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Summary

Summary

In agriculturallandscapes macrophytdominated shallow aquatic systentike ponds and
lakesprovide important ecosysterfunctions andservices. These ecosystems get deteriorated
by high nutrient concentrations originating from agricultural +oifi asthey lead to a regire
shift to a phytoplanktordominated turbid state. Agricultural ruoff often not only comprises
growth-promoting nutrients especially nitratebut also growthinhibiting pesticides. When
co-occurring, these two stressemay interact in an antagonistisynergistic, or even reversed
way. Whether the capccurrence of pesticides in agricultural roff affects nitratecaused
regime shifts remains unclear artus, this question is at the core of this thesis. Another
factor impacting aquatic ecosystems igwted water temperature as a consequence of
climate changevhichpotentially modifies the effects of eoccurring nutrients and pesticides.
Understanding the effects of multiple stressors, namely agriculturatoftirand elevated
temperatures on regime kifts from macrophytedominated to phytoplanktordominated

states in shallow aquatic system is the aim of this thesis.

| used experimental setups mimicking shallow aquatic lakes and a mixture representative for
agricultural runoff (ARQincluding nitrate, an herbicide, insecticide, fungicide and copper) to
target three objectives: 1assessing the interactive effects of combined agricultural stressors
on regime shifts between primary produce®y analysing if the risk of regime shiftawsed by
multiple agricultural stressors is modified at higher temperatyu@svalidating the results
obtained in objectives 1 & 2 for different scenarios reflecting possibléeld scenarios.
Therefore the effects of exposure via the sediment are iflad andthe role of higher trophic

levels is addressed.

Targeting the first objective, | highlight the importance of combined stressors for regime
shifts: nitrate on its own did lead to a phytoplankton bloom but did not induce a regime shift.
When nitrae was combined with pesticides as ARO a regime shift was observed, as
phytoplankton increased and in parallel macrophytes declined. Synergistic interactions
between nitrate and pesticides were found. Further, proebased modelling of these
experimental esults revealed that adaptation of phytoplankton communities to ARO is one
mechanism contributing to AR@duced regime shifts. My results show that stressors with

opposing mechanisms can act synergistically and thereby cause a regime shift.
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The role of evated temperatures (up to +4°C) on shifts between alternative states is scope
of the second objective and revealed reversing effects: While elevated temperature without
pollution strengthened the macrophytdominate state, it increased the risk for Alr@uced
regime shifts in simplified settings with phototrophic communities. In settings with higher
trophic levels (grazers and filter feeders), ARO interacts in a complex way with elevated
temperatures and can modify the effect of ARO to an extent that dmgsallow for a clear

interpretation.

Targeting the third objective, validating the results for scenarios closer to field scenarios,
revealed the important role of exposure pathways. ARO within the sediment impaired
macrophyte growth but does lead to rege shifts as it is the case for ARO in the water phase.

Further, even after increasing trophic complexity ARO still induced regime shifts. Additional
factors possibly influencing the effect of ARO in the field, namely the photodegradation of

pesticides andemporal dynamics of exposed stressors were identified.

In conclusion, the findings presented in my dissertation indicate a risk folidR©ed regime

shifts from macrophyteto phytoplankton dominance in shallow aquatic systems. Changes in
the microalga and zooplankton community and related trophic interactions enhance such
regime shifts. The interactions in complex communities and other environmental factors, e.g.
exposure pathways and physicbemical properties of pesticides, need to be considered
when transferring these results into the field. Additionally, elevated temperatures interact
with these agricultural stressors in a complex way and can further increase the risk of regime
shifts. These complex interactions need to be considevbén definingfuture-prove safe

operating spaces and mitigation measures for aquatic systems in agricultural landscapes.

Vi
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Zusammenfassung

In unserer landwirtschaftlich gepragtenUmwelt erbringen Makrophyterdominierte
Flachgewassemwichtige Okosystemleistungen. Hohe Nahrstofizentrationen, die aus
landwirtschaftlichenOberflachenaflissen stammen, kénnen zu einem Regimewechrsel
einen Phytoplanktondominierten, triben Zustandfuhren, welcher die Leistungen des
Okosysters beeintrachtigt. Neberwachstumsférderndemahrstoffen insbesondere Nitrat,
enthalten landwirtschaftliche Abflisseft auch wachstumshemmendePestizide Diese
Stressorerkbnnen interagieren und dsann zu antagonistischen, synergistischen oder sogar
reverseninteraktionenkommen, wobedie Rolle vorPestizide aufeinennahrstoffoedingte
Regimewechseloch unklar istDartber hinaus wirken sich erhéhte Temperatyneie ge als

Folge des Klimawandedsftreten,besonders auFlachgewasserus und kdnnerventuell die
Interaktion von N&hrstoffen und Pestiziden verandetm Mittelpunkt dieserDoktorabeit

stand die Untersuchung derAuswirkung kombinierter Stressoren, namlic der
landwirtschaftlichen Abfliissenit Nitrat und Pestiziderund des Klimawandels, awfen
Regimewechseh flachen aquatischen SystemeéMittels experimenteller Modelokosysteme,

die Flachgewasser nachbilden, und der Applikation einer StoffmischungpiEsentativ fir
landwirtschaftliche Abflisse ist (ARO; bestehend aus Nitrat, einem Herbizid, Insektizid,
Fungizid und Kupfer), habe ich drei Ziele verfolgt: 1) Bewerten wie sich die Interaktion der
landwirtschaftlichen Stressoren auf Regimewechsel auswi#y Analyse, ob hohere
Temperaturen das Risiko fur solche Regimewechsel, ausgeldst durch landwirtschaftliche
Abflisse, moduliert. 3) Validierung der zuvor erzielten Ergebnisse fur Szenarien, die nédher an
der tatséchlichen Situation im Feld liegen. Besed Fokus liegt hierbei auf den

Expositionspfaden und der trophischen Komplexitat in Flachgewassern.

Mit einem multi-faktoriellen Gradientendesign konnte ich ds&deutung von kombinierten
Stressoren fur Regimechsel erarbeitenwWahrend Nitrat zwar dashiytoplanktonwachstum
anregte, loste Nitrat alleine keinen Regimewechsel aus. WuMideat mit Pestiziden
kombiniert, trat ein solcher Regimewechsel auf: die Phytoplarl8mmasse nimmt zu,
wahrend gleichzeitig die der Makrophyten abnimmt. Eine synergisignteraktion von Nitrat
und Pestiziden wurde festgestellt. Mittels Prozéssierter Modellierung wurde gezeigt, dass

die Anpassungsfahigkeit der Phytoplanktongemeinschaft hierbei ein wichtiger Mechanismus

VI
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ist. Meine Ergebnisse zeigen, dass landwirtfithhe Stressoren mit gegensatzlichen

Mechanismen durch eine synergistische Interaktion zu einem Regimewechsel fiihren kann.

Die genauere Betrachtung der Rolle erhéhter Temperaturen (bis zu +4°C) ergab gegenlaufige
Effekte: Wahrend erhéhte Temperaturen démakrophytendominierten Zustand fordern,
erhdhen sie das Risiko fur einen ARQuzierten Regimewechsel. Steigert man zusétzlich die
trophische Komplexitéat, interagiert ARO auf komplexe Weise mit héheren Temperaturen und
kann die Wirkung von ARO in einéxasmal} veréndern, die keine eindeutige Interpretation

zulasst.

Die Validierungler vorherigenErgebnissdir Szenarien, die detatséchlichen Situation im
Feldnaherkommen, zeigte die wichtige Rolle der Expositionspfade. Die Exposition von ARO
Uber dasSedimenkann dasVachstum der Makrophyteheeintrachtigenfihrt aber nicht zu
Regimewechseln, wie es bei der Exposition Uber die Wasserphase der. Baltiibter hinaus
fuhrte ARO auch bei zunehmender trophischer Komplexitat noosirem Regimewechsel
Zusatzliche Faktoren, die mdglicherweise die Wirkung von ARO im Freiland beeinfurss$en,

die Photolysevon Pestiziden und die zeitliche Dynamik von exponierten Stressoren und deren

zeitverzogerterAuswirkungen.

Insgesamt zeigen die in dieser Dissedatvorgestellten ErgebnisssEn erhdhtesRisiko von
ARGQinduziertenRegimewechselron Makrophyter zur Phytoplanktondominanz in flachen
aquatischen Systemenauf. Veranderungen in der Mikroalgenund Zooplankton
Gemeinschaft tragen zu einem solchen Regimevechsel bei. Diese komplexe
Zusammensetzung der Lebeesgeinschaften und andereabiotische Faktoren, zB. die
Expositionspfadém Feldund physikaliscithemische Eigenschaften von Pestiziden, missen
bei der Ubertragung der Ergebnisse auf die Praxis beiditigt werden. AuRerdem stehen
erhohte Temperaturen in komplexer Wechselwirkung mit diesen landwirtschaftlichen
Stressfaktoren undlustrieren die Relevanz von Szenarien des Klimawandels firisi&s von
Regimavechseln in aquatischen Systemen. Diesanglizierten Interaktionen muissen
bertcksichtigiwerden,um Grenzwerte und MalRBnahmen fir landwirtschaftlich beeinflusste

Gewasser zu definieren, die auch in Zukunft Gultigkeit behalten.

