications for the supply of highteophic levels with physiologically
important polyunsaturated fatty acids. With theutssof the field study, | revealed gaps
in the understanding of the linkages between cagciinand in-stream phosphorus
availability under near-natural conditions and daesiated that seemingly comparable
headwater streams had significantly different bendommunities. These differences
most likely affect stream responses to environmetanges.



Zusammenfassung

Kleine Bache umfassen den grof3ten Teil der FlieBsér und des Einzugsgebiets in
Gewassernetzen. Sie sind eng mit ihrem Einzugsgetgunden und reagieren
empfindlich auf Anderungen des Wasserhaushalts derdLandnutzung. Trotz ihrer
geringen wirtschaftlichen Bedeutung sind diese Baadbntscheidend fir den
Okologischen und chemischen Zustand groR3erer Gewd3bwohl zahlreiche Studien
die Auswirkungen anthropogener Stressoren oder Utvevanderungen untersuchen,
mangelt es am Verstandnis der natirlichen Bedinguingd Prozesse, welche jedoch
die Reaktion eines Baches auf anthropogene odenatiiche Verédnderungen
entscheidend beeinflussen. Eine der groRten Bedgamufiir aquatische Okosysteme
ist der UberméRige anthropogene Eintrag von Né&ifesto Nahrstoffe steuern
Nahrungsnetze in erster Linie Uber die Primarpredten und ihre Konsumenten, in
kleinen Bachen Periphyton und Grazer. Die Peripi@oazer-Interaktion ist der
Hauptpfad der autochthonen Produktion in das Najsuoetz, und die Starke dieser
Interaktion bestimmt weitgehend die o©kologischenswiwnkungen von N&hrstoff-
eintragen. Daher zielt diese Arbeit darauf ab, wgeh biologische Prozesse der
Periphyton-Grazer-Interaktionen zu beleuchten. uokersuchte verschiedene Aspekte
der Periphyton-Grazer-Interaktionen anhand von texqmerimenten mit Fokus auf
methodischen Fragen und einer Feldstudie, in dedie benthischen Gemeinschaften
drei morphologisch ahnlicher, Phosphor limitierteattrlicher kleiner Bachen verglich.
Mit dem Laborexperiment zur Periphyton-Wachstungsiainnte ich zeigen, dass das
RNA/DNA-Verhéltnis von Periphyton als Proxy fur des Wachstumsrate in
kontrollierten Experimenten verwendet und somitsdre wichtigen Prozesses in
Okotoxikologische oder ©kologische Experimente emdgen werden kann. Des
Weiteren konnte ich zeigen, dass die Fettsdurezusasetzung von Eintagsfliegen-
larven auf Veradnderungen der in der Nahrung emhalt Fettsduren innerhalb von
zwei Wochen reagiert. Diese schnelle AnpassungFeéisdurezusammensetzung der
Konsumenten zeigt, dass selbst kurzfristige Andgean der verfiigbaren
Primarproduzenten wichtige Auswirkungen auf die Séegung hoéherer trophischer
Ebenen mit physiologisch wichtigen mehrfach undgegén Fettsduren haben. Mit den
Ergebnissen der Feldstudie habe ich Licken im Wedstis der Zusammenhénge
zwischen der Phosphorverfluigbarkeit im Einzugsgelmet im Bach unter naturnahen
Bedingungen aufgedeckt und gezeigt, dass scheudrgteichbare Bache signifikant
unterschiedliche benthische Gemeinschaften aufweBiese Unterschiede wirken sich
hochstwahrscheinlich auf die Reaktion der Bachezakiinftige Anderungen aus.



General Introduction

In fluvial networks, headwater streams comprisel&ingest proportion of total channel
length and watershed area (e.g. Bemtal, 2005; Wipfli et al, 2007). These small
streams are most closely linked to their catchmedragh with regard to hydrological
processes and matter fluxes. They are, therefordnerable to natural and
anthropogenic changes in catchment hydrologic budgd land cover (Valettt al,
1996; Wipfli et al, 2007; Nelsoret al, 2009). Under natural conditions, lithology and
soil characteristics strongly affect catchment furbaracteristics and stream water
chemical composition due to bedrock chemical comtippsand weatherability, soil
permeability, ion and nutrient budgets and surigemdwater connectivity (Dillon &
Kirchner, 1975; M. C. Feller & J. P. Kimmins, 197dulholland, 1992; Valetet al,
1996; Mattssoret al, 2003). In anthropogenically impacted catchmestt®am runoff
regimes are often determine by deforestation, @mikolidation and sealing, urban and
agricultural runoff, in addition to wastewater inpuThese anthropogenic impacts also
largely determine stream sediment and chemicaklaagl ions, nutrients, heavy metals,
pesticides, and drug residues (Allainal, 1997; Hancock, 2002; Allan, 2004; Walsh
al., 2005). However, in most cases, a clear separafomatural and anthropogenic
factors affecting stream communities is extremadlficdlt due to overlying effects
(Allan, 2004). To assess the sole influence oflsing defined groups of anthropogenic
stressors, ecological and ecotoxicological expeaniseare usually conducted with
standard test organisms or selected members ofahdweadwater stream communities
(Dodson & Hanazato, 1995; Fadt al, 1999; Wilsonet al, 2003; Wagenhoftt al,
2012; Alexandert al, 2013). However, the transferability of experingmnesults to
real ecosystems is often low because of the vaay af factors influencing natural
communities and their vulnerability to externalessors (Heugen®t al, 2001).
Independent of anthropogenic influences, headwatezams are highly variable
ecosystems, e.g. in terms of hydrology, temperatangl resource availability with
partially strong seasonal patterns, which transtatehigh and diverse requirements for
stream biota and consequently to highly variableash communities (Wallace &
Webster, 1996). Together with the regional spepted, these different environmental
impacts largely determine the diversity and funwdiotrait composition of local stream
communities (Statzneet al, 2004; Thompson & Townsend, 2006; Worisclgtaal,
2015). The diversity and composition of species Hrar traits have been shown to
influence the vulnerability of an ecosystem to amplogenic stressors (Clements &
Rohr, 2009; Mondyet al, 2016). To successfully predict ecosystem response
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General Introduction

expected future environmental changes (climate gdaor direct anthropogenic
impacts) in order to develop and implement protectistrategies, an improved
understanding of existing ecosystem communities@ondesses is needed (Woodward
et al, 2010).

The food web of headwater streams is based onhétlonous resources provided by
terrestrial ecosystems, e.g. leaf litter as a megwbon source, and autochthonous (in-
stream) production, e.g. from algae. Phytoplanktogenerally absent and the main
primary producers are periphyton assemblages. Tlaesecomplex, multi-species
biofilm communities of algae, fungi, protozoa andcteria growing on submerged
surfaces; in this sense, ‘periphyton’ is synonomwith the German termAufwuchs
(Ruttner, 1953; Elwood & Nelson, 1972). Dependimgtbe substrate, periphyton can
be subdivided in epilithon, i.e. periphyton growiog rocks, epiphyton, i.e. periphyton
growing on submerged plants, epixylon, i.e. periphygrowing on wood, and
episammon/epipelon, i.e. periphyton growing on sandnud (Vadeboncoeugt al,
2006). For convenience, the general term ‘periptiyteill be used throughout this
thesis, independent of potential differences instalbe. From the whole periphyton
community, especially algae strongly respond tangea in the availability of nutrients
and light which may be mediated by changes in lsse(Hill & Fanta, 2008; Hilét al,
2009; Artigaset al, 2013). Depending on the availability of theseoteses, periphyton
assemblages can vary between thin diatom-dominpeggphyton of oligotrophic
(nutrient-poor) forest streams and thick multi-layeeriphyton often dominated by
filamentous green algae in open, eutrophic (nutnieh) urban or agricultural streams
(Bunnet al, 1999).

The most important macronutrients limiting primggoduction are phosphorus and
nitrogen. In Germany, where aerial nitrogen depmsits high and soil nitrogen critical
loads are often exceeded (Russeival, 2001; Watmouglet al, 2005), nitrogen inputs
to surface water and groundwater are high. As asexurence, water nitrogen
concentrations mostly exceed 200 pg dissolved avdcgnitrogen (DIN) [ (Keppner
et al, 2017), a concentration above which periphytorwtjnorate and biomass accrual
was found to be saturated in laboratory experimdRier & Stevenson, 2006).
Consequently, phosphorus is considered the limiiagronutrient to stream periphyton
in German running waters. Laboratory and streamBidae experiments revealed a
limitation of periphyton growth at phosphorus camications below 20 pg soluble
reactive phosphorus (SRP)L(Rier & Stevenson, 2006; Hill & Fanta, 2008;
Winkelmannet al, 2014). SRP concentrations in that range are aypor oligotrophic
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General Introduction

headwater streams with (near-)natural catchmeot)at a strong bottom-up control of
periphyton growth and biomass accrual in theseritdd streams can be expected.

In headwater streams, the grazer community whichswmes the periphyton is
generally dominated by benthic macroinvertebrasesh as snails and insect larvae,
although vertebrate grazers, i.e. tadpoles, camdminant at specific sites (Hill &
Knight, 1987; Hart & Robinson, 1990; Mallory & Riatdson, 2005; Hill & Griffiths,
2017). Most grazers (especially insects and tadpalee merolimnic with aquatic larval
stages and terrestrial or aerial adult forms. Wigitazers with strictly aquatic life-
cycles, such as aquatic snails, exert a constazirgy pressure on the periphyton, the
grazing pressure of merolimnic grazers is reducettheé period of metamorphosis and
emergence. However, due to differing life-cycleattgies, emergence periods of
different taxa vary, so there is generally no sudadief of periphyton from grazing by
merolimnic taxa altogether (Corbet, 1964, Brittdif82; Vilenicaet al, 2016).

The periphyton-grazer interactions are generatlyngt trophic links and play a key role
in stream nutrient cycling (Hill & Griffiths, 2017)Vhile nutrient and light availability
determine periphyton primary production (bottom-opntrol), benthic grazers are
capable of controlling periphyton standing stockd aomposition (top-down control;
Wallace & Webster, 1996; Bourassa & Cattaneo, 199&ert & Carrick, 2014;
Winkelmannet al, 2014). In natural systems these two processas saniultaneously
and they are often balanced (Oksaeeral, 1981; Hunter & Price, 1992). Therefore,
nutrient uptake and conversion to biomass in stsemnoften tightly coupled between
primary producers and higher trophic levels via thexiphyton-grazer trophic link
(Feminella & Hawkins, 1995; Evans-White & Lambe006). Consequently, positive
nutrient effects on primary production are oftepayent in increased grazer biomass or
abundance rather than in increased periphyton istgqustbcks (Hart & Robinson, 1990;
Biggs & Lowe, 1994; Huryn, 1998). On the one hametiphyton quality and quantity
determine how many grazers can be maintained awdnedl they may perform (Hilet
al., 1992b; Stelzer & Lamberti, 2002). Periphyton ctammetry (molar C:N:P ratios)
greatly influences grazer performance with respegrowth rate and the acquisition of
energy reserves (Wagneral, 1998; Vredeet al, 2002). Independent of stoichiometry,
which to a large extent depends on nutrient aviitiabalgal taxonomic composition
largely affects food quality and thereby grazerfgrenance. Diatoms are high quality
food, whereas green algae are of intermediate gadobacteria of low food quality
(Brown et al, 1997; Brettet al, 2000; Caramujet al, 2007; Martin-Creuzburet al,
2008). On the other hand, grazers can affect pgophstoichiometry, biomass and



General Introduction

composition (Rosemondet al, 1993; Feminella & Hawkins, 1995; Alvarez &
Peckarsky, 2005; Evans-White & Lamberti, 2005). Téspective effect of grazers on
periphyton is partially taxon-specific and deperas foraging behaviour and grazer
nutrient demand vs. nutrient availability; grazexcretions may contain high
concentrations of the nutrient which is availalhe excess of grazer physiological
demand (Lamberet al, 1995; Poffet al, 2003; Hillebranckt al, 2008). Nonetheless, a
great number of grazing effects are reported indeé@et of grazer taxon, with usually
negative effects of high grazer densities on pegtghbiomass (Feminella & Hawkins,
1995; Lambertet al, 1995; Mallory & Richardson, 2005).

Besides playing a central role in structuring amuatosystems, some benthic grazers
are important for the trophic coupling of aquaticdaterrestrial ecosystems. The
connection between the two ecosystem types isimaet! to inorganic matter fluxes. It
additionally includes cross-ecosystem food webdjrduch as the transfer of terrestrial
derived carbon sources to aquatic systems (e.f.lites) or the transfer of aquatic
derived physiologically active long-chain polyunsated fatty acids (LC-PUFAs with
a chain greater than or eaqual to 20 carbon atdams$)djacent terrestrial systems
(Marcarelli et al, 2011; Greiget al, 2012; Schulzt al, 2015; Moyoet al, 2017). A
large proportion of the latter transfer is accosipdd by emerging mayflies and
caddisflies with grazing larval stages, which acendthant grazers in many headwater
streams. Thereby, they provide a direct link betwseam primary producers and
terrestrial/aerial insectivores (Priekeal, 2003; Martinez del Rio & McWilliams, 2016).
Physiologically active LC-PUFAs, especially eicosagaenoic acid (EPA, 20:5n-3),
arachidonic acid (ARA, 20:4n-6) and docosahexaenoid (DHA, 22:6n-3), are vital
for most animals and humans, but are less abundatarrestrial organisms than in
aquatic organism (Parrish, 2009). In contrast ¢héi plants, many microalgae, such as
diatoms, euglenoids, red algae, marine brown alyaed dinoflagellates, synthesize
considerable quantities of these physiologicallyivacLC-PUFAsde novo (Kelly &
Scheibling, 2012; Taipale et al., 2013)hese physiologically important fatty acids are
enriched and conserved during their way througtdbd web and are synthesized from
precursor fatty acids, mainly linoleic acid, 18:@nLIN and alpha-linolenic acid,
18:3n-3, ALA, by higher trophic levels. This prosds called trophic upgrading of the
fatty acid composition (Gladysheat al, 2013). Many terrestrial consumers rely on the
supply of these fatty acids from aquatic sourcessequently the trophic upgrading
within aquatic ecosystems and their export to strisd systems is an important
ecosystem service of aquatic habitats (Bell & TocR009; Gladyshewet al, 2009;
Volk & Kiffney, 2012). At the very base of this mess are those organisms that
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General Introduction

directly feed on algae capable of producing thageortant, physiologically active LC-
PUFAs: the grazers. The trophic linkage betweenatgjiand terrestrial habitats in
headwater catchments is established mainly via gingeraquatic insects, e.g. benthic
grazers, (Gladyshest al, 2009; Lamet al, 2013) because they are an important food
source for terrestrial insectivores due to theghhcontent of EPA, ARA and DHA
(Twining et al, 2016; Martin-Creuzburgt al, 2017). These specific fatty acids are
necessary for a healthy development and succesgftdduction because they are key
constituents of membranes and tissues; moreoveA ARd EPA are precursors to
eicosanoids which play an important role in repaun cycles and immune responses
(Brett & Mduller-Navarra, 1997; Stanley, 2006; A&sKohler, 2009). However, thes
LC-PUFAs cannot be synthesisad novoand their synthesis from precursor fatty acids
is often too low to fully meet physiological deman@rts et al, 2001; Twininget al,
2018). Therefore, an insufficient supply of thea#yf acids with the diet can lead to
reduced health and fitness.

Methods used to describe periphyton-grazer intera€t at varying nutrient
availabilities are numerous and both, state vaembiomass, abundance, elemental and
fatty acid composition) and rates (growth rategdiieg rates, primary and secondary
production rates) can be used as response varidgbleescribe these interactions
(Feminella & Hawkins, 1995; Bourassa & Cattane®8 RAlvarez & Peckarsky, 2005;
Hillebrand et al, 2008; Guoet al, 2018). These response variables can be determined
for organism groups, e.g. all grazing taxa withistadied stream reach, for individual
taxa or individuals of specific taxa. Periphytororbass and growth rate is generally
determined for the whole assemblage, although ltied eomposition is often analysed
too. In addition, physiological indicators of conser fitness, such as the amount of
energy reserves as glycogen or triglyceride (seofgd) content, can be determined to
evaluate consumer performance (Hll al, 1992b; Koopet al, 2008; Koopet al,
2011). Changes in biomass and abundance are thememsently determined response
variables in the analysis of nutrient effects onple/ton-grazer interactions (Feminella
& Hawkins, 1995). A complementary analysis of elataéand fatty acid composition
of periphyton and grazers can yield a deeper utatesg of underlying processes than
the analysis of biomass alone, because these nesagtovide additional information
on the quality of resources, resource usage byeggapotential imbalances in grazer
nutrition as well as information on the limitingtnient for both resource and consumer
growth (Hillebrandet al, 2008; O’Brien & Wehr, 2010; Belicket al, 2012; Gucet al,
2018). These measures of state variables can by @aslied in controlled experiments
and field studies, e.g. by samplings at definedigan time, whereas the determination

11



General Introduction

of rates is more challenging due to the requirenténneasurements over a defined
time interval and the multitude of factors potelhianfluencing the measured rates
during this intervalin situ (Elwood & Nelson, 1972). Therefore, rates are tyain
determined in controlled experiments (Mcintisz al, 1964; Hill et al, 1992b;
Winkelmannet al, 2014).

In streams with sufficient grazer abundances tortexe high grazing pressure,
periphyton growth rate is a better indicator ofipleyton productivity than standing
stocks. Owing to technical difficulties in applyistandard measurement methods from
lentic (still water) systems to lotic (riverine) ségms without massively altering
environmental conditions, e.g. by using measurencb@imbers, the growth rate of
stream periphyton is difficult to measuresitu (Mcintire et al, 1964; Petersoet al,
1993b; Bunret al, 1999). A promising approach to circumvent thesicdlties might

be the use of the RNA/DNA ratio as a proxy for gilowate. This proxy is applied
successfully in marine fisheries and has more ticdreen tested successfully for
plankton and aquatic invertebrates (Madariaga &tJdi992; Chicharo & Chicharo,
2008; Nicklisch & Steinberg, 2009; Grimet al, 2015). The use of the RNA/DNA
ratio as a proxy for growth is based on the obgemwahat the DNA content per cell is
relatively constant, whereas the RNA content ineesawith increased protein synthesis,
e.g. required for growth (Price, 1952; Dorteh al, 1983; Buckley, 1984). If the
RNA/DNA ratio is a suitable proxy for periphytonogvth rate, its use could facilitate
process oriented studies in stream benthic ecosgsbecause the RNA/DNA ratio is
fast and easy to measure from samples obtainesfiatd points in time.