VI
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Introduction
1. Introduction

1.1 Occurrence and relevancef shallow lakes

Shallow aquatic ecosystems such as ponds, shallow lakes, ditches and kettle holes are the
most abundant types of freshwater ecosystems glob@gwning et al., 2006/erpoorter et
al., 2014; Cael et al., 2017; Kazanjian et al., 200®&re are about 90 million lakes of a size
between 0.002 and 0.01 knathd probably a higher number of even smalkdtes andoonds
(Verpoorter et al., 2014)The depth of such shallow aquatic sysgemeaches upto
approximately 5 meter@Noges et al., 2003; Richardsetral., 2022)While these small aquatic
systemscompriseonly a minor share in global naglacial freshwater volumehey areat the
core of the continental terrestridreshwater interfacgVerpoorter et al., 2014)hey provide
important ecosystem functions and servidgslt et al., 2017; Janssen et al024; Lischeid et
al., 2018) Shallow aquatic ecosystems provide halstitr rich biodiversity(Williams et al.
2004) especially macrophytes and invertebratgtassall et al., 2011; Patzig et al., 20d&e
figure 1), and retain and remove nutrients as well as diverse pollut§Btgko and James,

1998; Céréghino et al., 2018hd act as biogeochemidabtspots (Cheng and Basu, 2017)

Phytoplankton

Macrophytes

Filter Feeders

- ... Grazers
Periphyton

Figuire 1| Key Interactions between organism groups within fishless shallow lalSadid lines
represent competition for light and nutrients, dotted lines represent feeding pressure (filter

feedersC phytoplankton, grazer€ periphyton & macrophytes).

These small and shallow aquatic ecosystems are particydaglyentin agricultural landscapes

0. S1tA2€fdz SO It dX HnanmcT [ andaekedmehly fisilessor @5  H N
only habit a poor fish communit.ancelotti et al., 2009; Scheffer et al., 20@)e to the high

volume to sirface ratio shallow aquatic ecosystems have a high potential for strong primary
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producer dominance, most commory dominated by macrophytes,but dominance by
periphyton or phytoplanktons possible as weltlepending on the environmentabnditions
(Scheffer & Van Nes, 2007)hese phototrophic organisms experience feeding pressure
respectivelytop-down controlby filter feeders (zooplankton andussels) and grazers (snails)

(figurel).
1.2 Alternative stable states and regime shifts in shallow lakes

Dominance by eithemacrophytes or phytoplanktoastablishes itself through sedinforcing
feedback loopgfigure 2;van Nes et al., 2016; Dakos et al., 20B3)mary producers compete
mainly for light and nutrients.fle faster growing or already dominating grolirpits accesof
these resources to thether groups. While at lower nutrient concentrations macrophytes
dominate, as they can take up additional nutriemtgailable inthe sedimentand produce
allelopathic compounds that limit phytoplankton growilGross et al., 2007)at higher

nutrient concentrations phytoplankton dominates and shades the other primary producers.

Macrophytes

W

Biomass

ensures nutrient

positive feedback A availability for
on own growth : own growth
limits nutrient | - .
availability for | : Shades penth|c
phytoplankton | : organisms
i gl / Y : x positive feedback
availability for :

. ) on own growth
benthic organisms

Biomass

regime shift

Phytoplankton
Figure2 | Theself-enforcing feedback cycles of alternative stable statd$ie macrophyte
dominated clear water state (blue) and a phytoplankton dominated turbid state (green) occur
in dependence of the nutrient availability The states sustain themselves through pos#
feedback cycleas long as certain threshold isiot exceeded. Once a threshold in nutrient

availability is exceeded and phytoplankton enters its -saliancing feedback cycle,

macrophyte biomass decrease and a regime shift takes place.
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Phytoplankta can make use of high nutrient concentratidiaster than macrophytes due to
lower doubling times resgctivelyhigher growth rates. The shift between these two states of
dominance occurs rapidly when thiereshold for theresilience of one state is exceetland

is referred to asaregime shift(Scheffer et al., 1993Next to phytoplanktonperiphyton can
dominate the ecosystemsybgrowing on macrophyte leaves (epiphyton) and therefore
shading macrophytesr by growing on the sediment surfadepipsammon)and hinder
macrophyte germination in the first pladggRderts et al., 2003)Yet, the relationship of
macrophytes and periphyton is complex, @s return ¢ macrophytes can limit periphyton
growth through nutrient competition and allelopath{(¥rhard and Gross, 2006; Wijewardene
et al., 2@2), whereby the role of allelopathy on microalgae growth in the context of regime
shifts is uncertairfGross et al., 2007; Mulderij et al., 200&K)dominance of periphyton is not
included in the classical definition of rege shiftsof shallow lakegScheffer et al., 1993)ut

its relevance has been reaoigedin recent yearge.g. Hao et al., 2020; Hilt et al., 2018; Liu et
al., 2021)yet the reasons behind dominance of periphyton are not fully undersfdecsouza

et al., 2015; Vadebaroeur et al., 2021)

1.3 Nitrate in agricultural landscapes

Commonlyregime shiftfrom macrophyteto phytoplanktonrdominanceare induced by high
nutrient concentrations mostly originating from agricultural applicatig@ausse et al., 2015;
Rucker et al., 2019)n agricultural landscapes nutrients (phosphatéragen) enter nearby
aguatic ecosystems directly through improper fertilizer applicgtaandiffuse agricultural run
off following rain event®r via subsurface drainad8ilotta et al., 2008; Causse et al., 2015)
The role of nitrate as polluter has long been hidd®foss et al., 2013)despitenitrate being

a major contributor to nutrient pollution from agricultur@Lassaletta et al., 2009; Xu et al.,
2014) Consequently, nitrate concentrations up 8 + 3.2mgL* were found in small lentic
water bodiegWijewardene et al., 2028ndnitrate concentrationsip to 9 mg L were found

in shallow lakegJames et al., 200%¥fected by agricultural ruoff. Since mall and shallow
aguatic ecosystems are common in agricultural laages(Lischeid et al., 2018)hey are
particularly exposed tmitrate by agricultural ruroff andthereby tonitrate-induced regime

shifts(Moss et al., 2013)
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1.4 Pesticides in agricultural landscapes

Next to nutrients, agricultural rwoff also often transports pesticides toearby shallow
aquatic ecosystemgLiess et al., 202 1pither dissolved in the ruoff water or attached to
suspended soils particleslepending on the physiecohemical properties of the pesticides
(Adriaanse et al., 2017; Ulrich et al., 2013ifferent types of pesticides and their respective
mode-of-actiontarget different organism groups resulting &anmultitude of effects in these
aquatic ecosystems. While herbicidae designed taffect primary producers, insecticides
alter the zooplankton and maginvertebrate community, and fungicides affect microbial
activities. The ecosystemide response to pesticidescludedin agricultural ruroff depends
on the presence of different groups of pesticides in the agriculturaiaffirand the trophic
levels inthe respective ecosystem®olazzo et al., 2021%ince herbicide exposure affects
macrophytes less than planktonic algae sped@gidings et al., 2013herbicides could
eventuallyinfluence the occurrence akgime shiftsbut ¢ as of my knowledge no studies
targeting herbicidenduced regine shifts existFurthermore insecticides can suppothe
occurrence of regime shifts by reducing filtration and feeding pressure on phytoplankton by

filter feeders(e.g.Sayer et al., 2006)
1.5 Co-occurrence of nutrients and pesticides

A recentmeta-analysis reports that more than twilnirds of aquatic systems undergo high
nutrient loads resulting in eutrophicatio®f these aquatic system$0-20% experience toxic
stressand co-occurrence of toxic and nutrieatlated stressors is found in 5% of cases
(Noges et al., 216). Whiletheir study grouped all lentic ecosystems and did not break them
down more deeplyn different water body classesctual exposure to eoccurring nutrient
loadsand pesticides in shallow aquatic ecosystems likely is even higher as thesasgse
particularly common in agriculturallgpfluencedlandscape¢Kazanjian et al., 2018; Lischeid &
Kalettka, 2012)However, information on pesticide concentratioimssmall water bodies are
underrepresented due to insufficient coverage of monitoramgl mainly restricted to streams
(Liess et al., 202 Bndfield studiesmeasuringco-occurring nutrients and pesticidés shallow

aquaticsystemsare veryrare (e.g.Wijewardene et al., 2021)
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1.6 Climate change and iteffectson shallow lakes

Another stressor affecting aquatic systegieballyis climate changeandisrapidly gaining in
relevanceas climate change related effects occur more often than predicted only few years
ago(Portner et al., 2021 Climate change has various effects on shallow aquatic ecosystems,
e.g. higher C@concentrations in the wate(Bates et al., 2008higher fluctuations of the
hydrological regimgHayashi &an der Kamp, 2021; Jeppesen et al., 2044}l increased
likelihood of drastic changes in temperatui@leerhoff et al., 2012; Woolway et al., 2021)
The latter is of high relevance for shallow lakes, ponds and streatheyare rapidly heated

due to their low surfacevolume ratiq leading to a strong corrafion with air temperatures
(Woolway et al., 2016; Dokulil et al., 202Ah increase ofakewater temperature by +4°C is
predicted during heatwaves inthe optimistic climate change searios, with even higher
increases predicted for more dramatic climate chasgenariogfWoolway et al., 2021 Next

to these direct effects of climate change, a multitude of indirect effects take place, e.g. by
higher surface rusoff following stronger rain events, increasingncentratiors of nutrients

and pesticides through decreasing water volumes or changes in species interaction through
different optimal temperaturegMckee et al., 2002; Marshall and Randhir080Jeppesen et

al.,, 2011; Wu et al.,, 2021)rhus, higher temperatures due to climate chawngtated
heatwaves or global warming in genenaderact with other stressors already present in the

ecosystems.
1.7 Stressorlnteractions along asubsidy-stress gradient

Phototrophic growth in aquatic ecosystems is controlled via nutrient availafiitgs et al.,
2013) From an autecological perspectivie mcrease in nutrients subsidises further growth of
phototrophs, in particular the growth of macrophytesat low to intermediate nutrient
concentrations The sibsidyeffect on the macrophytedominated clear water statés finite
when other phototrophic communities gain an advantage at intermediate to high nutrient
concentrationsIn complex systemshadingof macrophytedy phytoplankton or periphyton
(e.g.Barker et al., 2008% the main mechanism responsible for declining macrophyte growth
(Yu et al., 2015figure 3).
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at ambient temperature:

Nitrate

subsidy

normal
range

RS

stress

; >» stressor
Trs  concentration

Figure3 | The effect of nutrients in the subsidystress concept from the perspective of the
macrophytedominated clear water stateRegimeshifts(RSpccuronce the stressor exceeds

a thresholdconcentration (&9.

Toxins on the other sidedo notsubsidise growtlbut exert stress on organisms even at low
concentrations.Thereby, o-occurring nutrients and pesticides lead to a complex subsidy
stress tradeoff and their combined effect changes along stressor gradiédgum et al.,
1979)(figure 4.

A

at ambient temperature:

Nitrate

— — — Pesticides

subsidy

————— ARO (Nitrate + Pesticides)

normal
range

stress

» Stressor
Trs concentration

Figure4 | Theinteractions of ceoccurring nutrients and pesticides the subsidystress
concept from the perspective of the macrophytominated clear water statePesticides do
not subsidy butexert stresson the system,and potentially even modifyhe subsidystress
relationship of nutrients when coccurring in agricultural ruoff (ARO) Thereby, pesticides

can eventually lower the threshold for nutrient induced regime sk{ifis).
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The effect of combined stressercan differ fromthe addition ofindividual effects when
multiple stressors interactfigure 5. There is not yet a uniform approach to identify and
classify interaction types within aquatic ecolo@r et al., 2020)Yet,most studiesollow a
classification in interaction types astagonisticand synergistimext toadditive effectCote

et al., 2016) Anadditiveeffect of combined stressors is observed when the individual esfect
of the two or more stressors add ugo the observed combined effeatithout further
interaction. Anantagonistianteraction of combined stressors is observed, when the observed
effect is between zero (no effect observed) antle sum (additive effect)of two one
directionalactingor within the rangeof the two bi-directionalactingstressors. Aynergistic
interaction is observed when the observed effect is higher than the sum of twaloeetional

actingstressorsor outside the range of two hlirectional stressorgsee figureb).

In rare cases interacting ordirectional stressors not only modify the strength the
combined effect but even change the direction of the combined effect through their
interaction, e.g. when two stressors with positive effects lead to a combined negative effect.
This additional interaction type was classified by Piggott ¢R@ll5) & a YA GA I G Ay 3

and further adapted by Jackson et @016)asreversednteraction (figure 5).

A) single stressors| additive | Interactions — L B) single stressors | additive Interactions
e = Synergistic
A+B - ~{ — X
I \ 7~ Reversed
8 PSSR 4 VS (S \ .
. ... [ Antagonistic A <
| |
_AIB| | || < A \
‘ Bl ™ }Antagonistic
‘l‘ A+B u ‘I
\
N\ |
: : ‘/‘Reversed . ] B /:
- | \ e
(A+B) ! E = ﬁSynerg|st|c
3 : _ I

Figure5| Co-occurring stressors can interact in different waydere antagonistic, synergistic,
and reversed interactions are classified based on the effect of two equidirectiéfaind

oppositely(B)actingstressors in comparison with their single and their additive effect.

External factors or further additional stressors, e.g. elevated temperatures, can influence the
sensitivity of aquatic systems to already occurring individual stressors antatdty modify

their combined effectrespectivelyinteraction figure 6. While the effect of elevated
temperatures and nutrients was testdd.g.McKee et al., 2003; Moss et al., 2003; Piggott et
al., 2012pgs well as the effect of elevated temperatures and pestic{degLarras et al., 2013,

Tasmin et al., 2014jhe existing studieslo not allow projectionof the effect of increased

w
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temperature on this subsidgtress combinationn the context of regime shiftSwopossible
scenarios for changes of the effect of combined nitrate and pesticitbeg) the subsidgtress

gradientare shown asmexample (figur®).

A

at ambient temperature:

————— ARO (Nitrate + Pesticides)

subsidy

at elevated temperature;

LTS, N i ARO (Nitrate + Pesticides)

normal
range
LY
-

RSE. oo \ B

stress
A
Y

: » stressor

Trs Trs Trs  concentration
26°C 22°C 26°C

Figure6 | The potential effect of highetemperatures on ARGn the subsidystress concept
from the perspective of the macrophytelominated clear water state As a consequence the
threshold ofARQinduced regime shift§Trg could be modified, e.g. to a higher or lower ARO

concentration.

Their combined effect stays the same when the change in sensibiitge stressors outweigh

each other, it can be worsened when the sensitivity acts in the same direction, or one stressor
dominates the combined effect. This way elevated temperatures might I@&esitivity to
pesticideswhile in parallel the sensitivity to nrénts increases, leading to no change in their
combined effect. When the third stressor changes sensitivity of the two other stressors in the
same direction, e.g. when elevated temperature increases pesticide and nutrient sensitivity in

parallel, the comimed effect can be stronger than without the third stressor.

1.8 First Objective:Effects of nteracting agricultural stressors on alternative

stable states of shallow aquatic ecosystems

The combined effect of nutrients and pesticides has mostly beersaedan regardo single
species or single species groligs periphyton, macrophytes, or phytoplankt¢e.g.Murdock
et al., 2013; Nuttens et aR016; Pannard et al., 2009; Rossi et al., 2018 combined effect
of these two stressors varies depending on actual concentrations along the sshsdy

gradient and biological endpoints used in the studiésr example Murdock et al.(2013)
8
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found that high nutriebconcentrations lower the effect of an herbicide on periphyton, while
Nuttens et al(2016)found stronger reductio in macrophyte growth when both stressors
were present. When no clear effects on biomaskated parameters are observed, changes in
species competition is often hypothesis¢e.g. Pannard et al., 2009Remote and meta
studies support the overall hypothesis that agricultural land use leads to phytoplankton
blooms (Kakouei et al., 2021put oftenfocus only on nutrient concentrations and do not
account for ceoccurring pesticide@Nielsen et al., 2012Multiple stressor studies accounting
for competing phototrophic groups or eventeractions withhigher trophic levels are rare
and do not focus on ecosystem wide effects as alternative stable stespectivelyregime
shifts(Bracewell et al., 2019; Polazzial., 2021)Concluding, the role of eoccurring nitrate

and pesticides remains unclear even for the first trophic level (primary producers) and even

more so for multiple trophic levels.

Thefirst objective of this thesis is to assess the interactive effects of multiple agricultural

stressoron regime shifts betweeprimary producers.

1.9 Second objectiveinteracting agricultural stressors on alternative stable

states of shallow aquatic ecosystems underiolate change

The effect ofelevated temperature caused lfimate change on alternative stable states in
shallow lakes is difficult to precisghe ultimate effect of higher temperature alone is yet topic
of discussion, ascan lead to macrophyte dominaa(Hansson et al., 202@r phytoplankton
dominance(Paerl and Huisman, 2008y even promote periphyton(Mahdy et al., 2015)
Further, higher temperature can interact with agiltural stressors. Once again, the combined
effects of higher temperature and nutrients in shallow aquatic ecosystems are complex and
studies do not report consistent results. While miceamd mesocosm studies often report a
promoted periphytonrespectiely benthic algae growth at high nutrient concentrations
(Okzan et al., 2010; Trochine et al., 2011; Hao et al., 2028ffect depends on theesponse

of the presence ofmacrophyte species prese(itang Liu et al., 2021; Wu et al., 20H&mote

and meta studies report that phytoplankton and in particular cyanobacteria blooms become
more likely in nutrient rich ecosystems due to higher temperatiMsss, 2011; Kosten et al.,

2012; Beaulieu et al., 2013)
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On the otherhand it was shown thahigher temperatures may limit the negative efts of
pesticides(Larras et al., 2013; Tasmin et al., 20IB)e effect of higher temperatures on
herbicide toxicity likely depends on species present and acclimatiocesseGomes and
Juneau, 2017Microalgae can adapt to herbicide pdlon on a cellular level while the whole
community can adapt via selection of more tolerant species within the comm(Hityet al.,
2015) Yet the speed of potential adaption varies for the different microalgae groups. As a
consequence of this, diatoms are at disadvantafjee to their lower biovolume and
consequently higher herbicide sensitivitywhile the community composition shifts to
cyanobacteria dominance when exposed to herbicides at higher temperat{@esnes and
Juneau, 2017)Comparable studies for submerged aquatic macrophytes are midsing
conclusion effects of higher temperature on the competition of phototrophic groups under

multiple agricultural stressors cannot be projectegised on current knowledge

Thesecond objectiveof this thesis is t@nalysethe risk of regime shifts caused agricultural

stressorsand potentialmodifications byhigher temperatures.