Dietary tracing via stable isotope and fatty acdhposition is used to identify trophic
links, i.e. resource usage of species within a comfood web, resource-related biotic
interactions such as competition and key sourcesudifon or physiologically important
fatty acids (Furedeet al, 2003; Belickaet al, 2012; Jacksoet al, 2012; Gucet al,
2016). The tracing of resources within a food wehpossible due to their distinct
differences with respect to theit*C and3™N value, and with respect to their fatty
acids composition. Th&">C value is the ratio of the hea¥AC isotope to the lightérC
isotope of the sample in relation to the ratiotsf heavy"*C isotope to the lightef’C
isotope of the international standard Pee Dee Batenand thes™>N value is the ratio
of the heavy™N isotope to the lightel’N isotope of the sample in relation to the ratio
of the heavy°N isotope to the lighte?N isotope of air. These distinct resource-specific
values result from spatial and temporal differenceshe availability of these stable
isotopes and differences in biochemical processdspathways in primary producers
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General Introduction

which favour the enrichment of one isotope over dtiger and enable thde novo
synthesis of a specific set of fatty acids (Farquétaal, 1989; Cook & McMaster,
2002; Goss & Wilhelm, 2009). With increasing traplevel, a trophic enrichment of
selected isotopes and fatty acids takes placetimgih an increased™N value and
higher contents of physiologically important LC-PAH; especially EPA and DHA
(Minagawa & Wada, 1984; Laet al, 2012; Guoet al, 2018). Although, much
knowledge has been gained on the time needed $bifain resource composition to
translate into consumer tissue composition witharégto stable isotope values, i.e.
isotopic turnover rates (Tieszeat al, 1983; Hobson & Clark, 1992; Sakaet al,
2005; Hellmanret al, 2015), little is known on the time needed for trenslation of
fatty acid pattern from resources into consumesugisfor benthic macroinvertebrates
after a shift in feeding habit or resource avallgbi Nonetheless, recent studies
demonstrate that seasonal differences in periphfgiby acids translate into changes in
grazer fatty acid composition (Laet al, 2012; Guoet al, 2018). However, further
research is needed to evaluate how fast and tahvexitent a shift in resource fatty acid
composition is reflected by consumer fatty acids.

As presented above, there is a wide methodologiaeldtte available to assess and
compare periphyton-grazer interactions. In the wodatributing to this thesis, |
combined both traditional methods and comparativelw approaches to characterize
stream benthic communities with a selected focus pamiphyton and benthic
macroinvertebrate grazers.

The goals of the PhD thesis were 1) to evaluatetiveinethe RNA/DNA ratio is a
suitable proxy for periphyton growth ratetdy 1); 2) to analyse how strongly short-
term changes in food supply alter consumer fattyl asomposition and whether
membrane or storage lipids are more susceptibltheése changesstudy 2); 3) to
determine if differences in catchment soil and bekirphosphorus are reflected by in-
stream soluble reactive phosphorus concentratiodst@ evaluate the importance of
phosphorus availability for the structure and cosifpan of the benthic communities of
three near-natural, P-limited headwater streansl{ 3).

Top-down control of periphyton biomass by benthiazgrs is a key aspect of
periphyton-grazer interactions. In situations inchhperiphyton is top-down controlled,
periphyton growth rate rather than standing stoclksy reveal the degree of food
limitation benthic grazers are facing. Thereforee aim of the first study was to
develop a method for the fast determination ofpdgsion growth rates. To this aim, |
tested if the RNA/DNA ratio is a suitable proxy foeriphyton growth rate and if the
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relationship between RNA/DNA ratio and growth regecomparable between seasons
and streams.

Owing to the importance of merolimnic grazers iruag food webs and for the
transfer of LC-PUFAs to adjacent terrestrial foodbw, the effect of a short-term shift
in diet on the fatty acid composition of two mayflyazers was determined in the
second study. Late instars of the mayfidsthrogenasp. andBaetissp. were reared on
either a diatom biofiimNavicula pelliculosaor a green algae biofilnS{igeoclonium
farctum) for two weeks. The effect of the different dieds consumer fatty acid
composition was analysed for consumer membrane saachge lipids to reveal
potentially different response times of those lipiobls. Total fatty acid composition
and selected marker fatty acids for both food semirevere compared between
consumers fed on either of the two food sourcess®ess the sensitivity of these
measures to short-term changes in the fatty acmsded by the diet.

In the third study, | examined the influence of ieomwmenal factors on periphyton-
grazer interactions. Therefore, the study congibt@ comparison between the benthic
communities of three morphologically similar heathvastreams of German low
mountain ranges with siliceous bedrock. While streaorphology and light availability
between sites was similar, geogenic phosphorudaindly differed between the three
study sites (Langet al, 2017). | investigated if these differences inchatent
phosphorus translate into corresponding in-streancentrations of soluble reactive
phosphorus (SRP) and if a bottom-up control basedhe observed difference in
phosphorus availability between the sites is thenidant factor shaping the stream
benthic communities. With regard to the latter ¢oes | focused on possible nutrient-
related bottom-up effects at the base of the berftinid web.
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Study 1

RNA/DNA ratio as a growth indicator of stream perip  hyton

Summary

1. The quantification of periphyton growth in sgases numerous difficulties.

2. The RNA/DNA ratio is widely used as a growthigador in marine ecology. We
tested its applicability as a growth indicator efiphyton in streams of different sizes.

3. Periphyton-covered stones sampled from two wmiffe watercourses during two
seasons were exposed in laboratory flumes to diitelight levels to induce different
growth rates. The relationship between rate of bssnaccrual and RNA/DNA ratio
was analysed by measuring the chlorophyll-a cordaadtthe RNA and DNA content of
total nucleic acid extract of the periphyton respety.

4. The RNA/DNA ratios showed a linear relationshijph the biomass accrual at all
sampling times. The slopes of these relationshgyged significantly between the two
watercourses, but not between seasons within the satercourse.

5. These results indicate that the RNA/DNA ratio b& used as a growth indicator for
the periphyton studied here. We recommend thatiuged to detect differences in
growth rate of the same periphyton community eithvegr time or between different
treatments in ecological or ecotoxicological exmemts. However, for long-term
monitoring studies, we recommend taxonomic analp$ese assemblages because the
observed differences in the relationship betweenRNA/ DNA ratio and growth rate
might be attributed to community structure diffezes in the assemblages.
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Due to copyright issues, the text of this chaptexs weplaced by the reference
information. The interested reader is kindly askedead the published paper via the
following reference:

Daniela Mewes, Sandra Spielvogel Carola Winkelmgo17), Freshwater Biology
62(4), 807-8189© 2017 John Wiley & Sons Ltd

doi:10.1111/fwb.12903
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Mayfly nymph fatty acids respond to short term chan gesin
food supply: Diet tracing by membrane and storage f atty acids

Submitted article authored by:

Daniela Mewes, Carola Winkelmann, Thomas Zilla,@argpielvogel, Yakov
Kuzyakov, Michaela A. Dippold

Summary

We tested how the fatty acid composition of grazimgyfly nymphs (Rhithrogena sp.
and Baetis sp.) respond to diets with distinctyfattid compositions (diatoms or green
algae) after two weeks. Food source effects wetectld for alpha-linolenic acid,

linoleic acid, eicosapentaenoic acid and arachmaweid which also differed between
grazer species. Although, storage lipids contamémver proportion of polyunsaturated
fatty acids than phospholipids, the amounts pemdrght were higher.
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Introduction

Fatty acid profiles are suitable to trace resoursage in food webs, often
complementing stable isotope analysis (Brett & MiaMNavarra, 1997; Belickat al,
2012; Lamet al, 2013; Kainzet al, 2017). Comparable ®*C and3'°N values, fatty
acids of consumers integrate the composition oésted food sources over a period
which depends on preferential retention, storage and growth rate (Chamberlah
al., 2005; Brettet al, 2006). We tested 1) how strongly the limitatioratdefined food
source alters the fatty acid composition of latgars of grazing nymphs of two mayfly
species Rhithrogenasp. andBaetis sp.) within a short period of two weeks; and 2)
whether such alterations would be more readily alabde in storage lipids (neutral
lipids, NL) or membrane lipids (phospholipids, PL).

Methods

We used two food sources: a diatom biofilkayicula pelliculosaSGA strain number
1050-3, SAG Culture Collection of Algae, Goéttinggaermany), and a green algae
biofilm (Stigeoclonium farctupSAG strain number 477-19d). Diatoms and greeaealg
differ strongly in their fatty acid composition,ge.in the C16 fatty acids (16-carbon
chain) suggested as biomarkers for these speakmnbmic groups (Diatoms: 16:1n-7,
16:2n-4, 16:3n-4; Green algae: 16:2n-6, 16:3n-34r1@). Further differences occur in
their physiologically important C18-C22 (18-22-cambchain) Omega-3 (n-3) and
Omega-6 (n-6) polyunsaturated fatty acids (PUFAstdns: Arachidonic acid, ARA,
20:4n-6, Eicosapentaenoic acid, EPA, 20:5n-3; Grakgae: Alpha-Linolenic acid,
ALA, 18:3n-3, Linoleic acid, LIN, 18:2n-6; Taipalet al, 2013). The feeding
experiment was split into two runs. For the firgh ronly nymphs oRhithrogenasp.
were sampled and for the second run nymphRlothrogenasp. andBaetissp. were
sampled and both species were included in the ewpet. Each run comprised 6
containers per food source and species, i.e. d tftal2 containers for run 1
(Rhithrogenasp.), and a total of 24 containers for run 2 (bgpkcies). At the start of
each run, two individuals of one of the two speaerd one tile (50 x 50 mm) covered
with one of the two biofilms were placed into eantainer. All containers had wall
openings covered by 1 mm-mesh and were placedaisiogle flume with circulating
water current. The tile was replaced with a newiloecoated tile as needed so that the
mayflies could feedd libitum After two weeks, all individuals were collectedtél
losses: 42% and 23% in run 1 and 2, respectivelg)shock-frozen in liquid nitrogen.
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Per run, food source and mayfly species, 2-3 iddiis were combined to a single
sample for the fatty acid analysis. These samptge @nalysed in duplicate (overall n =
12, supplementary material M1). Additionally, oremple of each food source was
analysed per experimental run (n = 4).

Prior to extraction, two lipid fraction-specificternal standards were added to each
lyophilized sample (19:0 PL, di-nonadecanoyl-glptgshosphatidylcholine; Larodan,
Solna, Sweden, and 19:0 NL, tri-nonadecanoyl-tigggerol, Sigma-Aldrich). Fatty
acids were extracted and purified as in Gurehal. (2014) adapted to smaller sample
sizes. Each sample was extracted twice with a mup mixture of
chloroform:methanol:0.15 M citric acid pH 4.0 (D3, by vol.; Frostegaret al,
1991). After phase separation, the lower chlorofpimse was collected, and the upper
phase was extracted a second time with chlorofdine. total lipids in the combined
chloroform phases were separated into neutraldjgtl/colipids, and phospholipids on
a SPE column filled with activated silica gel usirg sequential elution with
chloroform:aceton (95% : 5%), acetone, and methaftee single fractions were dried
under nitrogen. Lipids were hydrolysed with 0.5 MOH in dried methanol to release
fatty acids. These free fatty acids were then mateg with BF3 (14% in methanol,
Sigma-Aldrich) to yield fatty acid methyl estersA(AEs). Saturated NaCl was added to
hydrolyse the toxic BF3, and FAMEs were extractecké¢ times with n-hexane. The
three hexane extracts per sample were combineé\ambrated under nitrogen. FAME
13:0 (Sigma-Aldrich) was added to each sample agcand internal standard, and
FAMEs were re-suspended in toluene for GC-measuremAdditionally, five
concentrations of three external standard mixt¢sepplementary Table S1), used in
the quantification of phospholipid, glycolipid aneutral lipid fatty acids respectively,
were derivatized. Fatty acids were separated arauned on a GC-MS.

Chromatograms were analysed using OpenChrom (W&rpermatt, 2010) and all
peak areas were normalized by dividing by the afehe FAME 13:0 internal standard.
The recovery of storage lipids and membrane lipids calculated using the recovery
of 19:0 NL and 19:0 PL, respectively. Due to diffittes in recovering 19:0 NL in some
of the samples, mean recoveries were calculated famples in which both fraction-
specific internal standards were measured quawagtat(n = 9). The resulting mean
recovery rate for either storage or membrane lipids used to calculate the fatty acid
contents per sample. The external standards wex@ fas linear calibration of each
fatty acid contained in the standard mixtures.yFatids in samples were identified by
comparing mass spectra and retention times to thb#ee fatty acids contained in the
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standards and FAME mass spectra provided onlin&Vby/. Christie (2018). Fatty
acids not contained in the standards were quadhtifi®ng the calibration equation
calculated for the fatty acid(s) with the most $amichain length and degree of
unsaturation (for a detailed method descriptionssggplementary material M2).

Fatty acid compositions of food sources and ofegferand membrane lipids of mayfly
nymphs were visualised using a non-metrical mutighsional scaling (NMDS) based
on Bray-Curtis distances and fatty acid contentsignmg* dry mass (square root
transformed). Differences between mayfly fatty asignatures were assessed using
Adonis, a permutational multivariate analysis ofiaace using a Bray-Curtis matrix. A
similarity percentage analysis (Simper) identified fatty acids that contributed most to
the differences identified by the Adonis analydike amount and the ratio of food
source specific fatty acids were compared betweayfljnnymphs fed on either food
source using a two-way ANOVA (factors, mayfly s@s;ifood source) for each lipid
fraction (total, NL and PL).

Results and Discussion

Fatty acid composition of the two biofilms confomneith literature and was well
separated in the NMDS (Fig.1; e.g. Taipate al, 2013). In the diatom biofilm,
monounsaturated fatty acids (MUFA) were the mosindant, but within the PUFAs
ARA and EPA were dominant. The fatty acids of thheeg algae biofilm consisted
mainly of PUFAs, wherein ALA and LIN were dominaBased on all quantified fatty
acids, significant differences in fatty acid prefilbetween membrane and storage lipids
(p = 0.001) of mayfly nymphs were detected (Figie fatty acids contributing most
to these differences, 16:0 and 16:1n-7, were miow@@ant in storage than in membrane
lipids. The comparison of major fatty acid groupsvealed additional deviations
between the fatty acid profiles of the mayfly nyrapled on the two food sources.
Comparable to the food source, MUFAs (especialli&) contributed most to fatty
acids in the storage lipids of mayfly nymphs feddistom biofilm. The storage lipids
of mayfly nymphs fed on green algae biofilm shoveedeven distribution of saturated
fatty acids (SAFAs), MUFAs and PUFAs, which dewvihtéeom both the lipid
composition of their food source and of the mayflymphs fed on diatoms.
Independent of the food source, PUFAs contributexbtnto membrane fatty acids.
Despite lower proportions of PUFAs in mayfly staedgpids, the amount of PUFAs per
dry weight was higher in storage lipids than in rbeane lipids of mayfly nymphs (Fig.
5B-C, E-F; for detailed information see supplemgniiables S2&S3).
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Fig. 1 Fatty acid composition of mayfly nymphs andheir food sources (NMDS). Nonmetric multidimensional
scaling (NMDS) plot of thefatty acid composition of food sources (biofilm tail fatty acids) and of storag
(NLFA) and membrane (PLFA) lipids of mayfly nymphs fed on either resource. Standard error ellipses a
shown for membrane (—) and storage (---) lipids of @&h mayfly species (blackBaetis sp., n = 4; grey
Rhithrogena sp., n = 8).

The in-depth analysis of food source specific faityds revealed effects of food source
and species on the fatty acid composition of mayijynphs (Fig. 5, Table 7). All
significant ANOVA results were related to the ploysgically important
polyunsaturated fatty acids ALA, LIN, ARA and EPgrpbably owing to a preferential
retention and conservation of these fatty acidsomsumer membranes and tissue (Brett
et al, 2006; Gladysheet al, 2011). These fatty acids were the most abundaiiAR

in membrane and storage lipids. In contrast, thé BWUFAs suggested as food source
specific biomarkers (Taipalet al, 2013) were detected only in low quantities and
inconsistently among samples, suggesting a lowstearefficiency (Gladysheet al,
2011). Especially the C16 biomarkers for green algaere detected exclusively in
storage lipids (Fig. 5 C&F). The insect fat bodyais organ analogous to vertebrate
adipose tissue and liver and therefore, not a ptdamere storage but also of highly
active metabolism (Canavost al, 2001). Consequently, these C16 fatty acids may be
useful in assessing the composition of complex uneg of primary producers, e.qg.
periphyton or phytoplankton, but they are less wiseftracing specific diet components
within the food web. They appear to be either rigpidetabolised or absorbed less
efficiently so that their signature is lost in heghtrophic levels. Only the mono-
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unsaturated C16 fatty acid, 16:1n-7 (diatom markeguld be detected in high
abundances in all mayfly samples and in both fadtions.

Table 1 Significant effects (p < 0.05) based on tHENOVA (factors: species, food source). Response valles
were the food source specific fatty acids: 16:1n-¥ 16:2n-4 + 16:3n-4 (Diatom); ARA+EPA,; 16:2n-6 + 1&n-3
+ 16:4n-3 (Green); ALA + LIN; either as amount (ug mg* dry mass, DM) or proportion (%) of the different
lipid fractions: membrane lipids (PLFA), storage lipids (NLFA) or total lipids (PLFA + NLFA). Sample
number per species were n = 8 and n = 4 fdrhithrogena sp. andBasetis sp., respectively, and n = 6 per food

source.
Response Lipid fraction Transformation  Factor F p
ALA+LIN total lipids (ug mg* DM) none species 10.541 0.012
ALA+LIN total lipids (ug mg' DM) none interaction 6.102 0.039
ALA+LIN % total lipids square root species 15.632 .01
ALA+LIN % total lipids square root food source 804 0.020
ALA+LIN % total lipids square root interaction 691 0.040
ARA+EPA total lipids (ug mg DM) none species 9.577 0.015
ARA+EPA % total lipids none species 23.720 0.001
Diatom+ARA+EPA % total lipids none species 10.708 .01
Green+ALA+LIN total lipids (ug mg DM) none species 9.050 0.017
Green+ALA+LIN total lipids (ug mg DM) none interaction 6.251 0.037
Green+ALA+LIN % total lipids square root species 838 0.014
Green+ALA+LIN % total lipids square root food soarc  6.791 0.031
[ diatom marker ] PLFA none species 10.244  0.013
green algae marker
[ diatom marker ] PLFA none food source 6.614 0.033
green algae marker
ALA+LIN PLFA (ug mg* DM) none species 10.040 0.013
ALA+LIN % PLFA none species 27.479 0.001
ALA+LIN % PLFA none food source 14.668 0.005
ARA+EPA PLFA (ug mg DM) none species 5.710 0.044
ARA+EPA % PLFA none species 62.807 <0.001
ARA+EPA % PLFA none food source 6.726 0.032
Diatom+ARA+EPA % PLFA none species 58.558 <0.001
Diatom+ARA+EPA % PLFA none food source 14.634 0.005
Green+AL+LIN PLFA (ug mg DM) none species 10.040 0.013
Green+AL+LIN % PLFA none species 27.479 0.001
Green+AL+LIN % PLFA none food source 14.668 0.005
ALA+LIN % NLFA square root species 11.518 0.009
ALA+LIN % NLFA square root food source 6.128 0.038
ARA+EPA NLFA (ug mg DM) none species 5.463 0.048
ARA+EPA % NLFA none species 10.792 0.011
Diatom+ARA+EPA % NLFA none species 7.724 0.024
Green+AL+LIN NLFA (ug mg DM) none species 6.261 0.037
Green+AL+LIN NLFA (ug mg DM) none interaction 5.842 0.042
Green+AL+LIN % NLFA none species 7.176 0.028
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Significant food source related changes were oetgaed if fatty acids were analysed
as proportion of the respective lipid fraction (Tealy), probably due to the large
variability of lipid content in mayfly nymphs pemydweight (Fig 5 A-C, see also
Winkelmann & Koop, 2007). Fatty acid trophic markéresource specific, conserved
fatty acids, e.g. ALA, LIN for green algae, and 67, ARA, EPA for diatoms) in
invertebrate consumers detected in either memboarstorage lipids, likewise, were
influenced by changes in diet, at least if wholéividuals are analysed (Table 1, Fig.
2B-C&E-F). Fatty acid trophic markers for diatomeres more abundant in mayfly
nymphs fed on diatom biofilm and green algae tropharkers were more abundant in
mayfly nymphs fed on green algae biofilm (Fig. 5).
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Fig. 2 Marker fatty acids used to trace the food aarces. Plots on the left (A€) show the amount of fatty acids i
prg per mg dry mass and plots on the right (OF) show the amount of fatty acids as percent of fgt acids pel
lipid fraction. Upper plots (A and D) show the amout of marker fatty acids based on total fatty acidgi.e. sun
of all analysed fractions) for the food sourcesNavicula pelliculosa biofilm = Diatom, Stigeoclonium farctum
biofilm = Green algae) and the mayfly nymphsRhithrogena sp. (Rhi) andBaetis sp. (Ba) fed on either of thes
resources (left side of each plot = Diatom biofilnright side of each plot = Green algae bidfm). Plots (B) and (E
show the amount of marker fatty acids in mayfly merbrane lipids, and the plots (C) and (F) show the aount of
marker fatty acids in mayfly storage lipids. Marker fatty acids ‘Diatom’ were 16:1n-7 + 16:2n-4 + 1613-4, anc
the marker fatty acids ‘Green algae’ were 16:2n-6 46:3n-3 + 16:4n3. Diatom: n= 2, Rhi: n = 4, Ba: n=2, Gree
algae: n=2.