1.10 Third objective: Role ofexposure pathways androphic interactions for

regime shifts induced by agricultural stressors

The main cause foncreased phytoplankton growth and hence regime shifts are higher
nutrient concentrations in the water columnThis exposure pathway dominates in
experimental settings (e.giu et al., 2021; Pereira et al., 2017; van Wijngaarden et al., 2005)
Such studies neglect the occurrence and release of agriculturabffuvia the sediment.
Various studies have proven the presence of high nutrient and pesticide concentriatidies
sedimentsof aquatic systemgOtto et al., 2016; Qu et al., 2017; Machate et al., 2021)
originating from subsurface flogBilotta et al., 2008)ound to suspended soil particl@dlrich

et al., 2013)or absorbed from the water colum{driaanse et al., 202Zyurther, the release

of nutrients and pesticides from the sediment to the water phase can be influenced by
organisms(Diepens et al., 2014and increasing temperature@uan and Kaushal, 2013)
Whether both exposure pathways, via thedsment or the water phase, can lead to regime
shifts is unclear. To clarify the role of exposure pathways and if they need further
consideration when transferring experimental results to field scale, ifitstgpart of the third

objective of this thesis

10
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The competition for light and nutrients between phytoplankton, periphyton and
phytoplankton is thenainmechanisndeterminingthe state of the ecosysteiin shallow lakes
(Scheffer et al., 1993; van Nes et al., 2018)reatlworld scenarios, each of thedsological
componentsis usuallyimpacted directly by a higher trophic level. Filter feedersuch as
mussels and diverse zooplankton species can reduce the phytoplankton bi¢Gdstfer,
1999) Snails and zooplankton graze on periphyton and even macrophytes to some part
(Phillips et al., 2016; Yang et al., 2028igher trophic levelthemselves their interactions
within these levels and their feeding pressure on lower trophic levels are impacted by multiple
stressors, tooKong et al 2016; Griffiths et al., 2021For examplehigher temperatures
modify feeding behaviour of filter feedefkoiterton et al., 2004; Hardenbicker et al., 2015)
but temperaturescan easily exceed optimal levels and redetinal temperatures during
heatwaves (White et al., 2015) Similarly, psticides decrease biological fithess and
survivability, leading to higher death and lower spawning rékésnazato, 2001)Studies on

the combined effect of agricultural ruoff and climate related warmingonsidering whole
ecosystem effectare rare(e.g.Polazzo et al., 2021; Zhang et al., 20Z®)clarify the role of
higher trophic levels and if they need further consideration when transferring results from
simplified experimentasettingsto field scale, is theecondpart of the third objectiveof this

thesis.

The third objective of this thesis is tovalidate the before describedresults for different
scenarios reflecting possible-field scenarios. In the first pafa)the effects of eposure via

the sedimentareclarified, in the second pa(b) the role of higher trophic leveisaddressed

11
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1.11 Objectivesof this thesis

To address the effect of multiple agricultural stressors, namely nitrate and pestidgides,
perspective of climate changen the competition of aquatic phototrophic communities, the

following objectives are at the core of this thesis:

1) Assessing thanteractive effects ottombinedagricultural stressors on regime
shifts between primary producers.

2) Analysingf the risk of regime shifts caused bywiltiple agricultural stressors is
modified at higher temperatures.

3) Validatingthe results obtained in objectives 1 & 2 for different scenarios
reflecting possible iield scenarios. In the first pa(g)the effects of exposure
via the sediment are clarified, in the second pdo}the role of higher trophic

levels isaddressed

12
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1.12 Framework of this thesis: the Climshift project

The work presented in my thesis is part of the Fre@arman projecClimshift funded by the

French National Research Agency ANR and the German Research Foundation DFG. The
Climshiftproject aims to dahe safe operating spaces for shallow aquatic systems affected by
agricultural stressors and climate change. Threshold for agricultural stressors should be
defined based on the occurrence of regime shifts. These thresholds should hold true in the
future when climate change effects, in particular elevated temperatures, become more
severe. The German project partners include the Helmko#ntre for Environmental
Research (UFZ) Leipzig, the Leibniz Institute for Freshwater Ecology and Inland Fisheries (IGB)
Berlin and the LudwigVlaximiliansUniversity Munich. The French project partners include the
LaboratoireEcologie Fonctionnelle et Environnement (ECOILABpuseand theLaboratoire

Interdisciplinaire des Environnements Continentaux (LNEz.
1.13 Structure of this thesis

Within the followingsevenchapters, the objectives of this thesis will be addressed:

In chapter2 Material & Methods, the setup of themicrocosm and mesocosm systemsed
as model ecsystems in this thesis are explaineBurther, the mixture representing
agricultural runoff is introduced. Ultimately, an overview of the experimental designs

regarding AR@oncentrationsand the use of elevated temperature is given.

In chapter3 Stressor Interactios (Polst et al., 2022'Warming lowers critical thresholds for
multiple stressoginduced shifts between aquatic primary producers"; publishe8dience of
the Total Environmethe interactions of different agricultural stressors are tested along a
gradientusing a factorial desigioseresponse curves are modelled and give insights on the
modification of regime shift threshold&urther, the potentially modifying effect of elevated

temperature on AR@nduced regime shifts is tested.

In chapter 4 Processhased Modeling (Lépez Moreira M. et al., 2022 Midrocosm
experiments combined with procesmsed modelling reveal differential response and
adaptation of aquatic primary producers to warming and agriculturatafié Submittedto
Frontiersin Plant Scienge a processbasedmodel is developed based on the results of a

microcosm experiment. The model gives insgghto processes contributing to AR@duced

13
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regime shifts and respects the influence of elevated temperature on pesticide toxibity.
work was conducted in close cooperation with G. Mazacote at the Institute for Freshwater

Ecology and Fisheries (IGB) Berlin.

In chapter5 ExposurePathways(Polst et al., 20224 Ex@osure pathways matter: Aquatic
phototrophic communities respond differently to agricultural roff released via sediment or
wateré T & dzo Yie Jdur@aR of Applied Ecologyid currently in revieyy, two exposure
pathways, via the sediment and via the water column, of the ARO mixture were tested. The
role of elevated temperature on the two pathways and its potential implications for the
occurrence of regime shifts were investigdt This work waperformed in cooperation with

J. Allen from th&Jniversité de LorraineespectivelyUniversité deToulouse.

In chapter6 Trophic ComplexityVijayaraj et al., 2022d Evaluating multiple stressor effects
on benthigpelagic freshwater communities in systems of different complexity: challenges in
upscaling; published inWater), the potential of AR@nduced regime shiftsvas tested at
different trophic complexities. In the first experiment, the established microcosms were
complemented with key species of the next higher trophic level (filter feeders &iadn

the second experiment, outdoor mesocosnwith natural phyte and zooplankton
communities were constructed and the effects of ARO were tested along a gradient at two
temperature regimes (ambient and heated). This work was supported by every meifrther
Climshiftproject (see 1.13)with significant contributioafrom V.Vijayaraj and NKipferler.

The microcosm experiment was carried out at the Université de Loriaidetz (France)the
mesocosm experiment was carried out at the LuddigximiliansUniversity Munich

(Germany)

In chapter 7Discussionthe resuls presented in the preceding chaptease discusseth the
context of the three objectives. Comparison of thenducedexperiments to each other and

to relevant literature.

In chapter8 Conclusion | present a conclusive perspectioe the recovery of AR@nduced
regime shifts, the consideration of the presented stressors in risk assessment and measures

to prevent AR@nduced regime shifts.

14
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1.14 Joint Methods

Targeting the main question obmpetition betweerphototrophic groupswhich is at the core

of regime shifts | focus on those compartments in the first three chaptershad thesis.A
microcosm system with acrophytes, periphyton and phytoplankt@xcluding higher trophic
levels was used to focus on phototrophic organisiis.answer thesecond part of the third
objective, how theseformerly obtainedresults from simplifiedcommunities, restricted to
photoautotrophs,transfer tosystems with higher tropbilevels consumers (snails, mussels,
zooplankton)were addedto the established microcosm design as well as constructed larger

outdoor mesocosms.
1.14.1Microcosm and mesocosnsetups

The design of thanicrocosns, which are shown in figure 7 and ®as based on the
standardised test systenNo. 239: WateiSediment Myriophyllum Spicatum Toxicity Test
(OECD, 2014¥ediment was prepared according to the protorwluding quartz sand, peat,
kaolin, nettle powder and CaCOBo provide constant and comparable conditions between
the individual microcosms arttie different experiments, Volvic® mineral wat8i(Danone
Deutschland GmbH, Germany) was uasan aqueous medium free of pesticides and low on
nutrients. Vertical strip®f plastic Stressor InteractignProcessased Modelling& Trophic
Complexitychapters 3, 4, §or glasgExposurdlathwayschapter5) were usedas surfacdor
periphytoncolonisation An aeration system was added to provide movement of the water as
it usually occurs through winid ecosystemsThe lower part of the microcosmgaswrapped

in dark foil to preventan artificially increasedateral light influx. Building up on this test
system, three submerged macrophyte speciestypicaly found in shallow eutrophic
ecosystems were selecte@Hilt et al., 2018) Myriophyllum spicatum Potamogeton
perfoliatus andElodea nuttallii In the Stressor Interactioand thePProcessased Modeling
chapters3 & 4, selectedalgae species were used as inoculum for planktonic and benthic algae.
In the Exposure Pathwayshapter 4and the replicated experimerdf the Stressor Interaction
chapter3 a natural algae inoculum was used to increase gediversityln the mcrocosm
experiment ofthe Trophic Complexitghapter6, an additional trophic level was included with
filter feeding zooplankton@aphnia magnaand musselsOreissena polymorphas well as

grazing snaildymnea stagnalis(figure 13).
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Figure7 | Microcosmsbefore the start of the Exposure Pathwagxperiment The strips for

periphyton colonisatiorand wrapping of the lower pasere not yet included.

Figure8| Microcosm at the end of the Stressor Interaction experiment.
16
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In the Trophic Complexitghapter6, the microcosm systemcomprising two trophic levels,
was compared with theutdoor mesocosm systemlso includinga more complex second
trophic level The main differences between this microcosm and the mesocosm systems were
the sedimenttype and volumeof water, the species inoculum usemhd exposure to external
factors whichcould not be controlled in the outdoonesocosmThesemesocosmsshown in
figure 9,were open to external influences such as precipitation and evaporation, naiging|

and invasion of additional specidastead of the standardized sediment based on the OECD
guideline, a mixture of soil arghnd was used. Local well water low on nutrients was used to
fill up the mesocosms (570. Next to the snail and mussel species from the microcosm

experiment, natural zooand phytoplankton communities as well as natural periphyton

communities weraisedas inoculum

< s ‘J g

B e s

Figure9 | Mesocosmat the start(left) and at the end (right) of the experiment in th&€rophic

Complexitychapter6.

1.14.2 Agricultural run -off mixture (ARO)

An artificial mixture representing agricultural raff was designed and used in all
chapters/experiments. The mixtureonsisted ofthree organic pesticides, coppewhich is
usedin inorganic farmingand nitrate(table 1). Asrepresentatives ofeveral categorieand
modes of actiorof pesticides, terbuthylazine (herbicidgohotosynthesis inhibitgr pirimicarb
(insecticide acetylcholinesteraseanhibitor), tebuconazole (fungicidedimethylase inhibitoy,
copper as CuS(algaecide& fungicide,multiple mode of action)were selected based on
recent publicationgFawaz et al., 2018; Halbach et al., 2021, Liess et al., 2021; Wijewardene

et al.,, 2021) Using single species tests and literature datasticide concentrationswere
17
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selected in the approximate concentration of the EC20 (effective concentratiotich20%
of organisms show a negative effect for the measupmstamete)). The mixture and the

respectiveconcentrations were published in Allen et @021)for the first time

Tablel | Compounds, stressor type and concentration of the original ARO mixture.

N-NO3 Terbuthylazine Pirimicarb Tebuconazole Copper
Stressor  Nutrient Herbicide Insecticide Fungicide Pesticide
ARO | 9000ug L 3ug k! 15 g £ 90 ug K2 42ug Lt

All three organic pesticides were recently found in agriculturally impacted ponds
(Wijewardeneet al., 2021) In more detail,iterature reportsterbuthylazineconcentrations in
streams and ponds ranging from2 pg £ (Knauer, 2016)p to 9.6 ug & (Baillie, 2016)For

the ARO mixture a concentration 8fug t* terbuthylazinewasselected based othe single
species algae tesand fits within in range of environmental concentrations reporteth
literature. A concentration of 15 pg! was selected for pirimicarb based on a single species
daphnia test Data on environmental concentrations of pirimicarb are rare, and range
between 0.02 ugt(Wijewardene et al., 2028nd 2 ug £ (Kreuger, 1998)rhe concentration

of the fungicide tebuconazole was selected based on literature datarod et al.(2011)
reported a lowest observed effect concentration of 61.3 fgoh fungal biomass associated
to leaf litter disks.Artigas et al(2012)found negative effects on periphyton functions such as
lower photosyntletic activity at a concentration of 20 pd-.Lin another studyMaltby et al.
(2009)reported a median HC5 (5 percent quantile) for fangal species of 238 ug-.LDue

to the lack ofsuitable literature and the lack of standardized tssfor aquatic fungi a
concentration of 90 ug, slightlyhigherthan the one reported by Zubrod et §2011) was
chosen for the ARO mixtur€opper concentrations were based on recent publication by
Fawaz et al. (2018), who reported @%h EC50 ofc p ® ¢ &' fok @gadg For nitrate a
concentration of 9 mg-Lwas selected based on James et(aD05)who showed a clear

decrease in submerged macrophyte species at such high nitrate conttensga

This mixture representing agricultural naff was the starting point for all experiments. Based
on the aims and hypotheses of each experiment the ARO mixture was insadlose

dependent desigat lower or higher concentrations, but the originahoentration was tested
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in all experimentgseetable?2). In the individual experimentthe different concentrations
were named according to their relative enrichment factstarting at the lowest
concentrations (ARO 1) respectively. This led to different naming of the same concentrations
in the different experiments. For a better overvieand direct comparison of ARO

concentrations useth each experimensee figurs 10 to 13 and table2.
1.14.3Experimental setup

In the first experiment; the Stressor Interactioshapter3 ¢ | split up the ARO mixture and
tested individual and combined stressamsa factoriadoseresponsedesign(figure10). In the

first part, | tested the full ARO mixture in a replicated experiment to accaunéproducibility

of the microcosms. In the second part, | split up the ARO mixture and compared the effects of
individual stressors with the full ARO mixture al@ngradient. Only the full ARO mixture was
tested at ambient and heated conditions. In the following, | refer to this experiment
respectivelythe chapter as th&tressor Interactionhapter3. For the next experiment | used
an ARO gradient with replicatedicrocosns to collect robust data that were then used in a
processbased model(figure 11) This model allows us to further investigapotential
mechanismgelevant in regime shiftsTherefore,| refer to this work as thérocessased
Modelingchapter4. In the third experiment have tested ARO exposure via two pathways,
via the water column and via the sedimgffigure 12. Two ARO concentrations (ARO 1 and
ARO 4) were used next to a control and tested at ambient (22°C) and elevated temperatu
(26°Q. This work is referred to as thexposure Pathwaychapter5. In the last experiment,
highertrophic systems were testeffigure 14) In the microcosm experiment representative
key specie®of the first consumer leveglDaphnia, snailsnussels) were used. Further, this
experiment compared the Volv@water already used in the other experiments with the well
water used in the mesocosrstudy. In the mesocosm experiment a natural zooplankton
community was used and the outdoor placement ohet mesocosm allowed further
immigration of other invertebratespecies. Instead of a single replicated ARO treatment as
used for the microcosms, the mesocosm experiment used a gradient of ARO. Both
experimental designs were mirrored at ambient and heatedditions. This workis

summarized irthe Trophic Complexitghapter6.

In each experiment, the effect of ARO was tested at ambient and elevated temperatures. For
the microcosm experiments an ambient temperature of 22°C was selected as representative
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ambiert lake water temperature during summedMckee et al., 2002; Sankknsen et al.,
2019) An increase of +4°C for the elevated temperature treatments was targeted based on
Woolway et. al(2021) who predict such an increase of lake water temperature during
heatwaves.Since the mesocosm experimewias conducted outdoors, the angit water
temperature could not be set to a fixed temperature and was determined by outdoor factors,
e.g. radiation and air temperaturd=or the heated mesocas an increased temperature

by +4°C in comparison to the ambient temperature was targetbe same temperature

difference attempted to achieve in the microcosm experiments

Stressor Interaction

Experimental design Outcomes
Control ARO

replicated 2 Shper
. N22°C /A Terbuthylazine .
experiment A Pirimicarb H

A Tebuconazole

Effect

gradient ... @ «rill £ NO;
experiment -l 9 Copper
il ¢ Terbuthylazine

il @ Pesticide Mixture
e @ «fl @ ARO at 22°C

i1 9 ARO at 26°C

Effect

Figurel0| Thestudy design used inthe Stressor Interactiorthapter 3 of this thesis.

Process-based Modelling

1) first prelimnary model 2) microcosm experiment along an
ARO gradient at two temperatures

_— ] et

3) testing different scenarios

based on experimental data 4) selecting the best fitting scenario

Model Experiment
N ) - X

A iy  + v

Figurell| Thestudy desig used inthe Processbased Modellingchapter4 of this thesis.
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Exposure Pathways

C | Sediment Water
ontro exposure exposure

Figurel2| Thestudy design used ithe Exposure Pathwayshapter5 of this thesis.

Trophic Complexity

Microcosm experiment including D.magna ', L.stagnalis é.and D.polymorpha .=

Volvic water Well water

S0I0N0I0

Mesocosm experiment including L.stagnalis @. and D.polymorpha =
and a natural zooplankton communitiy

: A I Y
ambient | C | ea 32| 6l 3l 2 (2] 1
T s O I O e
Cla 3lwllsllallzl!

Figurel3| Thestudy design used ithe Trophic Complexitghapter6 of this thesis.
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Table2 | Concentrations and labelling of the ARO mixture in the different experiments.