The relation between saturated, mono-unsaturated pamtyunsaturated fatty acids
differes between membrane and storage lipids (Ghabal, 1996, this study), so that
ratios or absolute contents are only comparabhdeat results obtained from the same
lipid fraction. Owing to significant differences the recovery rates of membrane and
storage lipids (53% + 18% and 26% + 9%, respectjvakean + SD, p = 0.002, Welsh t-
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test, n=9), a fractionation of the lipid classed ¢he recovery of lipid fraction-specific
internal standards seems to be required for qadinBt analysis. Such accurate
guantification is necessary, if exact export ratesonsumption requirements are to be
defined.

The significant difference in the content of foaigce-specific fatty acids between the
two mayfly species (Table 7) might indicate difi@r@roportions of these resources in
the natural diet of nymphs of Baetis sp. and Rbdkna sp. in their original habitat.
Since late instars of both species were used, tyraphs had most probably
accumulated considerable amounts of lipids in thwtural habitat prior to the
experiment (Cavalettet al, 2003). Differences in growth and consumption gate
between the species during the experiment possidhed to this species-specific
response in fatty acid pattern. These rates, haweeeld not be determined in the
chosen experimental set-up. As an active seleatiopreferred food sources would
influence the fatty acid composition of grazingenebrates, further research is needed
to determine possible species-specific food pref@e in invertebrate grazers from
their natural habitat.

In conclusion, the fatty acid composition of latestars integrates probably over the
entire larval development with a high retentionAafA, LIN, ARA, and EPA in both
membrane and storage lipids (Sushatiikal, 2003). Nonetheless, a short term shift in
the availability of trophic marker fatty acids cde reflected by the fatty acid
composition of mayfly nymphs, if the amount of thefstty acids already retained
within the organism is low enough for the changénave significant effects. Distinct
compositions of lipid classes suggest that onlytidal fractions should be compared
between studies.
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Differences in catchment soil and bedrock phosphoru s do not
translate into strong bottom-up effects in headwate r streams

Manuscript authored by:
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Carola Winkelmann, Claudia Hellmann

Summary

Technological progress has led to a drastic impEcthuman activities on lotic
ecosystems. One of the most severe threats is xbessve input of nutrients of
anthropogenic origin. Headwater streams are highilyperable to pollution as they
comprise much of the channel length and watershed ia fluvial networks. For this
reason, concentration-effect relationships for leirgy defined groups of anthropogenic
stressors are frequently studied in near-naturaldwater streams or with selected
members of their community. Such studies showed ttie limiting nutrients have
strong bottom-up effects on benthic communities Jitile is known about the dominant
factors that shape these systems in their (ne#@wplacondition, such as geology,
which has been shown to greatly influence streatriemi concentrations, especially in
low-impacted catchments. Here we analysed the teiEgeogenic phosphorus (P)
availability on the benthic communities of threearngatural, morphologically similar
headwater streams in German low mountain rangebl wdiffering catchment P
availability. We tested for bottom-up effects omeam benthic communities using
whole community measures and measures relatedetqéhformance of individual
grazer taxa. Contrary to our expectations, streaatemvsoluble reactive phosphorus
(SRP) did not mirror catchment P availability; sitanked differently depending on the
potential source of available P in stream (watePS& soil inorganic P). SRP
concentrations of the streams were low but sin{ar 13 ug SRP T), i.e. general
catchment characteristics and water SRP concenmigatwere comparable. Despite
similar environmental conditions, the benthic comitias and some measures related
to grazer performance (overlap of isotopic nicheaaand grazer N:P ratio) significantly
differed between the streams and were likely paréiated to bottom-up effects.
Environmental factors, biotic interactions and oegil species pool probably played
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major roles in shaping the benthic communitieshef $tudied streams. Thus, natural
differences between field sites in addition to egst differences between field and
experimental conditions need to be addressed whesferring experimental results to
seemingly comparable ecosystems.
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Introduction

Although phosphorus (P) and nitrogen (N) are egdentitrients for all organisms in
freshwater ecosystems, the excessive anthropogepit of these nutrients, which
leads to eutrophication, is one of the major tlere@ataquatic biodiversity (Millennium
Ecosystem Assessment, 2005). The development téqgbian strategies and chemical
and ecological water quality threshold values dfieats, heavy metals, pesticides and
drug residues require knowledge of the effecthefé stressors on the community and
food web structure of running waters. This knowkedg usually achieved in either
nutrient enrichment or ecotoxicological laboratagyperiments, depending on the
stressor of interest, and in field experiments @adwater streams or with selected
members of their community, e.g. periphyton andecteld macroinvertebrate taxa
(Lugthart & Wallace, 1992; Rier & Stevenson, 2008lexander et al, 2013).
Headwater streams are chosen for these experin@misg to their particular
vulnerability to pollution as they make up a laggeportion of the total channel length
and watershed area of fluvial networks (Wipdi al, 2007; Nelsonet al, 2009).
Especially in forested catchments, headwater sse@novide good experimental
conditions for assessing the sole impact of simglelefined groups of anthropogenic
stressors on real benthic communities because ar@nstill only minimally affected by
anthropogenic influences (Charvet al, 2000; Allan, 2004). In addition, large fish
species and plankton are usually not present, wimcits the food web complexity.
However, there is still a considerable gap in thevdedge on the processes and factors

shaping these systems in their natural state.

Under (near-)natural conditions, nutrient concerins in headwater streams are
strongly influenced by catchment geology and sliglon & Kirchner, 1975), and
these streams are often ranked at the lower limthehutrient response curve. At this
lower limb, e.g. 0—20 pg soluble reactive phosphad®RP) [* or 0-200 pg dissolved
inorganic nitrogen [*, nutrient response curves fitted to experimentafad(e.g.
efficiency loss, Monod or Michaelis-Menten kinejiggedict the strongest response of
periphyton biomass and growth rate to increasingient concentrations (e.g. Rier &
Stevenson, 2006; O’'Brieet al, 2007; Hill & Fanta, 2008; Winkelmaret al, 2014). In
enrichment experiments, increased nutrient avditabdirectly affects biomass,

stoichiometry, and community composition of perijamy (Stelzer & Lamberti, 2001;
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Hill et al, 2011), thereby facilitating higher trophic levéisough increased amounts or
higher quality of food resources (bottom-up effeetg. Petersoet al, 1993a; Sterner
& Hessen, 1994; Hillebrand & Kahlert, 2001; Hillalbd, 2002). Changes in food
quantity and quality induced by higher nutrient ilalality determine the fitness of
primary consumers, which might be observed eveor poi an effect on the community
level (Rosillon, 1988; Hart & Robinson, 1990; S&rd& Hessen, 1994).

When experimental results are extrapolated to siseander (near-)natural conditions,
nutrients appear to be among the dominant fact@as ghape the communities, which
implies strong nutrient-related bottom-up effeatspecially within a low range of

nutrient concentrations. However, field surveyematiting to validate the response of
lotic communities to increasing nutrient availagilobserved in experimental studies
have yielded inconsistent results, especially at hutrient concentrations, because
other factors, such as altitude, slope, and liglsp might shape the communities and
thereby intensify or blur nutrient effects (e.g.uBassa & Cattaneo, 1998; Chétetat

al., 1999; Evans-Whiteet al, 2009; Lewis & McCutchan, 2010). Therefore, the
qguestion remains whether differences in P avaitgbih streams with comparable

catchment characteristics would lead to bottom-apponses, which despite their
different intensities are comparable to the respsnmedicted for lotic communities at

the lower limb of the nutrient response curve.

Strong bottom-up effects on stream benthic commasitan be detected by measuring
standing stocks of primary producers and primanysamers (Biggs & Lowe, 1994;
Hillebrand, 2002). More subtle effects can be r&aady determining physiological
indicators of fithess, such as the content of grépids (triglycerides) and the
RNA/DNA ratio, which reflect nutritional status growth of consumers (e.g. Buckley
et al, 1999; Vredeet al, 2002; Koopet al, 2011; Normant-Sarembet al, 2015).
Stable isotope analysis can provide valuable insigtio the utilization of specific food
resources (Mulhollanat al, 2000; Zahet al, 2001; Bergfuret al, 2009), and the
isotopic niches occupied by different consumer tenight provide insights into the
trophic structure of benthic communities (Laymeinal, 2007a; Layeret al, 2013),
which especially facilitates the detection of bottap effects.

Higher P availability can enhance the quantity dnersity of primary producers and
thus potentially increase the quantity and qualftfood for primary consumers, such as
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grazers (Stelzer & Lamberti, 2001; Liestsal, 2009). This in turn can increase the lipid
content in different grazer taxa (Het al, 1992b) and stimulate grazer growth (Htl
al., 1992b; Stelzer & Lamberti, 2002).

The quantity and diversity of primary resourcesoaddfects resource utilisation of
consumers (e.g. Laymaet al, 2007b; Layeret al, 2013). For instance, at higher
periphyton biomass and diatom species richnessdamgdity the isotopic niches of
different functional feeding groups of primary cangers considerably overlapped, and
primary consumers (particularly grazers) relied en@n periphyton and a higher
number of diatom species was detected in the guteots of grazing mayfly nymphs
(Layer et al, 2013).This indicates that mayfly nymphs diverstgir resource use with
higher diversity of primary producers, which sholddd to an increased isotopic niche
width. As grazing nymphs of different mayfly taxaopably compete for similar
resources, a low quantity and diversity of avagatlimary resources might not only be
reflected in a narrow isotopic niche width of agéenmayfly taxon, but also might force
coexisting mayfly taxa to segregate their resowsage to reduce competition. Such
segregation in resource usage will probably becdmss important when primary
production increases with higher P availabilityyghresulting in more similar resource

utilisation by nymphs of different mayfly taxa.

In this study, we used a comparative approachdesaswhether a natural difference in
P availability is the dominant factor shaping theeam benthic communities of three
morphologically similar low mountain headwater atrss. We expected that SRP
concentrations of the headwater streams would mgatcchment soluble inorganic P
budgets, and that if P is one of the dominant facthaping the benthic communities in
the studied streams, the P level would affect st@ndtocks of primary producers
and/or primary consumers (total grazer biomassysiplogical indicators of grazer
fitness (lipid content and RNA/DNA ratio, a proxgrfgrowth, would be higher with
higher P availability) and the overlap of grazestapic niche (higher at higher SRP
concentrations). We assumed that physiologicakatdrs of grazer fithess and isotopic
niche overlap are more sensitive to subtle bottpneftects.
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Material & Methods

Study sites

Teuchelsbrunnen
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Fig. 3 Location of study and sampling sites in Germany. Dailed maps show streams (black), forest (grey) ai
meadow (white). Star, position of the core study & of each forest ecosystem of the research proje8PP1685
F, forest stream sampling site; M, meadow stream sampling sit&ampled stream were of first (Black Forest

second (Thuringian Forest), and third order (Bavaran Forest, sensu Strahler). Coordinates of the sieare
given in Table 1.

We studied three headwater streams located in émn& low mountain ranges of the
central Black Forest, Thuringian Forest and Bavafarest (Fig. 6; coordinates are
given in Table 8). All streams have anthropogefhjc&w-impacted and forested
catchments. The sampled stretches were locatée auter margin of the areas studied
in a joint forest ecosystem research project (SE#51Ecosystem Nutrition, funded by
the German Research Foundation, DFG), in whichclywing of P in the soils of
temperate forests on siliceous bedrock was stu(Bed et al, 2016; Prietzelkt al,
2016; Zavist et al, 2016; Julichet al, 2017; Langet al, 2017). The soil inorganic P at
the sites is related to bedrock P (Zaviét al, 2016; Langet al, 2017). We assumed
that the P availability of the three streams wodilfler because the study sites were
within forested, low-impacted catchments whosecesdus bedrock material forms a
geosequence in P content (Proder & RamachandraB; 2@nget al, 2017). Although
the joint research project comprised five studgssionly three of these sites contained
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streams that were classified as coarse-material-gdiceous low mountain streams
(Type 5, Pottgiesser & Sommerhduser, 2008), whidrewtherefore considered
comparable. Based on bedrock material (Proder &&aandran, 2013; Prietzet al,
2016), stocks of soil total P and soil plant avaagaP (P, Langet al, 2017), our study
sites lie on a geogenic gradient of P availab(litstble 8).

Table 2 Terrestrial parameters of the study sites. Aldata were collected at the specific SPP-1685 stexcept
for bedrock P in ppm (Porder & Ramachandran, 2012;raw data: EarthChem.org). ‘Stand age’ is the age of
the forest stand on the specific site. Coordinateglevation, and slope are given for the stream saripg sites,

and not for the SPP core sites.

Site parameters Black Forest Bavarian Forest ThiamnForest
TIO Tomen oane
Elevation sampling site (m.a.s.l.) 740 740 720
Mean annual temperature (°C air) 6.8 45 5.5
Precipitation (mm p. &) 1749 1299 1200
Slope (sampled stream stretch) 26% 11% 16%
Stand age (yeaf%) 132 131 123

Fagus sylvatica, Picea Fagus sylvatica, Picea

Tree speciés Fagus sylvatica

abies, Abies alba abies, Abies alba
Bedrock Paragneiss Paragneiss Trachyandesite
Bedrock P ppm (modkg) 262 (Gneiss) 262 (Gneiss) 1920
Bedrock P (mg P §° 0.29 1.38 n.a.
Soil type Dystic Skeletic Hyperdystic Chromic Hyperdystic Skeletic
yp Cambisol Folic Cambisol Chromic Cambisol
Soil total P stock (g ) up to 1 m soil 231 678 468
deptt?
Soil R stock (g rf) up to 1 m soil 42 105 132
deptt?
Soil total nitrogen stock (kg R up to
1 m soil depth 08 14 11

*https://www.ecosystem-nutrition.uni-freiburg.derstarte (Black Forest = Conventwald; Bavarian Foretitterfels;
Thuringian Forest = Vessertal)

PLang et al. (2017)

°Porder & Ramachandran (2012)

Prietzel et al. (2016)

More precisely, the sites showed a deviating oadeng two terrestrial gradients in
phosphorus availability: 1) soil ; Pgradient: Black Forest < Bavarian Forest <
Thuringian Forest, and 2) total P stock gradienicB Forest < Thuringian Forest <
Bavarian Forest. We expected that the gradientoih B stocks is relevant for P
availability in the stream because i® more readily water soluble and as such more
likely to be leached from the soil and transpoitdéd the streams than total P (Sharpley
et al, 1994; Vada®t al, 2005; Yuet al, 2006). Therefore, only the soil tocks were

considered in the analysis.
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Sampling was conducted in spring (April) and sumifdedy) 2014. As light can be
considered an important factor shaping the berdbmmunities in streams (Steinman,
1992; Hill et al, 1995; Cashmamt al, 2013), the stream reach leaving the forest was
sampled at all sites to compare forest and mea@atiogs within a continuous stream
reach. Therefore, at each study site, the samptedns reach was subdivided into a
forested section (upstream) and a meadow sectiown&ream); the sections were
sampled separately in both seasons. These sefioned a continuous stream reach of
up to 350 m total length without any inflowing wateurses within each stream.
Therefore, we expected that differences in thetberdommunities between the types
of land use would be mainly based on changes adiance. Differing distances of the
forest edge to the source region of each streamitedsin differences in the stream
order. The distances of the sampled stream reathabkeir source regions were
approximately 335 m, 440 m and 1.7 km at the BRamiest site, Thuringian Forest site,
and Bavarian Forest site, respectively. The streamthe Black Forest, Thuringian
Forest and Bavarian Forest site were of first, sdc@nd third order, respectively
Strahler, 1957; Fig. 6). All three streams werglgly carved into the landscape and
were straight and narrow (< 1 m), except for thpangforested) stream section at the
Thuringian Forest site, which had a broader strbath(up to 2 m). At all sites, the only
macrophytes growing in the streams were aquaticsesosn large boulders or rocks that
maintain a stable position within the streams. Tieadows adjacent to the lower
section were extensively used as pastures foeaatthorses but were not grazed during
the sampling period. During summer sampling, thadoe sections of all streams were
completely shaded by riparian vegetation, i.e. tglsses and perennial herbs. All
streams had an approximately neutral pH [pH 7.2t D2 £ 0.2, and 7.2 £ 0.2 (mean +
SD, n = 4), Black Forest, Thuringian Forest, anga®@n Forest sites, respectively] and
were nearly oxygen-saturated (>90%).0OThe study sites were sampled in each
sampling period according to the mean annual teatper (Table 8) so that
invertebrates sampled at all sites were in compardévelopmental stages. Sampling
started at the Black Forest site and ended at &varBan Forest site, with a time-lag of

approximately ten days between samplings for eanipBng period.
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Periphyton

Periphyton samples were spilt into quantitative @gas to determine area-related
periphyton biomass, and qualitative samples tonegé periphyton composition and to
provide material for stable isotope measuremerdgedlas a baseline, see section on
stable isotope analysis below) and for the analySgeriphyton P content. Overall, 120
guantitative samples (20 per study site and seamath)12 qualitative samples (2 per

site and season) of periphyton were collected.

The quantitative periphyton samples were colledteth ten randomly chosen stones
per site, season and type of land use. Periphytmnbrushed off the light-exposed parts
of each stone as completely as possible using stiplarush and stream water. The
resulting periphyton suspension from each stonece#scted in a separate container.
The sampled area was determined by wrapping eamie sin a single layer of
aluminium foil. The sampled area was marked onfdiie the foil outside the marked
area was cut off, and the remaining foil was washdried and weighed. In the
laboratory, the total volume of each suspension mvaasured in a graduated cylinder.
Four 2-ml aliquots of each suspension were ceggidu (5 min at 12,500 rpm;
equivalent to 9,800 x g; Gusto High-Speed Minia&uinge, Biozym Scientific GmbH,
Hessisch Oldendorf, Germany), the supernatant viesamdled and the pellets were
shock-frozen in liquid nitrogen at the day of saimgpl Pellets were stored at —80 °C
until further analysis. From these quantitative gl®, periphyton biomass was
estimated as chlorophydl (Chl @) concentration per area. Chlwas determined from
three aliquots per stone via cold ethanol extractd the homogenized sample and
measured photometrically at 665 nm (method destiibeetail in Mewe®t al, 2017).

For the qualitative periphyton samples another 8stbhes comparable to those used
for the quantitative samples were brushed off tonfa single pooled suspension from
the respective type of land use per site and se&som these suspensions, a sufficient
amount of periphyton was centrifuged for subseqaematlysis. Five aliquots per site,
season and type of land use were taken for stad®pge analysis, two for the
determination of periphyton P content, and tworfocroscopy analysis of periphyton
composition. Periphyton pellets were shock-frozenliguid nitrogen on the day of

sampling and stored frozen at —80 °C until furtiealysis.
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Periphyton P was analysed as SRP using the molvioddrue method (Legler, 1988)
after alkaline digestion (Valderrama, 1981). Fochegample, a duplicate of 4—6 mg
lyophilized periphyton was suspended in 5 ml mdfg water. Then 10 ml of oxidation
reagent (1 L containing 50 g potassium peroxodise)f30 boric acid and 350 ml 1M
sodium hydroxide; Valderrama, 1981) was added ammipkes were boiled in a
stainless-steel pressure cooker for 30 min. Fod#termination of SRP, samples were
cooled to room temperature, transferred to graduatginders, and volumes were
adjusted to a total volume of 15 ml using Millipoveater. Periphyton %N was
determined by stable isotope analysis. Mean %N%Rdvas calculated from replicates
(three and two replicates were analysed per stes®1 and type of land use for %N and

%P, respectively) and converted to molar unitsit@io the periphyton N:P molar ratio.

To roughly estimate periphyton composition, thelgielfrom the qualitative samples
were resuspended, and the mean percentage ofaamfomic group (green algae, red
algae, diatoms, cyanobacteria and lichens) in tispension was estimated relative to
the total area covered by these groups on the éntiech was set to 100% in each
microscopic field of view) using bright field migoopy (400 x magnification). The
mean percentage of each group was estimated frofielf8 of view. From this mean
percentage of each taxonomic group per site, seasontype of land use their
respective proportion of the total periphyton biesiat the specific site, season and
type of land use was calculated as pg&in ? of stone surface.

Benthic macroinvertebrate community

At each of the three study sites, quantitative sammf the macroinvertebrate
community were collected from two pools and twdleg per type of land use (forest,
meadow), resulting in eight samples per site amd@® The two samples from each
habitat type (pool or riffle) were pooled accordit@type of land use and season,
resulting in four samples per site and season ahdjuantitative macroinvertebrate
samples in total. Because size and sediment steu¢targe rocks) of the streams
prohibited the appropriate use of a Surber samphagroinvertebrate samples were
collected by kick sampling of a defined area withaad net (25 cm x 18 cm, mesh size:
spring: 1 mm; summer: 500 um). A smaller mesh wiae chosen in summer due to the
higher occurrence of small, early developmentafjetaof merolimnic stream insects

(species with aquatic larval stages) in that sea3tie area sampled depended on
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stream width, substrate and flow characteristicertsure that all individuals from the
sampled area were flushed into the hand net byctineent. The sampled area was
usually about as wide as the hand net (25 cm) apdogimately 30—60 cm in length,
depending on the structure used to place the riegr Aach sampling, the width and
length of the sampling area was measured to enafgla-related calculations. On
average, the sampled area of each pooled sampl®.482 + 0.082 th Coarse debris
and sediment were removed from the pooled macrdiglvate samples, which were
then stored in 96% ethanol. At the Black Forest, sitvo taxa covered by species
conservation law [dragonfly nymphs (Anisoptera) afile salamander larvae
(Salalamdra salamandjawere found in some of the macroinvertebrate damplrhe
fire salamanders were immediately released into gtream, and the dragonfly
specimens were sorted from the rest of the sanpideed in a white tray containing

some water, measured with a ruler and then reldagethe stream.

In the laboratory, all macroinvertebrate individifdlom each quantitative sample were
identified to the lowest practical taxonomical legmostly species or genius level) and
counted and measured to the nearest 0.1 mm ursteremicroscope (TSO Thalheim
Spezialoptik GmbH, Pulsnitz, Germany). For highlguadant taxa, only 50-100
randomly chosen individuals of each taxon were mregsand the mean body length
was attributed to the remaining individuals of thaxon. The densities of taxa were
calculated as individuals per m? based on the sizihe area actually sampled. The
biomass was calculated using published body lemgtthead width per dry mass
regressions (Smock, 1980; Meyer, 1989; Burgherr &&t, 1997; Benket al, 1999;
Baumgartner & Rothhaupt, 2003; Hellmann, 2010; NMg&hret al, 2016). The
distribution of functional feeding groups was cddted based on individual biomass
and the classification provided by Schmidt-Kloib& Hering (2015) in the
freshwaterecology.info database. We calculatedifspdiomasses for the functional
feeding groups ‘grazer’, ‘shredder’, ‘collectorfilter feeder’ and ‘predator’, the
remaining biomass belonging to other feeding groups summarized as ‘other’.

Physiological indicators

For the analysis of the physiological indicatorsARBINA ratio and triglyceride content
additional specimens of the grazer taRBaetissp., which were abundant in each of the
streams, were sampled. These specimens were edlldating both seasons (spring and
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summer) at each study site and type of land usedqff@and meadow) using a hand net.
Samples were immediately frozen in liquid nitrogend stored at —-196 °C until

analysis.

In the laboratory, samples were lyophilized, andr fo ten individuals were pooled
according to sampling site, land use and seasobtin a total biomass of 2.5-6.5 mg
dry mass. The pooled samples were homogenize®#mhreaction vial using a glass
rod pre-cleaned with HPLC-grade acetone. Approxahlgat mg of each homogenate
was used for RNA/DNA analysis; the remainder wasdukr the determination of
triglyceride concentration. DNA and RNA were exteat using the MasterPure™
Complete DNA and RNA Purification Kit (Epicentre,i$@onsin, USA) and measured
using a Qubit® 2.0 Fluorometer with the associ&iesiQubif™ dsDNA BR Assay and
RNA Assay, respectively (Invitrog&f, Life Technologies, Darmstadt, Germany), as
described in Normant-Sarembet al. (2015). The triglyceride concentration was
determined photometrically after hexane extractdrthe homogenate following the
method described in Winkelmann & Koop (2007). Owtogdifferences in abundance
between sites, type of land use and season, theerunh analysed samples varied (see

supplement Table S3).

Stable isotope analyses

Stable isotopes of samples of periphyton and spawnof the abundant grazer taxa
Baetissp. andRhithrogem sp. were measured. For this purpose, additigredimens

of these grazer taxa were sampled per site, seagbtype of land use and immediately
shock-frozen in liquid nitrogen and stored at —2@it@il analysis. Owing to differences
in abundance between sites and seasons, the nwinbamples analysed varied (see
Table 6). For the stable isotope analysis all samphere lyophilized for 24 h,

homogenized using a mortar and weighed into tinsalgs (5 x 9 mm, IVA

Anylsentechnik e.K., Germany, animal material: @.B-mg dry mass; periphyton: 5.8—
9.9 mg dry mass) using a microbalance (Mettler dolXS 205 dual range, precision
0.01 mg, Columbus, Ohio, USA). Isotopic ratios afon and nitrogen isotopes were
measured using a Delta Advantage Isotope Ratio Na&strometer connected to a
Flash HT element analyser (Thermo Fisher ScientBiemen, Germany). The stable
carbon and stable nitrogen isotopic values areepted asd-values relative to the

international reference standards Vienna PeeDesrinéle for carbon and atmospheric
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N, for nitrogen in units of per mille (%0). Repeatedabyses of internal standards
(Casein, IVA Analysentechnik, Germany) resultedaitypical measurement precision

of £ 0.1%o for carbon and * 0.2%. for nitrogen.

Grazer stoichiometry

Grazer %N was obtained from stable isotope analgsid %P was determined
analogous to periphyton %P from individual nymplisttee mayfliesBaetis sp. and
Rhithrogenasp. ranging between 0.2 and 5.4 mg. Samples > Wweng diluted to 25 ml
prior to SRP determination. Mean %N and %P wereutaled from all samples of a
single taxon per site, season and type of landarskconverted to molar units to obtain
grazer N:P molar ratio (the number of samples wgezhiculate these means per taxon,

site, season and type of land use is given in sopghtary Table S1).

Water chemistry

At each sampling event, the water physico-chemmalameters pH, temperature,
conductivity, oxygen concentration and oxygen sdion were measured (SG78-
SevenGo Duo pro™ and SG9-SevenGo pro™, Mettler dbol&mbH, Giessen,
Germany) at each study site in the two section$ wiffering types of land use. In
addition, 100 ml water samples (filtered over Qub cellulose acetate filters, Sartorius
AG, Goettingen, Germany) were collected, frozersasn as possible on the day of
sampling, and kept frozen until analysis of phosphand nitrate concentrations
(measured photometrically as SRP using the molylndeblue method, Legler, 1988,
and as N@ after DIN EN ISO 13395, 1996 using a continuowsvflanalyser, CFA,
AutoAnalyser 3; Seal Analytical GmbH, Norderstegitspectively). Data on average
nutrient concentrations of stream water from thessiThuringian Forest (SRP) and
Black Forest (SRP, N were kindly provided by participants of the joifdrest
ecosystem research project (see Table 9). To oataannual mean of stream SRP and
nitrate concentrations at the Bavarian Forest sfdgitional water samples were
collected every two weeks between April 2014 andil&915 (n = 30), and their SRP

and nitrate concentrations were analysed as descabove.
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Statistical analyses

All statistical analyses were conducted using taésiical software R, version 3.4.4 (R
Core Team, 2018). To analyse the influence of theirenmental factors on the
distribution of macroinvertebrate taxa we calcuate distance-based redundancy
analysis (dbRDAcapscalefunction, distance: Bray-Curtis, R packagegan version
2.4-6; Oksanermrt al, 2016), i.e. a constrained ordination method #flatvs the use of
non-Euclidean distances (Legendre & Anderson, 198®Ardle & Anderson, 2001).
Taxon-specific biomass and presence/absence dataabinvertebrates were analysed
separately. Biomasses werB-#ot transformed prior to the analyses to rediue t
effect of very large and/or abundant taxa (Andesstoal, 2011). Presence/absence data
per site were corrected by the smallest sampleal @maong all samples), and only taxa
with an abundance > 0.9 individuals pef were included so that data used for site
comparison based on species occurrence are dirgmthyparable among sites despite
differences in the sampled areas. For the dbRD& ntleans of absolute values of the
environmental factors were standardized to a rdoegereen O and 1. This prevented a
qualitative influence of factors based on diffesmien numerical ranges and units. In
addition to mean soil;Btocks and mean stream SRP concentration, theoenwental
factors mean water nitrate concentration, meanmneateductivity, season, mean slope,
type of land use, habitat, average annual pretipitaand average mean annual
temperature were included in the analyses. An arsabyf similarities (ANOSIM) was
calculated to test for significant differences betw macroinvertebrate communities
based on site, season, type of land use, and h#&hiasimfunction, distance: Bray-
Curtis, R package vegan, version 2.4-6; Oksastext, 2016).

Between-site differences were analysed using apaosametric ANOVA and post-hoc

test (R package WRS2, version 0.9-2; Matial, 2017) for the variables total biomass
of periphyton, total biomass of benthic macroinebrates and periphyton N:P molar
ratio. Mean biomass per season and type of landvese included in the analysis for

each site (n = 4, supplementary Table S2&S3). Baffees in occurrence of periphyton
primary producer groups and the group-specific laissnof the macroinvertebrate
functional feeding groups (grazer, shredder andigiog) between sites were analysed

using the same method.
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Qualitative bottom-up effects of the P availabildg the level of individual taxa were
analysed by comparing the isotopic niche area af ¢azers Rhithrogenasp. and
Baetis sp.) and the overlap of their isotopic niches leetv sites. To account for
variation between season and type of land &/§€; and3*°N-values were corrected for
each grazer individual based on the isotopic valokperiphyton, which can be
considered their baseline resource, and plottedratgly. For each grazer sample, the
difference to the mean'®C- and §"°N-values of periphyton originating from the
respective type of land use per season at each siiedwas calculated. The maximum-
likelihood-fitted standard ellipse areas (SEAf Baetissp. andRhithrogenasp. were
determined as a measure of their core isotopicenicased on the transform&dC and
8'°N values using analyses of the stable isotope Bayedlipses in R, implemented in
the package SIBER (version 2.1.3; Jacksbml, 2011). The functiommaxLikOverlap
within SIBER was used to determine the area oflapebetween the SEA of the two
taxa. This function calculates the percentage ofrlap at each study site as a

proportion of the area enclosed by the combinedrdirtes of both standard ellipses.

Between-site differences in the N:P molar ratio toé mayfly nymphs and the
physiological status of individual grazer taxa (bddngth of Rhithrogenasp., body
length of Baetissp., Baetissp. triglyceride contenBaetissp. RNA/DNA ratio) were
analysed using non-parametric ANOVAs with subsetjyerst-hoc tests (R package
WRS2 Mair et al, 2017). Means per site, season and type of lardwese used as
replicates in the analyses (supplementary TableS®&Prior to the non-parametric
ANOVA, the %N and %P values of mayfly nymphs of ta@aRhithrogenasp. and
Baetis sp. were compared using a Mann-Whitney U-testth# results were not
significant, the %N and %P values of both taxa wembined to calculate the grazer

N:P molar ratios per site, season and type of lesed
Results

P availability

Contrary to our expectations, stream water SRPI€T@pwas unrelated to catchment
stocks of inorganic P (bedrock P and soil Pi stpdleble 8). Therefore, the ranking of
the study sites differed between the P sourcesrucolesideration. In the order of

increasing stream water SRP, the sites were raakeBavarian Forest < Thuringian
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N

Forest < Black Forest. The ranking by increasing Bostocks was Black Forest
Bavarian Forest < Thuringian Forest.

Table 3 Aquatic parameters of the study sites. The IR: molar ratio was based on N and P from mean water
nitrate and SRP concentrations.

Study site SRP NO; N:P (molar)  Conductivity
(ug LY (mg LY (uS cn!)
Black Forest 129+ 36 3.26 £1.08 125 77.3+8.3
Thuringian Forest 109+ 35 5.92 +£1.05 269 59.5+0.8
Bavarian Forest 8.1+3.0 3.34+£0.86 209 32.17+ 0.

“Bol et al. 2016 (January 2014 — December 2014, ddilyesampling, n = 24)

®Julich (May 2014 — February 2017, monthly sampling, 24; pers. comm.)

‘Data provided by Forest Research Institute Bademtéfiiberg, Departement Soil and
Environment (as in Bol et al. 2016)

The range of SRP concentrations in stream wateeredvby the studied streams was
small. Consequently, the observed differences iamstream water SRP concentrations
were small (Table 9). Despite a relatively high penal variability of the water SRP
concentrations, there was no clear seasonal pgteta not shown). Conductivity of
stream water, measured during the sampling of retrbeota, followed water SRP
concentrations (Table 9). Similar to water SRP ,ewaitrate concentrations (Table 9)

appeared to be unrelated to soil total N stockbl€ra).

Because the N:P molar ratio in stream water washrhigher than the Redfield ratio of
16:1 (N:P) at all sites (Table 9), N was probabft imiting. Based on the SRP
concentrations, the studied streams could be @kdsas oligotrophic; in terms of

nitrate concentrations they could be classifiechasotrophic (Doddst al, 1998).

Periphyton

Periphyton total biomass did not significantly diffbetween sites (Fig. 7A, Table 10,
supplementary Fig S1A), which indicated no bottgmrasponse to differences in P
availability. However, site comparisons of the fideminant primary producer groups
revealed site-specific differences in the occureent cyanobacteria and lichens (p =
0.004 and p = 0.001, respectively, Fig. 7A, Talfl&11). Cyanobacteria dominated the
periphyton assemblage at the Thuringian Forest aitd contributed the lowest
proportion to total periphyton at the Black Foreste, which indicated that the
dominance of cyanobacteria increased with incrgasoil R stocks. Lichens were the
dominant group at the Black Forest site but coneprithe lowest proportion of total
periphyton at the Bavarian Forest site, which iathd that the dominance of lichens
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increased with increasing stream SRP (for detads, supplementary Figure S1). The
other three groups did not significantly differ Wween sites (p > 0.05, Table 10).
Periphyton N:P molar ratio was high but did nofetifbetween sites (129 + 26, n =12,
Table 10).

2,5 . .
A Soil P; stocks A [l Lichens
(%]
4 20 Stream SRP‘ BRed algae
£q 2 3 1
Q£
-2 S 15 [ cyanobacteria
o —
55 .
s ® 1,0 [Diatoms
aj —
- [l Green algae
0,5
0,0
6
B [l others
9 5
g f Bl Collectors
|
Qo E
2w 4 [TFilter feeders
£ g
é F o [l shredders
+ T
g =
E lrredators
2
-Grazers
1
O {
Black Forest Bavarian Forest  Thuringian Forest

Fig. 4 Periphyton and macroinvertebrate groupspecific biomass. (A) Periphyton and (B) macroinveaebrate
group-specific biomass at the three study sites. (A) Biams of benthic periphyton (mean + SD; n = 4) is sham
distributed among the five dominant taxonomic groups of primary producers. Rnking of the study sites b
either soil B, stocks or stream water SRP is indicated at the topght. Site codes: 1, Black Forest; 2, Bavaria
Forest; 3, Thuringian Forest. (B) Biomass of bentli macroinvatebrates (mean + SD; n = 8) is show
distributed across the functional feeding groups. Bmass attributed to ‘Other’ is the biomass that wa nof
attributed to any of the specified feeding groups.

Benthic macroinvertebrate community

Significant differences in biomass for total maok@rtebrates, grazers and shredders
were detected between sites (Fig. 7B, Table 10&upplementary Fig. S1H-J). The
biomass at the Bavarian Forest site was signifigdmgher than the biomass at the
Thuringian Forest site; total macroinvertebratertass and grazer biomass at the Black

Forest site did not significantly differ from théher two sites. Shredder biomasses at
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the Bavarian Forest site and the Black Foreswgte similar; the significant difference
to the Thuringian Forest site was mainly basedhenatsence of the elsewhere highly
abundant amphipod shredd&ammarus fossarum/puleat this site (supplementary
Table S4). This indicated that differences in mawrertebrate biomass were unrelated
to the differences in either soili Btocks or water SRP. Likewise, species richness
differed between the streams, but was unrelatedher stream SRP or soil $tocks. A
total of 103 benthic macroinvertebrate taxa werenth 29 of which were present at all
study sites. The benthic macroinvertebrate commiwatithe Black Forest site had the
highest number of taxa (85 taxa); the number oh faxind at the other two study sites
was lower but similar to each other (Thuringiandsbr 50 taxa, Bavarian Forest: 51

taxa, for abundance data, see supplementary Tdhle S

Table 4 Between-site comparison. Results of the n@arametric ANOVAs as p-value and effect size. Mean
values per site, season, and type of land use waised as replicates in the analysis (n, for n pertsi see
supplementary Table S1). Shredder biomass was squareot transformed for the analysis, as indicated by
(sqgrt). Significant p-values (< 0.05) are shown iboldface.