Concentrations were labelled according to the relative enrichment faatdhe mixturefor

the microcosm experiments, starting with 1 for the lowest concentration used arehdig

further. For themesocosmexperiment in theTrophic Complexitghapter6 relative dilution

factors were used, starting with 1 for the highest concentration and then descending t# 1/64

of the original concentration (not all steps shown). The aaiARO mixture (as shown in

table1) is marked in bold numbers. (Hor the microcosm experiment of thélrophic

Complexitchapter § only one ARO concentration was used which was not further numbered.

Treatments without ARO were labelled as control (C).

Chapters 0 x1/64 X x1/8 x1/4 x1/2 1 X2 x4
Stressor Interactios
C 1 2 4 8 16
(chapter 3)
ProcesshasedModelling
C 1 2 4 8 16
(chapter 4)
Exposure Pathways
C 1 4
(chapter 5)
Trophic Complexity
(chapter 6) C 1*
¢ Microcosm
¢ Mesocosm C 0.015 X 0.125 0.25 0.5 1
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Editor: Sergi Sabater In aquatic ecosystems, excessive nutrient loading is a global problem that can induce regime shifts from macrophyte- to
phytoplankton-dominated states with severe consequences for ecosystem functions. Most agricultural landscapes are
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synergistic or reversed forms. The effects of multiple stressors on the resilience of macrophyte-dominated states and on
critical thresholds for regime shifts are, however, unknown. We test the effects of individual and combined stressors of
Regime shift warming, nitrate, and various pesticides typically found in agricultural run-off (ARO) on the growth of macrophytes,
Safe operating space periphyton, and phytoplankton in microcosms. We applied a one-level replicated design to test whether ARO induces a
Multiple stressors regime shift and a multifactorial dose-response design to model stressor thresholds and disentangle stressor interac-
tions along a gradient. The individual stressors did not induce a regime shift, but the full ARO did. Nitrate and pesti-
cides acted synergistically, inducing a shift with increasing phytoplankton biomass and decreasing macrophyte
biomass. Warming amplified this effect and lowered critical thresholds for regime shifts. Shallow aquatic ecosystems
in agricultural landscapes affected by global warming thus increasingly risk shifting to a turbid, phytoplankton-
dominated state, and negatively impacting ecosy service provisioning. Multiple stressor interactions must be
considered when defining safe operating spaces for aquatic systems.
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1. Introduction

In recent decades, the quantity and magnitude of co-occurring anthro-
pogenic stressors on aquatic ecosystems have increased, particularly in ag-
ricultural landscapes (e.g., Schinegger et al., 2012). High nutrient loading
from agriculture is the most widely occurring anthropogenic stressor
(Riicker et al., 2019) and often co-occurs with a variety of pesticides

t;
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shallow freshwater ecosystems in agricultural landscapes. In a replicated
approach, we compared controls with one level of mixed compounds repre-
senting agricultural run-off. In a multi-factorial gradient design we deter-
mined thresholds for regime shifts and tested the effect of warming on
these thresholds. Additionally, stressor interactions were classified.

We hypothesized that 1) combined stressors (nitrate and a representa-
tive pesticide mixture) induce shifts from macrophyte- to phytoplankton-

a
dc

(Halbach et al., 2021; Wijewardene et al., 2021). A recent lysis re-
ports that more than two-thirds of aquatic freshwater systems suffer from
high nutrient loading, and co-occur with toxic pollution in 10-15 % of
cases (Noges et al., 2016). These stressors can interact in complex ways, re-
sulting in additive (the sum of individual stressor effects), antagonistic
(combined effect lower than sum of individual stressor effects), synergistic
(combined effect higher than the sum of individual stressor effects) or even
reversed (change in effect direction) effects (Coté et al., 2016; Jackson
etal., 2016). However, interaction patterns may vary along stressor types,
stressor gradients and ecosystem complexity (Coté et al., 2016). Non-
linear responses along gradients of stressors are the rule rather than the ex-
ception in ecosystems (Wagenhoff et al., 2011). The non-linear nature of
several ecosystem responses further complicates the definition of related
ecological thresholds. Threshold values are needed to compare interacting
stressor effects and to define safe-operating-spaces for improved manage-
ment (Pirotta et al., 2022; Scheffer et al., 2015).

Prominent examples for non-linear ecosystem dynamics are regime
shifts from macrophyte-dominated to phytoplankton-dominated states in
shallow aquatic lakes and ponds along gradients of nutrient loading
(Scheffer et al., 1993). Shallow aquatic ecosystems are abundant across sys-
tems and biomes (Cael et al., 2017; Verpoorter et al., 2014), and provide
important ecosystem functions and services (Hilt et al., 2017; Janssen
et al., 2021). When critical nutrient threshold levels are exceeded, phyto-
plankton or periphyton shade out macrophytes (Olsen et al., 2015;
Phillips et al., 2016). Combined with pesticides, nutrients loadings can
still lead to phytoplankton blooms (Allen et al., 2021) and thus potentially
induce regime shifts. Yet it remains unclear how the combined stressors in
agricultural run-off interact and if the presence of pesticides modifies the
threshold of nutrient induced regime shifts.

In addition to local stressors including agricultural run-off, elevated
water temperatures caused by global warming, both long-term gradual in-
crease as well as heatwaves, challenge our ecosystems more frequently, in
future (Woolway et al., 2021). While higher temperatures generally
increase the overall metabolism of organisms and lead to elevated growth
or abundance, species differ in their optimal temperature ranges
(Hansson et al., 2020; Odum et al., 1979). In shallow aquatic systems, phy-
toplankton dominance, and particularly cyanobacteria blooms, are
projected to increase with rising temperatures (Johnk et al., 2008; Mooij
et al., 2007; Paerl and Huisman, 2008). In general, global warming and
eutrophication in freshwaters may mutually reinforce their effects (Moss
et al., 2011). Furthermore, in combination with toxic stressors, warming
can dampen the effect of these toxic stressors on algae (Chalifour and
Juneau, 2011; Larras et al., 2013) and may shift the critical effect thresh-
olds for herbicides. When combined with nutrient loading as presumably
antagonistic stressor, elevated temperature may decrease the effect of one
of the two stressors, and may lower the threshold for the stressor mixture.

Thresholds in non-linear systems such as regime shifts can be quantified
by testing the response along a gradient of stressors, as recommended by
Kreyling et al. (2018) even at the cost of further replication. Replicated ap-
proaches with fewer concentration levels neglect non-linear responses and
hardly enable modelling of critical thresholds. In this study, we combined
both approaches (replicated vs gradient design) to investigate whether
warming modifies the critical thresholds for regime shifts between the
dominance of different primary producers (macrophytes, phytoplankton,
and periphyton) induced by multiple agricultural stressors. We built on pre-
vious experiments of Allen et al. (2021), who were testing the effects of ag-
ricultural run-off and warming on complex food web interactions including
primary producers and consumers. Here we conducted two microcosm
(8 L) experiments simulating the primary producer level of typical fishless
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e, 2) el d temperature lowers critical thresholds for multiple
stressor-induced regime shifts, 3) co-occuring stressors (pesticides, nitrate,
and elevated temperature) amplify the mechanisms causing regime shifts
and result in synergistic stressor interactions.

2. Material and methods

Two experiments were performed (Fig. 1). The first experiment focused
on the first hypothesis: combined stressors representative for agricultural
run-off (ARO) induce regime shifts. The second experiment was performed
to disentangle the relevance of individual stressors, to identify stressor pat-
terns and to enable modelling of thresholds. This experiment had a more
complex design and partly used a gradient approach on costs of replicates.
Both experiments were performed with a comparable microcosm setup,
based on Allen et al. (2021).

2.1. Microcosms

Microcosms (8 L, cylindrical glass vases, diameter: 25 cm, height:
40 cm) were set up with three macrophyte species typical for shallow
aquatic ecosystems, Potamogeton perfoliatus, Myriophyllum spicatum, and
Elodea nuttallii, as well as planktonic and benthic microalgal species.
Algae species used in the replicated experiment were sampled from local
ponds and streams. Cultured algae were used for the gradient experiment
to further reduce impacts of external factors and increase reproducibility.
Potamogeton perfoliatus was collected from the Spree River near Monchwinkel
(Brandenburg, Germany). Myriophyllum spicatum was collected from a pond
at the campus of Ludwig Maximilian University of Munich (LMU) in
Martinsried-Planegg (Bavaria, Germany), and Elodea nuttallii was collected
from a private pond (Bavaria, Germany) for the gradient and in Goitzsche
Lake (Sachsen-Anhalt, Germany) for the replicated experiment.

In the replicated experiment, planktonic algae communities from local
ponds were used amounting to a volume of 1 x 10° pm® mL ™" per micro-
cosm. Benthic communities were sampled from a nearby stream (2 cm? of
stones per microcosm). In the gradient experiment cultured algae were
used: Four preferably planktonic algae species (Chroococcus minutus,
Anabaena PCC7120, Desmodesmus subspicatus, Scenedesmus obliquus)
and five preferably benthic algae species (Komvophoron sp., Uronema
confervicolum, Oedogonium sp., Nitzschia palea, Gomphonema parvulum)
were grown individually in enriched (0.5 X stock solution of WC medium)
Volvic© mineral water (Danone Waters Deutschland GmbH, Germany) and
were mixed in equal shares, amounting to 1 x 10° pm® mL ™! each for
planktonic and benthic algal cells as inoculum for the microcosms.