Response p-value Effect size n
Periphyton biomass (ug Chl a @n 0.783 0.39 12
Periphyton N:P (molar) 0.179 0.58 12
% diatoms 0.223 0.93 12
% green algae 0.446 1.79 12
% red algae 0.140 0.95 12
% cyanobacteria 0.004 1.04 12
% lichens 0.001 0.85 12
Invertebrate biomass (mg dry masg)m 0.042 1.03 12
Grazer biomass (mg dry mas&jm 0.038 0.61 12
Shredder biomass (sgrt) (mg dry mas$m 0.007 0.90 12
Predator biomass (mg dry mas$m 0.787 0.30 12
Grazer N:P (molar) 0.079 0.66 11
Baetissp. triglycerides (umol§dry mass) 0.315 1.20 10
Baetissp. RNA/DNA 0.155 1.27 10
Baetissp. body length (mm) 0.317 0.38 12
Rhithrogenasp. body length (mm) 0.255 1.27 9
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Table 5 Pairwise site comparisons (post hoc-test).eRults of pairwise site comparisons for non-paramgt
ANOVAs with significant results at the level of p <0.1. Shredder biomass was square-root transformefdr the
analysis, as indicated by (sqrt). Significant p-vailes (< 0.05) are shown in boldface.

Respone Post-hoc: site comparison p-value
% Cyanobacteria Black Forest vs. Bavarian Forest 0.019
% Cyanobacteria Black Forest vs. Thuringian Forest 0.005
% Cyanobacteria Bavarian Forest vs. Thuringiangtore 0.016
% Lichens Black Forest vs. Bavarian Forest 0.001
% Lichens Black Forest vs. Thuringian Forest 0.003
% Lichens Bavarian Forest vs. Thuringian Forest 0.049
Invertebrate biomass Black Forest vs. Bavariangtore 0.755
Invertebrate biomass Black Forest vs. Thuringiare$to 0.055
Invertebrate biomass Bavarian Forest vs. Thuringiznest 0.043
Grazer biomass Black Forest vs. Bavarian Forest 530.9
Grazer biomass Black Forest vs. Thuringian Forest .09
Grazer biomass Bavarian Forest vs. Thuringian Eores 0.012
Shredder biomass (sqrt) Black Forest vs. Bavarandt 0.637
Shredder biomass (sqrt) Black Forest vs. Thuringiamest 0.011
Shredder biomass (sqrt) Bavarian Forest vs. Thianigorest 0.011
Grazer N:P (molar) Black Forest vs. Bavarian Forest 0.176
Grazer N:P (molar) Black Forest vs. Thuringian Bore 0.019
Grazer N:P (molar) Bavarian Forest vs. ThuringiareBt 0.473

The environmental factors included in the dbRDAlaked 59% and 56% of the total
variance in the data set of macroinvertebrate tappmtific biomass and taxon
presence/absence, respectively (Fig. 8, Table A&)ording to the analyses the site-
related vectors water SRP concentration and sastdek were redundant to all other
vectors related to between site differences, i.atew conductivity, water nitrate,
precipitation, slope, and temperature (Table 12)together, site-related vectors
explained 30% and 26% of total variance of macreitebrate taxon-specific biomass
and taxa presence/absence, respectively (Tabld h&)vectors season, habitat and land
use were independent of the other vectors and ieeal®29% and 31% of total variance
of macroinvertebrate taxon-specific biomass andh taresence/absence, respectively
(Table 12). The vector land use least explained vgation in macroinvertebrate
community composition (Table 12). Moreover, it diok produce significant differences
between groups in the ANOSIM (R = 0.054, p = 0.1188pn-specific biomass). Site
had the strongest influence on macroinvertebratenmanity composition (R = 0.658, p
= 0.001, ANOSIM), whereas season and habitat hadweer influence on taxa
distribution (R = 0.336, p = 0.001, and R = 0.246; 0.002, respectively, ANOSIM).
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Fig. 5 Macroinvertebrate community distance-based redundancy analysis (dbRDA). Influence of eimonmental factors on the commurity
composition of macroinvertebrates at the three stueéd sites, analysed by distan~based redundancy analysis (dbRDA, Brayzurtis
distance). (A-C) Shifts in the community composition based on t@n-specific biomass (4throot transformed). (D-E) Bfts in the
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Table 6 Vector statistics of the distance-based reddancy analysis (dbRDA) for the benthic community
measures macroinvertebrate taxon-specific biomass Fig. 3 A-C) and macroinvertebrate taxa
presence/absence (Fig. 3 D—F). Given are the propions of explained variance by each vector and thep-

value. For redundant vectors instead of the explaid variance the redundant vector for which the exgined

variance is given is stated.

Macroinvertebrate taxon- Macroinvertebrate

specific biomass presence/absence

Vector Explained P Explained P

variance variance
Season 13% 0.001 14% 0.001
Land use 5% 0.002 7% 0.003
Habitat 11% 0.001 10% 0.001
Water SRP 14% 0.001 15% 0.001
Soil B stock 16% 0.001 11% 0.001
Conductivity SRP SRP
Water NQ Soil R Soil R
Precipitation Soil P Soil R
Slope Soil P Soil R
Temperature SoiliP Soil R
Residuals 41% 44%

Individual grazer taxa

None of the four physiological indicators analy§Rtlithrogenasp. body lengthBaetis
sp. body length,Baetis sp. RNA/DNA ratio, Baetis sp. triglyceride content)
significantly differed between sites (Table 10)r Baetissp. andRhithrogenasp., the
analysed %N and %P were not significantly differgmt> 0.5) and thus these values
were used to calculate grazer N:P molar ratioh@lgh the overall site comparison of
the grazer N:P molar ratio was only significantret p < 0.1-level (p = 0.079), the site
comparison revealed significant differences betwiengrazer N:P molar ratio at the
sites Black Forest and Thuringian Forest (N:P 13 A = 4, and N:P 20 = 3, n = 4,
respectively, p = 0.019, Table 10&11); grazers la¢ site Bavarian Forest were
intermediate and did not significantly differ fraany of the other sites (N:P 18 + 3, n =

4). The results indicate that grazer N:P is uneelab the P sources considered.

Stable isotope analysis revealed changes in gtazghic interactions between sites.
The isotopic niche area, indicated by the maximika@ihood standard ellipse area
(SEA.), was largest at the Black Forest site for botbcsgs, where SRP was highest,
but showed no consistent trend for either spedigbeatwo other sites (Fig. 9, Table
13). However, for both taxa, differences betweartojgic niche area at the Bavarian

Forest site and the Thuringian Forest site werdlenthan that at the Black Forest site.
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The increase in isotopic niche overlap seemed tbased primarily on changes of the
position of the SEAof Rhithrogenasp. in thed **C— & *N space because only this
taxon showed a consistent increase in the isotogite area with increasing isotopic
niche overlap. Similar to the change in isotopichei area, the change in isotopic niche

overlap was highest towards the Black Forest Eitg ©, Table 13).
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Fig. 6 Grazer isotopic niche overlap. Stable isot@pvalues were transformed as described in the metts
section to allow comparison between sites. The niclewerlap was calculated using maximum likelihood fted
standard ellipse areas (SEACc). Isotopic niche oventaof grazing nymphs ofBaetis sp. andRhithrogena sp. at
(A) Bavarian Forest 30.37%, (B) Thuringian Forest 327%, and (C) Black Forest 45.24%.
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Table 7 Grazer isotopic niche overlap (statisitcs)lsotopic niche area (maximum-likelihood standard dipse
area, SEAc) of the abundant grazer taxa Baetis spnd Rhithrogena sp. and the percent overlap of graze
SEAcs at the three study sites. The ratio of overlajs calculated as the area of overlap divided by the
combined area of both SEAcs.

Site Taxon Season Type ofn SEA Combined area Area of ratio
land use [%07] of both SEAs overlap overlap [%]
[%07] [%07]
Bavarian Forest  Baetissp. spring meadow 3 2.66 2.85 0.86 30.37

summer meadow 3

spring forest 20
summer forest 0
Rhithrogenasp.  spring meadow 3 1.05

summer meadow 0

spring forest 11
summer forest 0
Thuringian Forest Baetissp. spring meadow 2 2.49 3.54 1.16 32.7

summer meadow 5

spring forest 23
summer forest 3
Rhithrogenasp.  spring meadow 5 221

summer meadow 0

spring forest 10
summer forest 3
Black Forest Baetissp. spring meadow 3 5.74 7.07 3.20 45.24

summer meadow 3

spring forest 9
summer forest 3
Rhithrogenasp.  spring meadow 3 4.54

summer meadow 3
spring forest 3

summer forest 3
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Discussion

Although nutrient response models fitted to expental data clearly predict a very
strong positive response of periphyton growth tatecreasing nutrient concentrations
in the range of 0—20 ug SRPL(Rier & Stevenson, 2006; Hilet al, 2009;
Winkelmannet al, 2014), it remains unclear whether a phosphatgigmnain that range
would similarly induce strong bottom-up effectsraal stream ecosystems. A simple
extrapolation of the results gained in highly cohéd laboratory experiments does not
seem to be possible because in real and compleysems, bottom-up responses can
be attenuated by top-down control or masked byrenmental variability (Biggs &
Close, 1989; Biggs & Lowe, 1994; Artigast al, 2013). Nevertheless, large-scale
enrichment experiments have shown bottom-up effaatemplex lotic food webs (e.g.
Petersoret al, 1993b; Petersoat al, 1993a; Davist al, 2010; Sabateet al, 2011).
However, although conducted on a large scale amd lovwg times, these enrichment
experiments still represent the observation of @difically induced, abrupt, temporal
trajectory of the ecosystem state. Therefore, westpned whether such results are
transferable to benthic communities that developader differing natural nutrient

conditions.

Because bedrock and soils from the catchment aesdly affect stream water nutrient
levels (Dillon & Kirchner, 1975), we expected stre&RP concentrations to match the
differences in availability of catchment inorgafiqbedrock and soil). Contrary to this
expectation, stream SRP and catchment inorganierE unrelated, which might partly
be explained by the ability of periphyton and ldatomposing microorganisms to
drastically reduce SRP concentrations in streanemdiring times of intensive growth
(Mulholland, 1992; Mulholland & Hill, 1997; Winkelemn et al, 2014). This strong
effect of periphyton was evident from differencesSRP concentrations measured at a
single site on the same day in stream sections diiferent amounts of light and
therefore probably different photosynthetic ratés.a sunny day in spring, water SRP
concentrations in forested and meadow sectionshef Black Forest site strongly
differed (16 pg SRP T in the shaded forested section and only 5 pg SRRnLthe
open meadow section), whereas the water SRP coatiens on a sunny day in

summer with a closed vegetation cover in both eastwere more similar (12 and 10
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g SRP [! in the forested and meadow section, respectivalyjs indicates that the
water SRP concentration in these small headwatearss might instead represent a
response variable, which renders it unsuitable @sedictor. However, no seasonal
pattern was observed in the water SRP concentraliogrefore, no strong P depletion
by seasonally occurring maxima in biological demeard indicated. Moreover, the use
of the terrestrial Pstock as a proxy for P supply of stream ecosysianisdes sources
of error because a high Btock represents only the potential P import. abtual P
import is controlled not only by the; Btock size, but also by redox conditions, soll
characteristics (e.g. texture, content of aluminiama iron hydroxides, and content of
clay minerals), and by hydrological and climaticttpans (Mulholland, 1992;
Kortelainenet al, 2006; Sohret al, 2018 under review). However, since our aim was
to analyse the influence of differences in geogeRicavailability on benthic
communities of small headwater streams, an eluomlatof which processes
predominantly determined P availability in the atns was beyond the scope of this

study.

We could only include the intermediate sites frdra P gradient studied in the forest
ecosystem research project (SPP-1685), which nagptain why stream water SRP
varied only slightly between sites, covering a mofmean SRP concentrations only of
8-13 ug L. Therefore, it is not surprising that we did ndiserve any consistent
bottom-up regulation neither an increase in stapgdbocks of producers or consumers
nor a shift in the benthic community towards conetwsnrelying on autochthonous
resources, especially benthic grazers or theirgioed (Petersoet al, 1993b; Daviset
al., 2010; Artigaset al, 2013).

On the contrary, from a larger perspective the latldistinct differences in stream
water SRP make the streams appear even more cditgbezause all three streams are
headwaters with similar stream morphology in lowsauted, forested catchments of
German low mountain ranges with siliceous bedrodlonetheless, significant
differences in macroinvertebrate biomass and inchramunity composition of both
macroinvertebrates and periphyton were detecteddaet sites. Although the dbRDA
implied that the included site-related environméfdators explain a considerable part
of the variation in macroinvertebrate community gasition (29%), the influence of

single, site-related factors could not be deterdhirfuch a weak connection between

49



Study 3

biotic response variables and any single envirotatéactor might be explained by the
multitude of factors controlling and affecting commnity composition and biotic
interactions in the field (Feminella, 1996; Arbueld& Downing, 2002; Heino, 2005;
Herlihy et al, 2005; Heinoet al, 2007). This multitude of interacting factors ofte
results in inconclusive patterns owing to maskimgopposing effects (Allan, 2004;
Alexander et al, 2013). Similar observations were made in the ystafl Lewis &
McCutchan (2010), where P availability was onlyasetto other factors in shaping the
benthic communities at these low P concentratidmstortunately, like Lewis &
McCutchan (2010), we were unable to fully identifyose factors. Not only the
environmental factors identified as potential pcgalis (season, habitat, mean water
phosphate concentration, conductivity, mean waiteate concentration, soil; Btocks,
mean annual precipitation, slope, and mean aneugbérature) are expected to greatly
influence the benthic communities of streams, bgb dhe regional species pool,
especially when the streams are located in differegions (Shurin & Allen, 2001;
Heinoet al, 2003).

Another factor shaping community composition is thietic interaction between
organisms within an ecosystem (Menge, 1992; Jack$aa, 2001). Indeed, in our
study, both isotopic niche area and overlap of dami grazer taxa appear to depend on
both bottom-up related resource availability andtibiinteractions. We observed an
increase in the overlap of the isotopic nicheshef mayfly nymphs oRhithrogenasp.
and Baetissp. at the Black Forest site. This could be inttgdl as a result of higher
diversity and a higher quantity of available resegt i.e. periphyton (Layest al,
2013). However, the larger niche overlap might espnt a stronger competition
between the grazer taxa at the Black Forest siiagoto strong food limitation. When
we compared the food availability represented lgydamount of ingestible periphyton
and the grazer biomass, we identified a potentsdlyere food limitation at the Black
Forest site. A high grazer biomass coincided witHow food supply despite a
comparable total periphyton biomass because thphyton was dominated by lichens.
Although we did not find any literature comparimg feeding preferences of grazers for
benthic algae and aquatic lichens, we suspect littaens are of low food quality
because of their growth form (crustose and vemlfirattached, which prevents easy
ingestion) and potentially of low nutritional qugli In comparison, the Bavarian Forest
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site had the most even distribution between petg@hyprimary producer groups, with
an overall macroinvertebrate and grazer biomasspaoable to those of the Black
forest site, such that a less severe food limmatappears likely. Although the
periphyton community at the Thuringian Forest svess dominated by cyanobacteria,
which have a low nutritional quality (Martin-Creurly et al, 2008), the low
macroinvertebrate biomass might prevent a sever@ [fmitation of primary consumers
at this site. Consequently, food limitation andréfiere competition appears lower and
similar at the Bavarian Forest and Thuringian Fomgtes, which aligns with the
inconsistent results for grazer isotopic niche doeaween taxa at these sites. The
suggested varying degree of food limitation based pponounced differences in
periphyton composition rather than in biomass iatdis a strong need for further
information on food preferences of macroinverteb@tzers and the nutritional quality

of periphyton components such as algae, bacteddicrens.

Both the combination of periphyton composition witte macroinvertebrate biomass
and grazer isotopic niche overlap provide evidetizd the periphyton at the Black
Forest site experienced the highest grazing presdtspecially the composition of
heavily grazed periphyton might not reflect the pasition of the resources actually
ingested if grazers selectively fed, either acliviey selecting prioritized resources or
passively by sparing inedible components (Lami&ifitesh, 1983; Wellnitz & Rader,

2003; Evans-White & Lamberti, 2005, 2005).

A large proportion of the variability within our taremained unexplained, even though
we assumed that the sites were comparable. Nelestheour results suggest a strong
linkage between bottom-up and top-down controltha studied benthic communities.
These results underline the difficulty in inferringspecific benthic community structure

from general environmental conditions.

Conclusions

In ecology and ecotoxicology, experiments and fetleies complement each other by
exposing underlying processes and mechanisms aedlieg general patterns and their
limits. When these approaches are combined by feaimgy experimental results to

field ecosystems, two main aspects need to be demesl: 1) the characteristics and

origin of the communities used in experimental msdand 2) the communities and
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environmental characteristics of the field sitek.tHese aspects are found to be
comparable, the results are likely to be transteralhe same applies in the
development of protection and management strategibsch need to account for

differences in vulnerability of particular ecosysor ecosystem compartments.
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General Discussion

In the three studies contributing to this thesisutcessfully demonstrated that the
RNA/DNA ratio is a suitable proxy for periphytonogvth rate, that the fatty acid
composition of grazing mayfly nymphs responds tanges in fatty acids provided by
the diet after only two weeks, and that these cearage apparent in both membrane
and storage lipids. | was able to reveal gaps & uhderstanding of the linkages
between catchment and in-stream phosphorus avdilalmder near-natural conditions
because catchment phosphorus availability was faarite an inadequate predictor of
stream SRP concentrations and benthic communityposition. Furthermore, | showed
that seemingly comparable headwater streams hadifisigntly different benthic
communities. These differences most likely affeesiream processes and stream biotic
responses to environmental changes, e.g. climasangeh and newly introduced
anthropogenic stressors, e.g. nutrients, pesti@ddsirug residues.

Although my results show that the RNA/DNA ratioassuitable proxy for periphyton
growth rate, the application appears to be limitedcontrolled experiments until a
deeper understanding of the processes and faetmigy to the observed differences in
the relationship between RNA/DNA ratio and growtiter of different periphyton
assemblages is achievestudy 1). Therefore, this measure was not included in the
comparison of the three headwater streams in s3udlyis important to point out that
the RNA/DNA ratio provides an estimate of periphyigrowth useful in comparisons
but cannot be used to measure exact growth ratesetNeless, even in this limited
application, the RNA/DNA ratio as a proxy for pdmypon growth can be a useful
extension of the already applied endpoints, i.easuees used to detect potential effects
of the analysed substances or treatments, in ecotogical and ecological studies
allowing the inclusion of this ecologically impomntaprocess in simple experimental
study designs. This can be illustrated by the Yailhg example:

In an experiment where invertebrate grazer biomeass indirectly controlled by the
exclusion of fish, treatments with significantlygher grazer biomass in fish-exclosures
resulted in significantly lower periphyton standistpck, measured as chlorophgll
(Chl a) concentrations per area (Gerdeal, 2018). Unpublished data from this study
on periphyton RNA/DNA ratios indicate the posstlyilof a positive effect of grazing
on periphyton growth rate in spite of the reductadrperiphyton biomass by grazing.
However, due to the very high variability of thetalaespecially in exclosures no
significant difference was found (Fig. 10A, p =861 Wilcoxon rank sum test).
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Fig. 7 RNA/DNA ratio of periphyton in experiment Il1 in which a significantly higher grazer biomass andca
significantly lower chl a concentration per area wee determined in exclosures vs. controls (Gerket al., 2018)

A) uncorrected RNA/DNA ratios, p = 0.136, n = 9, B)RNA/DNA,, ratios with DNA corrected for
proportional deviations from the mean Chla/AFDM (ash free dry mass) ratio and the slope of th linear
regression of Chla/AFDW ratio vs. DNA (equation 2), p = 0.063, n = Boxes: 75 and 25%, whiskers: 95 ar
5%, dots: outliers. (Madlen Gerke, unpublished data

It might be speculated that the effect of grazingspure on periphyton RNA/DNA ratio
was partially masked by the high variability of asbe dry mass (AFDM) in the
periphyton from exclosures (Gerke al, 2018) because large amounts of detrital DNA
lower the RNA/DNA ratio independently of growth eatTo reduce such effects, in
study 1 | recommended a correction of the RNA/DNaia using the Che/AFDM
ratio or Chla/C ratio depending on availability. To test thesfedity of that correction,

| reanalysed the data and corrected the DNA coriigrihe proportional deviation of
the sample ChVAFDM ratio from the overall mean of the CWAFDM ratio within
the data set. Since such a correction would assumegression with a slope = 1 of
Chla/AFDW and DNA, this deviation was corrected by tedculated slope of the

linear regression of ug Caimg AFDW vs. DNA (ternb in eqn 3).

Chla Chla
)sample - ( )mean

DNA,yrr = DNA + DNA X (izpi e AFDM +b ?3)

(AFDM)mean

Prerequisite for the applicability of this correctiis a linear correlation of DNA and
Chl a/AFDW ratio. In the dataset from the experimentctié®d in Gerkeet al. (2018)
this prerequisite was met (p < 0.001, r = 0.534r8En's product-moment correlation).
The use of the recommended correction using thea@HDW ratio made the effect of
increased macroinvertebrate grazing on periphytdA/RNA ratio clearer. This effect
now becomes significant at the p < 0.1-level intinga a trend within the data set
(Fig.10B, p = 0.063, Wilcoxon rank sum test). THeserved high variability in the
exclosures probably derived from the high varigilin grazer biomass in the
exclosures compared to the controls (Gexkal, 2018).

54



General Discussion

Besides showing the usefulness of the recommenaleeation, this example illustrates
one possible application of the RNA/DNA ratio asx¥y for periphyton growth rate in
controlled ecological experiments. The inclusiorpefiphyton growth rate by using the
RNA/DNA ratio can reveal periphyton-grazer interags that would have remained
hidden if solely periphyton biomass had been aealyShe trend towards a higher
RNA/DNA ratio in exclosures with increasing grazipgessure by macroinvertebrate
grazers indicates an increasing periphyton growath in response to grazing. At first
glance, this finding seemingly contradicts otherdsts reporting reduced periphyton
productivity in response to grazing. However, tlegative effect of grazing on primary
production is mainly derived from measurements refaaspecific primary production
(Jacoby, 1987; Hilet al, 1992a; Rosemonet al, 1993). The thus measured periphyton
primary production is directly influenced by pernypbn biomass per area so that this
area-specific primary production is generally restliby grazing due to the concomitant
reduction of periphyton biomass (Feminella & Havekii995). The RNA/DNA ratio,
on the contrary, is a biomass-specific measure usec®NA per cell is relatively
constant so that DNA can also be used as a meattbiemass (Dortctet al, 1983).
Therefore, the effects of grazing on the RNA/DNAaare more likely comparable to
the effect of grazing on the biomass-specific prymaoduction. The biomass-specific
primary production can easily be calculated if pleyton biomass per area is
determined subsequently to the area-specific pyinpaoduction. On the biomass-
specific primary production, a positive effect ahging can be observed (Lamberti &
Resh, 1983; Stewart, 1987; Gelwick & Matthews, )99is positive effect is more
likely to occur under non-limiting growth conditisrwhich usually result in thicker
periphyton mats under low-grazing conditions (Festian& Hawkins, 1995). In these
thick periphyton mats the upper algal layers reducdrient diffusion and light
penetration (self-shading) towards the lower alggers and consequently limit their
growth (Feminella & Hawkins, 1995). Therefore, imased periphyton growth rates
under high grazing pressure if neither light notrieats are limiting, as observed for
instance in the experiment of Gerg&keal. (2018), are likely a consequence of increased
light and nutrient availability throughout the p#ryton matrix that is thinner due to
grazing. Following this line of thought, an incredgeriphyton growth rate in response
to high grazing pressure most likely also affecerighyton stoichiometry and
potentially increases nutrient and matter cyclinthiw the stream food web (Lamberti
& Resh, 1983; Elseet al, 1996; Agren, 2004). In fact, by removing deadenescent
algal cells grazers appear to maintain periphytorpioductive, early successional
stages (Lamberti & Resh, 1983; Jacoby, 1987). Thasky stages are often composed
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of large proportions of diatoms which are of highritional value to grazers (De Nicola
et al, 1990; Poff & Ward, 1995).

In study 2 | assessed the effect of short-term changes aradle fatty acids within
diets of different food quality (diatoms and greaigae) on grazer fatty acid
composition. The effect of food quality on mayflymmphs was most apparent in the
relative amounts of the physiologically importaond-chain polyunsaturated fatty acids
(LC-PUFAs) ARA and EPA and their precursor fattydacLIN and ALA. Mayfly
nymphs fed on green algae contained higher amaint$N and ALA in their body
tissue, whereas mayfly nymphs fed on diatoms coathhigher amounts of ARA and
EPA (study 2). Based on these results, changeseiiphyton composition due to
changes in land use and nutrient availability fairay green algae could reduce the
availability of LC-PUFAs in aquatic systems andithexport to adjacent terrestrial
habitats. Conditions favouring green algae includigher light and nutrient
availabilities, as observed in most agriculturalusban streams (Bunst al, 1999;
Allan, 2004). Although some consumers are capabkywthesizing these LC-PUFAs
from their C18 precursor fatty acids by elongatieamd desaturation processes, the
conversion efficiency is often too low to meet pbimgical requirements (Tocher,
2010; Twininget al, 2018). Therefore, direct and indirect anthropag@mpacts may
lead to a reduction in the availability of LC-PUF#saquatic ecosystems. Subsequently
the ability of aquatic ecosystems to export the§eRAUFAs to adjacent terrestrial
habitats would be reduced too. This reduced avliilabf LC-PUFAs could have far-
reaching and unpredictable consequences for bathatiagand terrestrial food webs
(Gladyshewet al, 2009).

Exemplary, | quantified the trophic transfer of titeysiologically important LC-PUFAS
ARA and EPA (Fig. 11) based on the results of stddyrhis trophic transfer was
evaluated for the trophic link between the diatoiofilm and the storage (NL) and
membrane lipids (PL) of mayfly nymphs. For the gremgae biofilm the trophic
transfer of ARA and EPA could not be evaluatedceiBtigeocolniumsp. does not
contain any LC-PUFAs (Liet al, 2016, study 2). The trophic transfer and enriamme
of EPA was almost 7-times higher than that of ARAis lower transfer or retention of
ARA compared to EPA in consumer tissue seems telatehe amounts of these fatty
acids required to meet physiological demands. WHER& is an essential constituent of
mayfly membranes (EPA content in membranes wasvenage 5-times higher than
ARA content in the analysed mayfly nymphs; Sushdtikal, 2003; study 2), ARA is
the most important precursor of eicosanoids whiely pn important role e.g. in insect
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reproduction but are active at very low concentradi (Bell & Sargent, 2003; Stanley,
2006). Consequently, EPA is required in large gtiastto enable somatic growth
while ARA is required in lower amounts.

NL PL NL PL
Mayfly

nymph .
3 5
7]
C
o
X34 &
Q
2
o 15
AR Diatom o
~ . biofilm =

EPA o

5 ug mg'ldry mass

Fig. 8 Trophic transfer of the LC-PUFAs arachidonic acid (ARA) and eicosapentaenoiccal (EPA) from
aquatic diatom biofilm (n = 2) to the storage lipig (neutral lipids, NL) and membrane lipids (phosphbpids,

PL) of aquatic mayfly nymphs Baetis sp. +Rhithrogena sp., n = 12). Arrows show the factors by which AR
and EPA are retained in mayfly nymphs relative to heir amount in the diatom biofilm. Presented valuesare
means, which are relative to the scale at the bottoright.

With an enrichment of EPA, grazing mayfly nymphe an important first step in the
trophic upgrading by approximating the fatty acidnthnd of consumers at higher
trophic levels more closely than the basal resou@garacteristic for most aquatic
consumers is a higher demand for Omega 3 (n-3) &atids, such as EPA and DHA,
compared to Omega 6 (n-6) fatty acids, such as ABé&pemanet al, 2002; Bell &

Sargent, 2003; Hixsoet al, 2015).

However, besides affecting stream food webs vial fqoality, land use change and
eutrophication can change benthic community contiposdirectly or indirectly due to
increased anthropogenic nutrient import (Hugtral, 2002; Chamberst al, 2006). It

is however difficult to quantify and predict thesiects due to highly complex trophic
interactions and environmental effects. Studieslyamay the concentration-effect
relationship of nutrients on periphyton and bentgrazers over a wide range of
concentrations generally found a pronounced botipneffect on either periphyton or
grazer biomass (Bourassa & Cattaneo, 1998; Franc@@01). In addition, there is
evidence for the influence of catchment geologystream nutrient concentrations,
which is also derived from studies investigatinggéa gradients (Dillon & Kirchner,
1975; Krueger & Waters, 1983). biudy 3, | analysed if predictions made from such
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broad range and large-scale studies are adequagteettict stream soluble reactive
phosphorus (SRP) based on catchment phosphoruataky and if stream SRP is a
good predictor for stream benthic community streetand grazer performance. Despite
general relationships between nutrient availabiihd the structure of stream benthic
communities, and between catchment geology andrstreutrient availability, my
results suggest that these relationships are mwakaevy when only a small range of
these gradients is considered (Lammert & Allan, 99%6tudy 3 included only
catchments with siliceous bedrock containing simdanounts of phosphorus which
resulted in similar phosphorus availabilities withthe catchment soils (ZawSet al,
2016; Langet al, 2017) and within the studied streams (study 3hadugh the SRP
concentrations of the studied streams lay on tineddimb of the nutrient response
curve (< 20 ug SRP 1, a range for which models predict a steep, nefimkyar
biomass response of periphyton, no consistent enitrelated bottom-up effect was
detected. My results align with the results of Lewi McCutchan (2010), who found
that nutrients play only a secondary role in shgpihe benthic communities of
mountain streams with such low nutrient concerdreti However, in contrary to the
study by Lewis & McCutchan (2010), who studied atns at a broad range of
elevations (1200-3600 m.a.s.l.), the streams exagnin study 3 were similar with
respect to altitude, catchment land use, and strearphology. Since a dominant effect
of the limiting nutrient (phosphorus) on the beatbommunity could not be detected,
these streams would have been expected to haveswmilar benthic communities.
However, benthic communities differed clearly in thbothe periphyton and
macroinvertebrate community composition. This obasgon together with the analysis
of grazer isotopic niche overlap, seem to indicgtteam-specific differences in the
strength of biotic interactions. These results destrate the caveats which concern the
transferability of results even between streamé wéemingly comparable catchment
and morphological characteristics, especially when information on the biotic
community of these streams is available. Such im&ion on community and food web
structure appear crucial in the much needed assesshthe vulnerability of a stream
community to expected future changes (Clements &rR&009; Thompsoret al,
2012).

Aquatic ecosystems in their natural state ofteril@ixh balance between simultaneous
bottom-up and top-down controls because resoumdscansumers co-adapted in the
framework of abiotic and biotic conditions and theatural variability (Oksaneaet al,
1981). In anthropogenically altered ecosystemsnttaral balance between bottom-up
and top-down controls is often disturbed. High mumir inputs from agricultural and
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urban sources, e.g. agricultural runoff and efftesesf waste water treatments plants,
often coincide with a reduced habitat quality fouatic consumers and altered food
web structures due the introduction of harmful clvaihs. Co-occurring morphological
alterations of the stream/river and the introductad alien species may additionally
decrease habitat quality and further alter the agji@od web (Lakeet al, 2000). Even
without the additional effects of morphologicalea#itions and alien species, such a
scenario typically leads to the phenomenon knowneasophication. The term
eutrophication describes the process in which mgtrient availabilities in aquatic
systems result in a mass production of primary pceds with partially devastating
consequences for the entire system due to chactiora which ultimately push the
system over its tipping point (Smit#t al, 1999; Smith, 2003). Eutrophication is listed
among the most severe threats to global biodiwewsiid impairs main functions of
aquatic ecosystems, such as water quality for grgnwater production, habitat quality,
nutrient and matter cycles and assimilative capadiMillennium Ecosystem
Assessment, 2005; Ibisa#t al, 2009). As outlined above, the extent of the oleser
eutrophication is not only a result of nutrient igadaility. A decreased availability of
light due to shading by riparian vegetation carucedprimary production and thereby
eutrophication, and is suggested in several stadiepuntermeasure (Buehal, 1999;
Hill et al, 2009; Burrellet al, 2014). This approach to mitigate eutrophicatiomyo
considers the local scale and does not accourthéoconnectedness of lotic systems.
Due to the connection of headwater streams togiged ultimately to the oceans, all
nutrients which are not retained within the localbd web will be transported
downstream. Increased shading results in a redpcedary production at a given
location and will thereby reduce the retention bbgphorus (Sabatest al, 2000).
Consequently, the problem of eutrophication willyobe relocated to downstream
regions which cannot be effectively shaded by rgrawvegetation, e.g. large rivers,
lakes, reservoirs, estuaries and coastal regioreze® may reduce eutrophication if
their abundance is sufficient to consume the sarpiimary production and thereby
contribute to a higher overall productivity of tegstem (Wormet al, 2000). A high
grazing pressure on periphyton of a eutrophic strea river could not only reduce
periphyton biomass below critical levels but couddso reduce the amount of
filamentous green algae in favour of a higher propo of diatom taxa (Lamberti &
Resh, 1983; Jacoby, 1987). Such a grazer indugédrsperiphyton algal composition
would also be beneficial for the production, tramsénd export of physiologically
important LC-PUFASs, which are synthesiglnovaoy diatoms but not by filamentous
green algae such &tigeocloniumsp. (Liu et al, 2016). The importance of abiotic
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conditions, such as nutrient and light availabibtyd the frequency of disturbances by
flood events, for observed eutrophication effestscreasingly well understood (Biggs,
2000; Burrellet al, 2014), whereas the role of biotic interactionsthis context is
understood less well and their potential in managemstrategies for running waters is
largely unknown (Dodds, 2006). Therefore, a bettaderstanding of these biotic
interactions is required to protect our running evgtfrom critical impairments and to
implement adequate measures to enable and sugpart recovery from existing
impairments caused by human activities.

Perspectives

By answering three basic questions on relevanslinklotic systems, my results also
provide substrate for future research by raisingstjons about underlying processes. In
the following, | will outline possible ways to addis some of the questions which
resulted from studies 2 and 3.

In study 2, | detected a higher EPA/ARA ratio in the tissdg@zing mayfly nymphs
relative to the ratio of these fatty acids in tbed source (diatom biofilm). The higher
EPA/ARA ratio could either be a result of a seleetabsorption and retention of EPA
by the consumer or of a metabolic pathway whichsendhe synthesis of EPA and uses
ARA as precursor. This pathway, including the desdion of ARA byA17 desaturase
to EPA, is described in eukaryotic algae and f@gischina & Harwood, 2006; Xuet
al., 2013) but is, to my knowledge, not describednimels at the base of the food web.
The analysis of metabolic pathways of specific coomuls, such as ARA, to elucidate
their absorption and fate can be achieved by timebauation of position-specifi¢*C
labeling with compound-specifféC analysis, as shown for palmitate (16:0) by Digpol
& Kuzyakov (2016). Comparable analysis for the kioptransfer of fatty acids in
aquatic food webs could elucidate the process resple for fatty acid-based trophic
upgrading. In addition, insights on fatty acid tower rates in storage and membrane
lipids could be acquired from such studies.

Study 3 revealed gaps in understanding the link betweentdrestrial and aquatic
phosphorus cycle. Most studies target either theegtrial or the aquatic phosphorus
cycle but only few attempt to link these cyclesetglain in-stream nutrient dynamics
(Mulholland, 1992; Mulholland & Hill, 1997). Howevein headwater streams with
low-impacted catchments the combination of catchmamd in-stream processes
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appears to determine the phosphorus availabilitfiwihe stream (Mulholland & Hill,
1997). To unravel the sources of the phosphorusadl@ to aquatic primary producers,
a combined approach including both geochemicallaolbgical processes is required.
For this purpose, various input-pathways and themfon which phosphorus is
introduced should be considered. Potential pathwagsg include springs, groundwater,
stream bed sediments, interflow, surface runoff pretipitation. Potential phosphorus
forms that should be considered are dissolved amecgphosphorus, dissolved organic
phosphorus, particulate inorganic phosphorus, qadsie organic phosphorus and
phosphorus bound in plant matter, like leaf litterriparian vegetation entering the
stream in large quantities at the end of the grgwseason. In addition to the high
number of necessary variables, their temporal aitia in the light of hydrologic
processes, temperature and light availability wowded to be documented to identify
temporal pattern and cause-effect relationshiperdfbre, a well-coordinated, large-
scale, and long-term, interdisciplinary researcbjgmt seems necessary to tackle this
question as a whole.

In the context of the questions outlined above,rdegearch presented in this thesis is
another single step towards understanding the rdyiyirocesses in running waters
which needs to be followed by many more to reaehultimate goal of understanding
and predicting land-use effects. Only with a profdwnderstanding of these processes
will we be able to protect and restore our runnirggers, the lifelines of this world.
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Study 2 — Supplementary material as referenced int  he
manuscript

Supplementary material M1 — Detailed sample infdioma

The following tables contain detailed information the number of individual mayfly

nymphs included in the experiment (Supplementabyela), losses of these individuals
during the experiment and causes to these lossgpl@nentary Table 2). Moreover,
information is given on the individuals includedtire fatty acid analysis following the
experiment (Supplementary Table 3).

Supplementary Table 1 Number of individuals per spaes and food source in each step of the experimeiftor
each species the same number of replicates was ays&ld per food source and experimental run. Due tdé low
number of remaining individuals of Baetis sp. fed p green algae the number of replicates in the fattycid
analysis per species, food source and experimentah was only two.

max.
Green replicates

Step Run  Species Diatom algae Replicates possible

start 1  Rhithrogenasp. 12 12 6

start 2 Rhithrogenasp. 12 12 6

start 2  Baetissp. 12 12 6

end 1  Rhithrogenasp. 6 8 d:3;0:4

end 2 Rhithrogenasp. 12 11 d:4;9:4

start 2  Baetissp. 8 6 d: 4;g:2

FA analysis 1 Rhithrogenasp. 4 4 2

FA analysis 2 Rhithrogenasp. 5 5 2

FA analysis 2  Baetissp. 4 5 2

Supplementary Table 2 Causes for losses of individumayfly nymphs during the experiment.

Escape from

Run Species Death Emergencebox* Total loss
1 Rhithrogenasp. 4 6 10
2 Rhithrogenasp. 1 1
2 Baetissp 4 4 2 10

*Individuals found in the flume outside the box&hese individuals could not be reassigned
to a specific food source and were not analysed.
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Supplementary Table 3 Detailed information on the saples analysed for the fatty acid composition of médly
nymphs.