The sediment was prepared based on the OECD guideline 239 Water—
Sediment Myriophyllum spicatum Toxicity Test (OECD, 2014). In short, we
mixed 73.5 % quartz sand (0.1-0.3 mm, Schicker Mineral, Germany),
20 % Kaolin (Imerys, France), 5 % peat (<1 mm, Klasmann-Deilman
GmbH, Germany), 1 % nettle powder obtained from a local field site
presumably not affected by pesticides, and 0.5 % CaCO; (Sigma-Aldric).
Approximately 380 g sediment was prepared for each microcosm and
placed in a glass bowl insert. The sediment was overlaid with a 2 cm quartz
sand layer, watered with Volvic© water and placed in the dark for three
days to give the sediment time to settle.

Apical macrophyte stems were cut at 10 cm lengths, and two stems per
species were planted in the prepared sediment for each microcosm. Frosted
polypropylene plastic strips (GBC, England) from the sediment up to the
water surface provided a surface for periphyton development. The micro-
cosms were filled with 8 L of Volvic© mineral water, and glass pipettes
were inserted as outflow for aeration.
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Fig. 1. Design of our study: The replicated experiment tested a control (n = 4) and one treatment level of agricultural run-off (ARO) (n = 4) containing nutrients and a
mixture of pesticides (copper, terbuthylazine, pirimicarb, tebuconazole). The gradient experiment used two treatments at 22 C (control, n = 5) and 26 "C (temperature,
n = 5) without chemical contamination. Nitrate (NO3), copper and terbuthylazine as well as a pesticide mixture were tested individually and in combination (ARO)

along a gradient of five concentrations (n = 1). For details see SI Table 1.

The microcosms were placed under LED light (mean 70 + 12 pmolm ™2

5!, Model C65 100 mA 5730, Valoya Oy, Finland) in a temperature-
controlled laboratory at 16:8 h light:dark cycle and the lower half of each
microcosm was wrapped in dark foil to limit horizontal light input. The
room temperature was set to 22 + 0.5 °C. For the second experiment, mi-
crocosms undergoing temperature treatment were placed on 80-W heating
mats (AccuLux, Germany) and controlled via a temperature-responsive dc
outlet set to 26 *+ 0.2 °C (Shenzhen Inkbird Technology, China), which
prevented overheating of the microcosms.

2.2. Treatment setup in the replicated experiment

In the replicated experiment a mixture of terbuthylazine, pirimicarb,
tebuconazole, CuSO4, and KNOj; (all manufactured by Sigma-Aldrich,
USA), representing agricultural run-off (ARO) was added (similar to the ap-
proach used in Allen et al. (2021), see Fig. 1): The pesticides, including cop-
per sulphate, were selected as representatives of their respective pesticide
group and are commonly found in agriculturally impacted aquatic ecosys-
tems (Halbach et al., 2021; Lefrancq et al., 2017; Wijewardene et al.,
2021): herbicide (terbuthylazine), insecticide (pirimicarb), and fungicide
(tebuconazole). Nitrate was selected for the nutrient treatment due to the
high rel e in aquatic ecosy nearby agricultural sites (e.g. James
et al., 2005; Xu et al., 2014). The three organic pesticides were dissolved
in dimethylsulfoxid (Sigma-Aldrich, USA; final concentration < 0.01 %);
the other two components were dissolved in MilliQ water. One dose of this
ARO mixture (3 pg L™ ! Terbuthylazine, 15 pg L ™' Pirimicarb, 90 pg L ™!
Tebuconazole, 42 pg L™" Copper, 9000 pg L™ ' N as Nitrate; SI Tablel:
Concentration C8) was compared to the control, both at a temperature of
22 °C. Replicates (n = 4) were used to account for variability.

2.3. Treatment setup of the gradient experiment

In the gradient experiment a multi-factorial dose-response design was
used: treatments were tested individually and in combination (see Fig. 1
& SI Table 1). Additionally, a dose-response design with a gradient of the
respective chemical treatments was applied after validating consistent re-
sponses in the microcosms of the first experiment. The control was repli-
cated (n = 5) to enable comparison with the first experiment while the
actual treatments were stretched over a gradient in an enrichment factor
of 2 (n = 1 per concentration). Six different ARO components or their mix-
ture were tested at five different concentrations. Concentrations ranged
from relative enrichment factor 1 (C1) to concentrations at a relative en-
richment factor 16 (C16; SI Table 1) following a geometric progression in

their relative enrichment factor (REF). Five control microcosms each, at
ambient and elevated temperatures, were randomly distributed between
treated microcosms. The chemicals were prepared and applied the same
way as in the first experiment. The increase of +4 °C in the heated micro-
cosm refers to predicted climate-change-related temperature increases
during heat waves. (Woolway et al., 2021).

2.4. Timeline of the experiments

The microcosms were filled with 8 L of Volvic© water, directly inocu-
lated with the planktonic and benthic algae, and given two days to accli-
mate to experimental conditions. The glass inserts with sediment and
macrophytes were placed in the microcosms and given three days to accli-
mate before the treatments (addition of chemical stressors and warming)
were applied. A low dose of macronutrients (224 pg L™ N as KNOs,
31 pg L~ as KH,PO,4) was added thrice a week, and evaporated water
was replaced with distilled water. Temperature was measured daily,
pH-value was measured once a week. In the replicated experiment light
availability at the bottom of the experiment was monitored during the
experiment using data loggers (HoBo light logger, Onset Computer Corpo-
ration, USA). Samples for pigment analysis of phytoplankton communities
were taken weekly (replicated experiment) resp. biweekly (gradient exper-
iment). The replicated and the gradient experiments lasted for four and six
weeks after the start of treatment exposure, respectively. At the end of both
experiments macrophytes and periphyton were sampled.

2.5. Biomass of primary producers

Phytoplankton samples were filtered (0.7 pm glass-fibre filters,
Labsolute, Germany) for dry weight and pigment analysis (see SI). For phy-
toplankton chlorophyll a was preferred as a surrogate of biomass for phyto-
plankton due to the possibility of resuspended detritus from the microcosm
bottom when handling the microcosm for sampling. At the end of both
experiments, individual macrophyte species were collected separately.
Macrophytes were dried at 55 °C for 48 h and weighed thus obtaining
their biomass. Periphyton was brushed off the plastic strips (135 cm?)
using toothbrushes and resuspended in 100 mL Volvic© mineral water.
Periphyton suspensions were then filtered (0.7 pm Microfiber, Labsolute,
Germany) for dry weight (55 °C for 24 h) and pigment analysis (see SI).
For further analysis periphyton dry weight was chosen to attribute for
the biofilm matrix and its contribution to possible shading effects on
macrophytes.
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2.6. Pesticide and nutrient analyses

In the replicated experiment, water samples were taken to determine
the real concentrations of pesticides at the start and the end of the experi-
ment after four weeks. In the gradient experiment, water samples were
taken one hour after addition, and then two, four and six weeks later. Sam-
ples were filtered (0.2 pm cellulose acetate filter, Labsolute, Germany) and
either frozen until further analysis at — 20 °C (pesticides) or measured di-
rectly (nutrients). Pesticides were measured with an LTQ-OrbiTrap (see
SI; Thermo Scientific, USA). Dissolved inorganic nutrients (PO3~, NO3,
NHj3, NH, ) sampled at the start and the end of the experiments were mea-
sured according to DIN_EN_26777 (1993), DIN_EN_ISO_13395 (1996) and
DIN_EN_ISO_6878 (2004). Copper samples were measured according to
Vijayaraj et al. (2022a).

2.7. Statistical evaluation

For statistical analysis of the replicated treatments, t-tests were used for
comparing biomass data. Effect sizes were used in both experiments for
comparison of the strength and directionality of the response to the differ-
ent stressors. The total dry weight (all macrophyte species accumulated; pe-
riphyton) and phytoplankton chlorophyll a (chl a) at its peak concentration
during the experiment was used to calculate effect sizes in the replicated ex-
periment. The same analysis was performed for the second experiment. Ad-
ditionally effect sizes based on dry weight for the individual macrophyte
species and for periphyton were calculated. In both experiments the effect
sizes were calculated as Glass's delta (Fritz et al., 2012; Glass, 1976). Due
to our dose-response design in the second experiment, there was no stan-
dard deviation for the single treatments along the gradient (n = 1), but
for the control treatments (n = 5). Making use of the standard deviation
from the control treatment enabled effect size statistics according to Glass
(1976). Glass's delta substitutes the non-existing standard deviation of the
non-control treatments by the standard deviation of the control treatment
and leads to more robust results. This approach is backed by low variability
in results obtained from the first experiment (coefficient of variation of ef-
fect sizes in the ARO treatment ~0.15 for macrophytes and phytoplankton,
see Fig. 2). The mean of the control treatment (Mono1), its standard devi-
ation (SDgonwor) and the single data value of the respective treatment
(M;) were considered in the equation:

. My — Meowrol
Glass sA = — "%
SD conrot

A
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An effect size Glass's A of 1 indicates a positive effect equivalent to the size
of the standard deviation of the control treatment, and visa-versa for a neg-
ative effect (A = —1). Effect sizes between 1 and -1 were within the stan-
dard deviation of the control treatment data, and therefore these data
points show no effect by definition. Values higher than 1 indicate an effect
that is more than one standard deviation greater than the control treatment.
Vice versa, a value lower than —1 indicates an effect that is more than one
standard deviation lower than the control treatment. For this study, effect
sizes equal or higher 1 were considered as positive effect, effect sizes
equal or lower than — 1 were considered as negative effect. This is consid-
ered to be a conservative approach compared to common effect-size assess-
ments using lower limits (e.g. 0.5 for medium effects; Sawilowsky, 2009).
This approach was further supported by one-sample t-tests comparing the
individual biomass data of each treatment to the ones of the replicated
controls. We considered a “shift” from macrophyte- to phytoplankton-
dominance as having occurred when the effect size of accumulated
macrophyte dry weight was less than or equal to —1 and the effect size
for phytoplankton biomass was greater than or equal to 1 at the same
time, meaning that both compartments showed a clear but contrasting
effect in their biomass data (final dry weight for macrophytes and periphy-
ton, peak chl a for phytoplankton to account for delayed effects).