Animals

per Dry mass Mean body
Food source  Run  Species replicate  (mg) length (mm)
diatom 1  Rhithrogenasp. 2 9,28 11,8
green algae 1 Rhithrogenasp. 2 6,93 10,6
diatom 2  Baetissp. 2 8,08 15,8
green algae 2 Baetissp. 3 7,23 12,8
diatom 2 Rhithrogenasp. 3 6,88 9,1
green algae 2 Rhithrogenasp. 3 8,92 10,1
diatom 1  Rhithrogenasp. 2 6,2 10,2
green algae 1 Rhithrogenasp. 2 8,15 11,3
diatom 2 Rhithrogenasp. 2 4,99 9,4
green algae 2 Rhithrogenasp. 2 4,73 9,2
diatom 2  Baetissp. 2 5,63 13,6
green algae 2 Baetissp. 2 5,05 13,1
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Supplementary material M2 — Detailed method desonpof the experiment and the
fatty acid analysis

Late instar mayfly nymphs d®hithrogenasp. (09.04.2015 and 28.04.2015, mean body
length: 10 £ 2 mm) an®aetissp. (28.04.2015, mean body length: 14+ 2 mm) were
collected on the specified dates in a second-ostlezam in Rhineland-Palatinate,
Germany (Hohesteinsbach, N 50.315660, E 7.454984ayfly nymphs were kept for
two weeks and supplied during that time with aibiof either the microalga (diatom)
Navicula pelliculosa(SGA strain number 1050-3, SAG Culture CollectminAlgae,
Gottingen, Germany) or the green affaggeoclonium farctur{lSAG strain number 477-
19d) as food source. The biofilms were pre-cultwed cm x 5 cm ceramic tiles in the

culture medium described in Mewesal. (2017).

We set up two consecutive experiments conducte@48pril and 28 April-12 May in
2015. Transparent, square, 1-L, wide-neck PVC @oets (Mould no. 310-32, Kautex
Textron GmbH & Co. KG, Bonn, Germany) were eacledilwith an approximately 2
cm thick layer of clean, baked, coarse gravel fabisity. In all four side walls of each
container, circular holes (@ 6.5 cm) were cut aokeced with mesh (mesh size: 1 mm)
to allow water to flow through the container. Albrdainers of an experiment were
placed in a single flume with a mixture of 120 Lhdsteinsbach stream water and 80 L
deionized water at a water level of about 9 cmanld medium current (for details on
flume design, see Mewest al, 2017). Evaporative loss during the experiment was
compensated by adding deionized water. During tts#¢ &xperiment, the measured
water parameters were: pH 8.6 + 0.0, conductivé§ 4 31 uS cnt, temperature 15.3

*+ 0.8 °C, and oxygen saturation 99.4% = 0.7% (me&D, n = 10). During the second
experiment,, the measured water parameters wer&.pH 0.6, conductivity 467 *+ 62
uS cm?, and temperature 16.6 + 1.2 °C (mean * SD, n =oxygen saturation could
not be measured for technical reasons. The higherage temperature during the
second experiment resulted from a sudden changeather between day four and day
six of the experiment, during which the temperatimereased from 15 °C to 18 °C,
with high temperatures throughout the rest of tteeeiment (> 17 °C).

Each experiment comprised 6 containers per foodcecand species, i.e., 6 containers
x 2 biofilms x 1 speciesRhithrogenasp.) = 12 containers for experiment 1, and 6

containers x 2 biofilms x 2 species = 24 contaifi@rexperiment 2. At the start of the
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experiment, two individuals of one of the two sjgscand one tile covered with one of
the two biofilms were placed into each containdne Tile was replaced with a new
biofilm-coated tile as needed so that the animalsicc feedad libitum during the
experiment. At the end of the experiment, all indlials remaining in the containers
were collected, placed on cellulose tissue to dbsw water, transferred into 2 ml safe-
lock caps (Eppendorf, Eppendorf AG, Germany), amack frozen in liquid nitrogen.
The samples were stored in liquid nitrogen. Loskesg the experiments were due to
emergence (6 and 4, exp. 1 and 2, respectivelygthdé4 and 5, exp. 1 and 2,
respectively), and escapes from containers (2, 2xmly) and added up to losses of 10
and 11 individuals for experiment 1 and 2, respetyi

After each experiment, the fatty acids of two sampdf two to three animals each per
species and food source, and the fatty acids oangle of each biofilm resource were
analyzed. A total of eighRhithrogenasp. samples, fouBaetis sp. samples, two
Navicula pelliculosabiofilm samples, and tw&tigeoclonium farctunbiofilm samples

were analyzed. The samples were lyophilized paaralysis.

Between 4.73 and 9.48 mg dry weight (weighed ira0%S205 DualRange Analytical
Balance; Mettler Toledo-AG, Greifensee, Switzerjapideach sample was placed into a
conical 5-ml glass centrifuge tube (Pyrex®, Corning., USA) and coarsely minced
using a glass rod. Then, 25 pl (1 mg™hlL9:0 phospholipid (di-nonadecanoyl-glycerol
phosphatidylcholine; Larodan, Solna, Sweden) and|28 mg mr*) 19:0 neutral lipid
(tri-nonadecanoyl-triacylglycerol, Sigma-Aldrich) eve added to each sample as
internal standards to calculate the recovery ofspholipids and neutral lipids. The
samples were extracted using the liquid:liquid @&stion method described in Guniea
al. (2014), with volumes adapted to the smaller sangies. Each sample was
extracted twice, first with 2.3 ml and then witt80anl of a monophasic mixture of
chloroform:methanol:0.15 M citric acid pH 4.0 (03, by vol.) (Frostegaret al,
1991). For the first extraction, the samples wéraken for 2 h (Program C1, 60 rpm,
Intelli-Mixer, neoLab Migge GmbH, Heidelberg, Gemya and then centrifuged for 15
min at 2,000 rpm (841 g¢ Sigma 4-16, rotor 11650, round bucket No. 1345k
supernatant was transferred into a fresh 5-ml gtzsdgrifuge tube. In the second
extraction of the same initial samples, the samplese shaken for 30 min and then

centrifuged (same settings as before). The sumertsatof each sample were then
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combined, 0.8 ml chloroform and 0.8 ml 0.15 M citacid were added, and the
mixtures were shaken for 15 min and then centrifiuige 7 min as above to separate the
phases. The lower chloroform phase was collecteafresh 5-ml centrifuge tube, and
the upper methanol phase was extracted a secomdwith 0.8 ml chloroform. The
lower chloroform phase of the second extraction w@®bined with that of the first
extraction, and the volume was reduced to appraein®.5 ml under a gentle stream

of nitrogen.

The total lipids in the chloroform phase were sefst into three fractions, namely
neutral lipids, glycolipids, and phospholipids, ngsia 3-ml glass SPE column
(Chromabond, Macherey-Nagel GmbH & Co. KG, Durearr@any) filled with 1.5 cm
activated silica gel (heated at 120 °C overnigldstiple size 0.063—-0.200 mm) in
chloroform. The activated silica gel was bordergdglass fiber filters (Chromabond,
Macherey-Nagel GmbH & Co. KG) to maintain uniforracging in the column. The
raw extract in chloroform was loaded onto the caluikeutral lipids were eluted with
11 ml of chloroform:acetone (95:5 by vol). The ddsh of 5% acetone was necessary
because previous fractionations showed that whéy drioroform was used, a high
proportion of neutral lipids did not elute and weegried over to the glycolipid fraction,
as detected by the recovery of the neutral lipigerimal standard in the glycolipid
fraction. Glycolipids were then eluted with 11 mietone, followed by elution of
phospholipids with 17.5 ml methanol. The flow r&te all three elutions was no more
than 2 drops per second. Each of the three fracticas concentrated to approximately
0.5 ml under nitrogen, transferred to 5-ml reactioals (33299 Supelco used with
PTFE/silicon septa), and evaporated to dryness rumdigogen for subsequent

derivatization.

The fatty acids in the lipid samples were releamed derivatized in three steps. First,
lipids were hydrolyzed with 0.5 ml 0.5 M NaOH inett methanol at 100 °C for 10 min
to yield free fatty acids. The free fatty acids &vénen methylated with 0.75 ml BF
(14% in methanol, Sigma-Aldrich) at 80 °C for 150 yield fatty acid methyl esters
(FAMEs). Finally, 0.5 ml saturated NaCl was addededuce the toxicity of Bf-and
the FAMEs were extracted three times with 1 ml rame. The three extractions of
each sample were combined, and hexane was evapanager nitrogen. FAME 13:0

(15 pl 1 mg mi* in toluene) was added to each sample as a sentemal standard,
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and an additional 185 pl of toluene was added |(tatlume = 200 pl) and the sample
was ultra-sonicated for 10 min to re-suspend alMEA. The FAMEs were transferred
to GC vials containing glass inlets and stored2i *C until measurement. In addition
to the test samples, five concentrations of anreatestandard mixtures of 33 free fatty
acids plus the phospholipid internal standard, 8@ fatty acids, or 29 free fatty acids
plus the neutral lipid internal standard (Table Wed in the quantification of
phospholipid, glycolipid and neutral lipid fattyids respectively, were derivatized. All
solvents used during extraction, fractionation, dedvatization were of HPLC or GC

grade, and all glassware was baked at 300 °C lfiob&fore use.

Fatty acids were separated and measured on annAdilkechnologies 7890A GC
System coupled to a 7000 GC/MS Triple Quad (AgilBathnologies, Santa Clara, CA,
USA) in a 10:1 split mode. Helium was the carrias,gwith a column flow rate of
1.18 ml min®. The inlet temperature was set to 270 °C; thectojetemperature of
80 °C was held isothermally for 1 min after eaclegtion. Samples of 1 pl were
separated on a 15m DB-1MS GC column (ID 0.25 mim thickness 0.25 pum,

Agilent Technologies) in combination with a 30 m 5BIS column (ID 0.25 mm, film

thickness 0.25 um, Agilent Technologies) with tlodlofving temperature program:
80 to 164 °C at 10 °C mih 164 to 175 °C at 0.7 °C mihand held for 2 min, 175 to
196 °C at 0.7 °C mirt and held for 4 min, 196 to 215 °C at 1 °C mjrand 215 to

300 °C at 10 °C mift and held for 10 min.

Chromatograms were analyzed using OpenChrom (hitpw.openchrom.net, Wenig
& Odermatt, 2010). For each chromatogram (sampidsexternal standards), all peak
areas were normalized by dividing by the area efRAME 13:0 internal standard. The
recovery of storage lipids and membrane lipids wasulated using the recovery of
neutral lipid and phospholipid internal standamspectively. As no internal standard
for glycolipids was available, we assumed thatrthetovery was comparable to that of
the phospholipid internal standard, as both frastiare composed of polar lipids. Due
to difficulties in recovering the neutral lipid arhal standard in some of the samples,
mean recoveries for both membrane lipids and stotggds were calculated from
samples in which both internal standards could basured quantitatively (n = 9). The
resultant mean recovery for either storage lipidsnembrane lipids was used to

calculate their fatty acid contents. The five corications of the external standards were
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used for linear calibration of each fatty acid @améd in the standard mixture. Fatty
acids in samples were identified by comparing nsgestra and retention times to those
of the fatty acids contained in the standards ahBlEE mass spectra provided by W.W.
Christie in the archive section of ‘The Lipid Wehttp://www.lipidhome.co.uk/). Fatty
acids in samples that were not contained in thedstals were quantified using the
calibration equation calculated for the fatty as)d@ith the most similar chain length
and degree of unsaturation; for example, 16:4n-8 guaantified using the calibration
equation for 16:3n-3, and 18:2n-4 was quantifiecthgighe calibration equation for
18:2n-6.

Only the neutral lipids and phospholipids from timayfly samples were analyzed
because these are the major lipid classes in thesets (Cavalettet al, 2003). Neutral
lipids, phospholipids, and glycolipids from algabfims were analyzed because the
thylakoid membrane is composed mostly of glycobpidith a few mandatory
phospholipids, and the other membranes are compuaedy of phospholipids (Garab
et al, 2016).
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Supplementary Table S1 — External Standards

Supplementary Table 4 Composition of the three extaal standard mixtures used for quantification of fatty
acids. If not otherwise stated fatty acids contairgewithin the standard mixtures are freef atty acids

Phospholipids Glycolipids Neutral lipids
140 14:0 14:0
al4:0 al4:0
i14:.0 i14:0 i14:0
15:0 15:0 15:0
als:0 als5:0
i15:0 i15:0 i15:0
16:0 16:0 16:0
10Mel6:0
16:1n-5 16:1n-5 16:1n-5
16:1n-7 16:1n-7 16:1n-7
16:2n-4 16:2n-4 16:2n-4
16:2n-6 16:2n-6 16:2n-6
16:3n-3 16:3n-3 16:3n-3
al7:0
17:0 17:0 17:0
18:0 18:0 18:0
10Mel8:0 10Mel8:0
18:1n-9 18:1n-9 18:1n-9
18:1n-7 18:1n-7 18:1n-7
18:2n-6 18:2n-6 18:2n-6
18:3n-3 18:3n-3 18:3n-3
18:3n-6 18:3n-6 18:3n-6
18:4n-3 18:4n-3 18:4n-3
19:0 phospholipid 19:0 neutral lipid
20:0 20:0 20:0
20:1n-9 20:1n-9 20:1n-9
20:4n-6 20:4n-6 20:4n-6
20:5n-3 20:5n-3 20:5n-3
21:0 21:0 21:0
22:5n-3 22:5n-3 22:5n-3
22:6n-3 22:6n-3 22:6n-3
22:0 22:0
23.0 23:0 23:0
24:0 24:0 24:0
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Supplementary table 5 Fatty acid content of the arlgsed samplesFatty acid content of total lipids (E(GLFA+NLFA+PLFA)) of the diatom

(Navicula pelliculosa) and green algae $tigeoclonium farctum) biofilms. Biomarker FAs for diatoms (16:2n-4, 163n-4, 16:4n-1) and
green algae (16:2n-6, 16:3n-3, 16:4n-3) are highlited in the columns of the diatom biofilm and the geen algae biofilm, respectively.
FA composition of mayfly membrane and storage lipid for mayfly species and food source provided durinthe experiment. The fatty
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acid content is given in ug mg dry mass (Biofilms andBaetis sp.: n = 2, valuel | value2Rhithrogena sp: n = 4, mean * SD).

Total lipids Membrane lipid fatty acids Storage lipid fatty acids
Navicule  Stigeocloniur | Baetissp. Baetis sp. Rhithrogenez  Rhithrogene| Baetissp. Baetissp.  Rhithrogene Rhithrogens
pelliculosa farctum sp. sp. sp. sp.
Fatty acid

(Diatom (Green algael Diatom Green algae Diatom Green algagl Diatom Green algae  Diatom Green algae

biofilm) biofilm) biofilm biofilm biofilm biofilm biofilm biofilm biofilm biofilm
12:0 0]0 0]0 0|0 0|0 0+0 0+0 1,8]0 1.8]1 1,2+08 1,7+0,5
14:0 4132 13|24 0]1,8 0]2 0,9+0,9 0,9+0[9 39|49 3,414,2 43+1,2 45+19
15:0 0|0 0]0 0|0 0|0 0+0 0,3+0,4 15|14 6|14 1,4+0,8 1,7+0,3
16:0 8,8|54 5143 0,1|5,9 1,2]5,8 28+18 2168 259192,1 32,7|78,1 53,8+34,3 60,582
17:0 0|0 0]0 0|1 03]11 03+04 0,6+05 00 | 0109 0,7+0,8 0,8+0,6
18:0 01,4 0,5]|0 0,745 514,3 38=%1 30, 91|22 2,22 16+1 2,3+0,3
22:0 0|0 0]0,6 0]0 0]0 0+0 0+0 0|0 0]0 + 0+0
24:0 13]13 0106 0|0 0|0 00 00 0|0 00| 0+0 0+0
i13:0 0|0 0]0 0|0 0|0 0+0 0+0 0|0 0]0 40069 1+0,6
i15:0 0|14 0]0 0]0 0]0 0+0 0+0 1,7]21 |17 1,4+0,8 1,7+0,4
14:01 0|0 0]0 0|0 0|0 0+0 0+0 0|0 0]0 40099 0,7+0,8
16:1n-5 0]0,2 0]0 0]0,7 0]0 00 0,3+0,4 18|1 15|12 1,7+1 2+04
16:1n-7 40,1 | 22 1,7]11,6 0,41]3,8 0,5]2,2 43+34 611 24,6 26,9 591104 43,2+259 42 %31
16:1n-9 0|0 0]0 0]0 0]0 00 00 0|0 1,7125 0,7+1,2 1,1+1,1
18:1n-7 04]34 0]0,3 35]|8 3,614,7 85+3 6,74t20 9,7|21,1 59]15,4 13,8 6,9 16,6 £ 8,4
18:1n-9 4,213,6 1111 057 49175 72+21 6119+ 49|14,6 10,81 21,3 11,2 +5,3 14,6 +£6,5
14:2 0|0 0]0 0|0 0|0 0+0 0+0 o]0 0]0 40085 08+0,8
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Total lipids Membrane lipid fatty acids Storage lipid fatty acids
Fatty acid Na_vicule’ Stigeocloniur | Baetis sp. Baetic sp. Rhithrogene  Rhithrogene| Baetissp. Baetissp.  Rhithrogene Rhithrogenz

pelliculose farcturr sp. Sp. sp. Sp.

(Diatom (Green alga Diatom Green alga Diatom Green alga Diatom Green algar Diatom Green alga

biofilm) biofilm) biofilm biofilm biofilm biofilm biofilm biofilm biofilm biofilm
14: 3 0]|cC 0]cC 0]|cC 0]cC 0+C 0+C 0]C 0]|cC 0+C 0,4£0,
C16PUFA 1,80 0]c 0]c 0]cC 0+C 0+C 0]¢ o]|c 0+0 0+C
16:2n-4 081 0|0 0|15 0|0 0,7+0,7 0,7+0[7 [¥:] 0]0,7 24+2 3+2
16:2n-6 0|0 15]0 0|0 0]0 00 0+0 0|0 0|0 +M 0+0
16:3n-3 0|0 12]11 0|0 0|0 00 0+0 01,3 |3,D 19+14 24+04
16:3n-4 15|34 0|0 0]0 0]0 00 0+0 210 0|0 3917 43+26
16:3n-6 0|0 0|0 0|0 0|0 0+0 00 0|0 0|0 H17 26+04
16:4n-3 0]0 3,131 0]0 0]0 00 0+0 0]0 2|0 12+1,2 0,7+11
C18PUFA 0|0 0|0 0|0 0|0 0+0 00 26108 0|0 0+0 0+0
18:2n-4 (?) 0|0 0]0 0]1,2 0]1,3 3,2+43 0,2+0,3 00| 0]0 00 00
18:2n-6 0|0 0825 029 25|35 12+0,5 1360 2947 11,2135 2,7+£23 34+09
18:3n-3 0]0,9 4,116,8 1,8| 15,6 17,2119,5 44+1 8 #61,4 3,8|20,6 32,4615 10,1 +10,5 12+7,1
18:3n-4(?) 0|0 0|0 0|0 0|0 0+0 00 23|10 0|0 + 00
18:3n-6 0]0 0]0 0]0 0]0 0,3+0,5 0+0 0]0 0|0 0,1%0,2 0,2+0,3
18:4n-3 0|0 0|0 01,8 08]2 0,3+0,6 0,7+0[7 33| 6,618,3 16+1.3 29+0,8
20:4n-6 6,46 0]0 0]2 09]0 29+11 1,2+04 13,8 0]0 24+1,7 15+2,6
20:5n-3 79159 00,6 1,3]9,6 35|55 13,853 91,2 7,616,9 4113 16+6,6 20,8 +10,1
22:6n-3 0,810 0|0 0|0 0]0 00 0+0 0|0 0|0 +M 0+0
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Supplementary Table6 Contribution of fatty acid groups as % of fraction. Biofilm GLFA and PLFA are both fractions of membrane lipids (GLFA are major components
of the thylakoid membranes). In mayflies PLFA = merbrane lipid fatty acids and NLFA = storage lipid faty acids. Biofilm total = (GLFA + NLFA + PLFA). Ma yfly total

= (PLFA + NLFA). SAFA, saturated fatty acids; MUFA, monounsaturated_fatty acids; PUFA _polyunsaturatedatty acids; EFA = (ALA+LIN+ARA+EPA+DHA).

Group Type Fraction SAFA MUFA PUFA C18 PUFA  C20-22 PUFA EFA PEUF:A (AL:U::IN) (AR:U-;II;PA)

Diatom biofilm Biofilm  GLFA 22.2+0.¢ 51.0 £6.¢ 26.8 £6.( 1.8+1.¢ 17.2+ 1. 19.0+3.: 72.1+4.¢ 55+5¢ 66.6 = 10.: 2
Diatom biofilm Biofilm  NLFA 16.5 £ 1.¢ 66.4 5.t 17.1+£3° 0+0 12.8 £ 3.: 12.8 £3.: 741 +2.+ 0+C 742 %2 2
Diatom biofilm Biofilm  PLFA 9.3 +6.¢ 289+11° 61.8+18.! 0=%0 61.8 £18.! 61.8+18.! 100=+( 0+C 93.1%7.( 2
Diatom biofilm Biofilm  total 18.0 £ 1.¢ 578 + 4.¢ 243 +2.¢ 0.6 £0.€ 18.5+0.8 19.1+1¢ 79.1+2.¢ 2321 747 +3.: 2
Diatom biofilm Mayfly  NLFA 36.9+7.: 39.4+£10.. 23.2%6.( 9.5+5.] 9.4 +2.¢ 16.6 £4. 71.4+4.% 29.9 £16.( 41.5+12.! 6
Diatom biofilm Mayfly ~ PLFA 14.5 £ 3.¢ 3837t 47.2+5.¢ 20.2+6.¢ 25.946.9 41.6 + 3.t 89.0 £ 9.¢ 34.2+16. 54.9+13. 6
Diatom biofilm Mayfly  total 32.1%7.: 37.7£7.¢ 29.8+4.. 12.6 £4.: 13.5+ 3¢ 22.5%3.( 75.7£4.( 30.3 £ 14. 454 +11. 6
Green algae biofill  Biofilm  GLFA 274 0. 9.2+ 1¢ 63.4+ 1. 331247 0=%C 33.1+4.° 52.1+6. 52.1+6. 0+0 2
Green algae biofill  Biofilm  NLFA 69.1+£30.¢ 7.0x7.( 23.9+23¢ 16.0x16. 0=xC 16.0+16.0 66.9 +( 66.9 £ ( 0+0 2
Green algae biofil  Biofim PLFA 13.5+13! 44+4.: 821+17.¢ 76.8+23.Z2 53%5! 82.1+17.¢ 100=( 91.8+8.: 8.2+8.C 2
Green algae biofill  Biofilm total 322+1.; 9.8+0.] 58.1+1.; 33.3%6.0 12+1.: 345%7.1 50.3+11.¢ 57.2+9. 21+2.1 2
Green algae biofil  Mayfly ~ NLFA 36.3+2. 30.5+8.0 33.2+8.4 19.4+13.) 7.7+4. 245+ 8.¢ 721+11.t 448 +25! 27.3+18.( 6
Green algae biofill  Mayfly  PLFA 17.0+ 4. 30.5%6. 52.6 £6.( 30.6+13.. 21.1+8. 494 7.4 93.6 £5.¢ 52.0£18.: 41.6 £18.¢ 6
Green algae biofill  Mayfly  total 325+ 1.t 30.7+7. 36.8 +8.: 21.4+13.6 10.3+5.( 29.2+8.+ 78.3+7.¢ 46.9 + 22.¢ 31.3+17. 6
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Sudy 3 — Supplementary material as referenced inth e
manuscript

Supplementary Figure S1 — Boxplots and ANOVA esult
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Supplementary Figure 1 (A—G) Variability of periphyton and (H-P) invertebrate response variables at tr
three study sites. Site codes: 1, Black Forest; Bavarian Forest; 3, Thuringian Forest. Site ranking with
increasing P availability based on soil Pstocks and water SRP is given at the top right. Sificant results of
the nonparametric ANOVAs are shown below each plot and inidated by letters. Periphyton respons
variables: periphyton biomass (g Chla cmi?, A), periphyton N:P molar ratio (B), proportion of diato ms (C).
green algae (D), red algae (E), cyanobacteria (F)and lichens (G) of total periphyton autotrophs
Macroinvertebrate response variables are: Macroinveebrate biomass (g dry mass if, H), grazer biomass ((
dry mass ni?, 1), shredder biomass (g dry mass f, J), predator biomass (g dry mass i, K), mayfly nymphs
(Baetis sp. and Rhithrogena sp.) N:P molar ratio (L), body length (BL) of Rhithrogena sp. (mm, M), body
length (BL) of Baetis sp. (mm, N), triglyceride content ofBaetis sp.(umol g* dry mass, O), RNA/DNA ratio of
Baetis sp.(P ) Sites are presented in ascending order ofater phosphate concentrations. Number of replicate
are given in Table 10.
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Supplementary Table7 Mean values and sample number (n) of macroinvertelate samples included in the analysis of variance BFOVA, Table 10). Overal site
means are shown in boldface. The subsamples contuitng to this overall mean are presented below inegular type. These subsample means are included time
ANOVA providing the n given with the overall mean br each site.

00T

Site
Season Land use Mean Mean Mean
macro- Mean body body Mean
inver- Mean Mean Mean Mean Baetis length length grazer
tebrate grazer shredder predator Baetis sp. sp. Baetis Rhithro- N:P
biomass n biomass n biomas: n biomass n RNADNA n TG n_sp. genasp. n (molar) n
Black Forest 6261.4¢ 4 588.6! 4 14343 4 32917 4 75¢ 4 669 4 36z 4 5.4¢ 4 13.3C 4
Spring Meadoy 6314.8¢ 2 817.8. 2 270050 2 296.3¢ 2 94z 3 720 4 351 2 511 2 984 1
Spring Fores 10407.8. 2 580.77 2 1412.4¢ 2 537.9¢ 2 53t 1 3530 1 3.74 2 5.4t 2 13.6¢ 1
Summer Meado 5724.1. 2 134.1C 2 665.0¢ 2 1189C 2 71¢ 4 9218 5 35C 2 6.2z 2 13.22 1
Summer Fore 2599.1( 2 821.8¢ 2 959.3¢ 2 36347 2 841 3 682 3 371 2 514 2 16.4¢ 1
Bavarian Forest 7027.4¢ 4 577.7. 4 17875¢ 4 28421 4 1017 4 58.7C 4 417 4 6.21 2 17.65 3
Spring Meadoy 12132.6! 2 703.4( 2 973.3¢ 2 352.0¢ 2 10.0¢ 5 57.3¢ 5 48C 2 6.48 2 16.8¢ 1
Spring Fores 5219.9: 2 666.5¢ 2 3550.2: 2 321.4¢ 2 1168 5 356( 5 5.1€ 2 5.9¢ 2 2171 1
Summer Meado 5362.7¢ 2 401.07 2 1337.9¢ 2 236.6: 2 94¢ 6 682 6 33z 2 0 1431 1
Summer Fore 5394.60 2 539.7¢ 2 1288.6¢ 2 226.7: 2 94t 5 736/ 5 34C 2 0 0
Thuringian
Forest 1586.1° 4 198.7: 4 98.0C 4 23161 4 10.01 2 1032t 2 418 4 4.7¢ 3 19.72 4
Spring Meado\ 3093.0¢ 2 259.5¢ 2 74.7¢ 2 420.2¢ 2 0 0 378 2 5.94 2 17.2C 1
Spring Fores 2033.5: 2 398.6¢ 2 221.0: 2 369.6¢ 2 0 0 424 2 5.7¢ 2 17.1C 1
Summer Meado 341.6: 2 74.5¢ 2 8161 2 93.0: 2 958 5 8427 3 354 2 21.8¢ 1
Summer Fore 876.4¢ 2 62.11 2 1462 2 4341 2 104¢ 5 1222¢ 5 521 2 268 1 22.7: 1
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Supplementary Material

Supplementary Table S2 — Grazer stoichiometry: sampmber

Supplementary Table 8 Number of samples included ithe analysis of grazer stoichiometry.

Site, land use, season Species n (%N) n (%P)
Black Forest, meadow, spring Baetissp. 3 3
Black Forest, meadow, spring Rhithrogenasp. 3 3
Black Forest, meadow, summer Baetissp. 3 3
Black Forest, meadow, summer Rhithrogenasp. 3 3
Black Forest, forest, spring Baetissp. 7 NA
Black Forest, forest, spring Rhithrogenasp. 1 3
Black Forest, forest, summer Baetissp. 3 3
Black Forest, forest, summer Rhithrogenasp. 3 3
Bavarian Forest, meadow, spring Baetissp. 3 3
Bavarian Forest, meadow, spring Rhithrogenasp. 3 NA
Bavarian Forest, meadow, summer Baetissp. 3 3
Bavarian Forest, forest, spring Baetissp. NA 3
Bavarian Forest, forest, spring Rhithrogenasp. 1 NA
Bavarian Forest, forest, summer Baetissp. NA 6
Thuringian Forest, meadow, spring Baetissp. 2 3
Thuringian Forest, meadow, spring Rhithrogenasp. 2 3
Thuringian Forest, meadow, summer  Baetissp. 5 3
Thuringian Forest, forest, spring Baetissp. 10 NA
Thuringian Forest, forest, spring Rhithrogenasp. 2 2
Thuringian Forest, forest, summer Baetissp. 3 3
Thuringian Forest, forest, summer Rhithrogenasp. 3 1

“Not analysed
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Supplementary Table9 Mean values and sample number (n) periphyton sampéeincluded in the analysis of variance (ANOVA, Tal# 10). Overall site mens are (CD
shown in boldface. The subsamples contributing tchis overall mean are presented below in regular tyg These subsample means are included in the ANOVA T
providing the n given with the overall mean for eah site. _%
Site Mean g
Season Land use Mean periphyton Mean % Mean % 3
periphyton N:P Mean % green Mean % Cyano- Mean % [s})
biomass n (molar) n diatom n algae n redalgae n bacteria n lichen n <
Black Forest 081 4 150.9¢ 4 132 4 02 4 26 4 9.7 4 744 4 5'
Spring Meado\ 0.8z 10 128.2¢ 1 8.3 50 0.6 50 4.4 50 6.3 50 80.4 50 %
Spring Fores 0.37 10 183.1¢ 1 3.5 50 0.C 50 0.3 50 6.7 50 89.5 50 &
SummerMeadow 1.61 10 150.9¢ 1 26.C 50 0.Cc 50 5.2 50 13.7 50 55.1 50 |
Summer Fore: 0.4€ 10 14147 1 14.¢ 50 0.C 50 0.5 50 12.C 50 72.4 50 >
Bavarian Foresi 1.06 4 118.6¢ 4 21z 4 58 4 36.2 4 27.C 4 96 4 %
Spring Meado\ 0.5€¢ 10 12547 1 36.z 50 20.7 50 4.2 50 23.7 50 14.7 50 )<>
Spring Fores 24 10 150.87 1 14.¢ 50 0.Cc 50 67.z 50 17.z 50 0.6 50 "
Summer Meado 0.6C 10 97.9¢ 1 17.€ 50 0.C 50 31.€ 50 37.1 50 13.5 50 %
Summer Fore 0.67 10 100.3: 1 16.1 50 2.3 50 42.C 50 30.C 50 9.6 50 -%
Thuringian Forest 0.7C 4 117.3¢ 4 101 4 32 4 29 4 57.C 4 26.7 4 g
Spring Meado\ 0.6C 10 103.5¢ 1 7.9 50 0.8 50 4.6 50 69.4 50 16.¢ 50 g
Spring Fores 0.5C 10 13477 1 13.C 50 0.C 50 0.1 50 69.2 50 17.€ 50 :%
Summer Meado 1.2z 10 140.2¢ 1 9.9 50 0.C 50 6.7 50 43.4 50 39.¢ 50 o
Summer Fore 0.51 10 90.9¢ 1 9.5 50 12.1 50 0.1 50 45.& 50 32.5 50 >
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Supplementary Tabe S4 — Abundance of macroinvattetaxa

Supplementary Table 10 Abundace of macroinvertebratéaxa (mean + SD, n = 8) at the three studied strezs.
The values display the average abundace and its vabhility within each stream acorss sampled habitatyipes
(pool, riffle), types of land use (forest, meadowgnd season (spring, summer).

Taxon Black Forest Thuringian Forest  Bavarian Fores
Agapetussp. 0x0 1+£3 2+4
Agapetus delicatulus 00 4+11 0+0
Agapetus fuscipes 308 + 703 50 + 69 0+0
Amphinemurap. 17 £39 74 +£118 0+0
Ancylus fluviatilis 1+4 0+0 0+0
Anisussp. 1+1 00 0+0
Asellus aquaticus 2+4 0+0 0+0
Atherixsp. 4+8 36+34 0+0
Baetissp. 8+14 14 +28 47 £ 64
Baetis alpinus/melanonyx 449 + 472 45 + 65 378 £425
Baetis fuscatus 00 0+0 114 + 251
Baetis muticus 119+ 161 51 +63 2+5
Baetis rhodani 26 £50 0+0 106 + 142
Blephariceridae indet. 5+9 5+14 0+0
Brachyptera seticornis 1+4 55+ 99 6+11
Bythinellasp. 34 +£22 0+0 0+0
Ceratopogonidae indet. 128 +173 8+14 9+16
Chaetopteryx major 0x0 00 1+2
Chaetopteryx villosa 0+0 0+1 9+22
Chironomidae indet. 703 £ 945 216 £ 119 136 £ 96
Chloroperlasp. 4+10 0+0 0+0
Coleoptera indet. 00 0+0 2+3
Cordulegaster boltonii 5+8 0+0 0+0
Crunoeciasp. 4+5 4+11 0+0
Dicranotasp. 8+11 14 +12 11+11
Diplectrona felix 5+9 0+0 0+0
Diptera indet. 2+4 + 0+0
Dixidae indet. 12+25 4+6 2+3
Drusus annulatus 9+14 1+3 0+0
Drusus discolor 00 12 +23 5+13
Drusus monticola 1+4 0+0 0+0
Dugesiasp. 149 + 116 3+6 6+8
Ecclisopteryx madida 0+0 0+0 21+31
Ecdyonurus submontanus 0x0 00 10+8
Eiseniella tetraedra 23+24 7+14 3+4
Ellipteroidessp. 18+ 39 0+0 0+0
Elmissp. 279 £ 303 25+23 146 + 209
Elodessp. 16+41 1+1 12+19
Eloeophilasp. 3+5 1+1 3+6
Empididae indet. 2+4 2+5 35
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Epeorus assimilis
Ephemera danica
Ephemerella mucronata
Erpobdella octoculata
Esolussp.

Gammarus fossarum/pulex
Glossosoma conformis
Goera pilosa

Goeridae indet.
Habroleptoides auberti
Habroleptoides confusa
Halesus rubricollis
Heptageniidae indet.
Hydracarina indet.
Hydraena indet.
Hydropsychesp.
Hydropsyche cf. tenuis
Hydropsyche fulvipes
Hydropsyche siltalai
Hydroptilidae indet.
Isoperlasp.

Leuctrasp.

Leuctra braueri

Leuctra nigra
Limnephilidae indet.
Limniussp.
Liponeurasp.

Lithax niger
Lonchopteridae indet.
Lumbriculussp.
Melampophylax melampus
Micrasema longulum
Molophilussp.
Nematoda indet.
Nematomorpha indet.
Nemourasp.
Nemouridae indet.
Neolimnomyigsp.
Niphargussp.
Odontocerum albicorne
Oligochaeta indet.
Oulimniussp.
Paraleptophlebiasp.
Pediciasp.

Philopotamussp.

25
11+17
1+2
3+7
3+6
1016 + 352
0+0
0x1
2+4
15+26
72+75
0+0
11+£29
26+35
42 + 69
9+16
1+4
21+27
8+22
0*1
16 +£13
57 +80
98 £ 90
0+0
16 £32
287 £ 327
0+0
21+43
1+4
0+0
0+0
0+0
2+4
7+15
3+4
38+49
3+7
44 +111
1+4
33+33
283 + 361
3+4
6+12
1+2
1+1

0+0
0+0
1+1
0+0
8+16
0+0
3+4
0+0
0+0
21+39
10+11
0+0
0+0
32+33
11+11
10+17
1+2
0+0
0+0
0+0
20+12
66 + 59
26+21
51+135
24 £ 43
28+31
1+3
6+9
0+0
16 +42
0+0
3+9
0+0
4+7
3+6
12+19
1+3
0+0
0+0
1+3
520 + 603
2+4
0+0
1+3
0+0

6+10
0+0
0+0
0+0
1+2
1692 + 1167
19+33
0+0
0+0
0+0
0+0
1+3
0+0
19+28

0+0

46 +50
84 +64
39 £57
5+12
47 £ 64
287 £ 264
0+0

3+6
0+0
0+0
0+0
1+2
114 +121
0+0
0+0
0+0
0+0
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Philopotamus montanus
Philopotamus variegatus
Pisidiumsp.

Planorbidae indet.
Plecoptera indet.
Plectrocnemia geniculata
Polycelis felina
Potamophylax cingulatus
Potamophylax luctuosus
Potamophylax nigricornis
Prosimuliumsp.
Protonemurasp.
Psychodidae indet.
Psychomyia pusilla
Ptilocolepus granulatus
Ptychopteridae indet.
Rhabdiopterysp.
Rhithrogena semicolorata-group
Rhyacophilasp.
Rhyacophila evoluta
Rhyacophila hirticornis
Rhyacophila laevis
Rhyacophila polonica/praemorsa
Rhyacophila pubescens
Rhyacophila tristis
Sciomycidae indet.
Scirtidae indet.
Scleroproctasp.

Seratella ignita
Sericostoma personatum/flavicorne
Silo pallipes

Simuliumsp.
Siphonoperlasp.
Sisyrasp.

Stactobia moselyi
Stenelmisp.

Tabanidae indet.
Thaumaleidae indet.
Tinodes rostocki

Tipula sp.

Trichoptera indet.

Wormaldia occipitalis

6+8
119+130
1+2
0+0
1+4
39 £100
67 + 105
13+12
0+0
3+5
3%9
0+0
153 +£132
14 +17
0+0
0+0
1+1
0+0
1+3

4+8
261 +218
0+0
0+0
0+0
139 + 355
289 567
31+46
0+0
0+0
1+1
0+0
44 + 59
9+9
3+5
0+0
0+0
5+12
0+0
8+10
0+0
25

58 + 68
0+0
121 £194
0+0
0+0
0+1

3+4
191 +118
12+15
6+16
0+0
39+96
106 + 177
10+15
2+5
0+0
0+0
26
7+10
24 +£19
0+0
3+8
0+0
0+0
4+8
30+34
0+0
0+0
0+0
0+0
15+23
0+0
68 + 90
1+2
0+0
0+0
99 + 177
0+0
4+9
26 £33

indet. = indeterminate
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