In the gradient study, the statistical power derives from the distribution
of samples along concentrations in combination with a modelling ap-
proach: Effective concentrations of selected percentiles, e.g. the effective
concentration for 50 % quantile (EC50), and their error margin, e.g. the
standard error, can be modelled and used to compare thresholds in a statis-
tical valid way. Threshold values allow for quantification and further
comparison of the observed effects along the gradient. To derive these
threshold values, dose-response curves were fitted based on the four-
parametric log-logistic models using the drc package (v3.0-1, Ritz et al.
(2015)) for R (R Core Team, 2020) for the biomass data (dry weight for
macrophytes and periphyton; peak chlorophyll a for phytoplankton). To
allow for relative comparison of these values we fixed the upper and
lower limits of the four-parametric models to the observed carrying capac-
ity of our microcosms: the mean of the control treatment as well as the
highest (phytoplankton) and lowest (macrophytes) biomass values
observed in our experiment across all treatments (see Table SI 6). For
comparison of thresholds between treatments, we choose the EC50-values
as a robust descriptor of the response. The modelled EC50-values were
tested for significant differences using the dre package (Ritz et al., 2015).

While the biomass of macrophytes and periphyton at the end of the ex-
periment were used for correlation analysis, the peak phytoplankton
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Fig. 2. A) Biomasses for macrophytes (dry weight in mg), phytoplankton (chl a in pg L~ ') and periphyton (dry weight in g m~?) and B) Effect sizes (Glass's delta) for
macrophytes (dry weight), phytoplankton (chl a) and periphyton (dry weight) after exposure to agricultural run-off for 4 weeks in the replicated experiment (n = 4).
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biomass represented as chlorophyll a from the three time points during the
experiment was used. Correlation tests (Pearson's r) were performed using
the statistical software R (R Core Team, 2020) to indicate possible interac-
tions between the primary producers, e.g. shading.

To identify and compare stressor interactions for different treatments,
concentrations, and phototrophic compartments (macrophytes, phyto-
plankton, periphyton), stressor interaction types were classified by compar-
ing additive stressor effects (calculated effects based on individual stressor
effects) and the observed combined stressor effects. Effect size data from
the second experiment were used to compare the calculated stressor addi-
tion with the observed stressor effects: to account for uncertainty due to
methodological errors and background noise, we use a conservative ap-
proach considering a +10 % margin of the higher absolute value of both
stressors. If the difference between the calculated and observed stressor ef-
fects was within this range, we classified the interaction pattern as an addi-
tive effect. Outside of this range, three types of non-additive stressor
interactions were assigned according to Cété et al. (2016) and Jackson
et al. (2016): antagonistic (combined effect lower than sum of individual
stressor effects), synergistic (combined effect higher than sum of individual
stressor effects), or reversed interactions (change in effect direction).

3. Results
3.1. Physico-chemical parameters

Nitrate was within the nominal concentrations of the treatments at the
beginning of both experiments (1 h after start) and depleted along with
the concentrations of other nutrients during the experiments (see SI
Fig. 1). In the replicate experiment, organic pesticide and nutrient concen-
trations were slightly above (~110 %) the nominal concentrations at the
start of the experiment while they were slightly below (~80 %) nominal
concentrations in the gradient experiment and decreased throughout both
experiments. At the end of the replicate experiment (after four weeks), ap-
proximately 50 % of Terbuthylazine, 25 % of Pirimicarb and 60 % of
Tebuconazole were still present, whereas only approximately 10 % of the
pesticides were present at the end of the gradient experiment after six
weeks (see SI Fig. 2). Copper values reached approximately 50 % of the
nominal concentrations at the start of the experiment. The pH-value ranged
between 8 and 9 with small treatment-related differences in the gradient
experiment only. Throughout the experiments, water temperature stayed
within +0.5 °C of the desired value for both temperature treatments.
Light measured at the bottom of the microcosm in the replicated experi-
ment shows higher light availability in the control (e.g. 22 ypmol s~ m ™2
resp. ~30 % of surface light at day 15) compared to the ARO treatment
(e.g. 8 pmol s~ m ™2 resp. 11 % of surface light at day 15).

3.2. Effects of the agricultural run-off mixture in the replicate experiment

Macrophyte biomass (dry weight) was significantly lower in the ARO
treatment (227 * 176 mg) compared to the control (1315 * 487 mg)
(p <0.001, Fig. 2). Their effect size averaged at —2.5 = 0.4. Phytoplankton
showed a significant increase in the ARO treatment (633 + 80 pg L ™' chla)
compared to the controls (9 + 10.5 pg L™ ' chl @) with an effect size up to
75 (p < 0.001, Fig. 2). No significant unidirectional response of periphyton
was observed. Periphyton effect size values ranged from —2.8 to 4.4
(Fig. 2), showing clear effects (effect size > 1 resp. A < -1) in the individual
microcosms but not when averaged across the replicates (—0.5 + 3.3).
A clear shift from macrophyte to phytoplankton dominance was observed
in all microcosms.

3.3. Gradient experiment

3.3.1. Effects of individual and combined as agricultural run-off (ARO)

The final macrophyte aboveground biomass showed no clear trend for
the individual stressors or for the combined pesticide treatment (Fig. 3).
However, individual species responded differentially, especially

Science of the Total Environment 838 (2022) 156511

P. perfoliatus showed trends for various stressor treatments (see SI Fig. 4).
Only the nitrate treatment resulted partly in negative effects on the accumu-
lated macrophyte biomass (Fig. 4 & SIFig. 4): While the highest nitrate con-
centration leads to a significant effect according to the t-test but not with
regard to the effect sizes, the assessment of a shift for this concentration re-
mains unclear. However, no meaningful EC50 for the final aboveground
macrophyte biomass could be modelled using a log-logistic model for any
of the individual stressors or the combined pesticides due to the lack of
effects.

Phytoplankton biomass, in contrast, showed a positive response to all
nitrate concentrations after 11 days, with a strong increase at the third con-
centration and above (Fig. 3), but no response to other treatments. There-
fore, a full dose-response curve could be modelled for phytoplankton and
revealed an EC50-value of 11.3 + 5.8 REF (standard error (SE); Fig. 4).
Periphyton biomass showed changes but no clear trends due to the high
variability in the control samples (see SI Fig. 4). According to our definition
of shifts (positive effect in phytoplankton and negative effect in macro-
phytes), only the intermediate nitrate exposure concentration (C4) led to
a shift from macrophyte dominance to phytoplankton dominance in the
single-stressor and the combined pesticide treatments (Fig. 3).

In the treatment combining all pesticides with nitrate exposed at ambi-
ent temperature (22 °C), negative effects were observed at the two highest
exposure concentrations for the accumulated macrophyte biomass (Fig. 3).
The EC50-value derived from the modelling approach of the accumulated
macrophyte biomass in the ARO treatment (7.3 + 2.7 REF, SE, Fig. 4)
indicates a stronger effect than for the nitrate treatment. In contrast to the
negative effects on macrophytes, a positive effect was observed for phyto-
plankton during the first half of the experiment, even at a low dose. The
phytoplankton the EC50-value for the ARO treatment (11.0 = 4.1 REF,
SE, Fig. 4) was not significantly different from that of the nitrate treatment.
A shift from macrophyte to phytoplankton dominance was found for the
two highest ARO exposure concentrations.

3.3.2. Effects of increased temperature, individually and combined with ARO

On average, increased temperature (26 °C) alone had no positive effect
on the accumulated macrophyte biomass (Fig. 3). Diverse effects were ob-
served for individual macrophyte species, e.g. only P. perfoliatus responded
positively to warming (see SI Fig. 4). No effects were observed for periphy-
ton and phytoplankton. Elevated temperature alone did not induce a shift
from macrophyte to phytoplankton dominance.

The combination of all stressors including elevated temperature
affected macrophyte biomass negatively and amplified the effects already
observed for the ARO treatments at low temperature (Fig. 3). The EC50-
value for the accumulated macrophyte biomass shifted towards a lower
concentration (2.7 + 0.3 REF, SE, Fig. 4) in comparison to effect values
for the ARO treatment without warming (7.3 + 2.7 REF, SE, Fig. 4). The
same shift was observed for phytoplankton EC50-values (Temp + ARO:
3.9 = 0.3 REF; ARO: 11.0 + 4.1 REF, SE, Fig. 4). Early phytoplankton de-
velopment showed a stronger response in the heated treatments than in any
other treatment at each concentration level. Periphyton showed no consis-
tent response patterns (see SI Fig. 4). Ultimately, a shift was found for the
third to the highest ARO exposure concentrations.

3.3.3. Stressor interaction patterns

3.3.3.1. Interactions between pesticide mixture and nitrate. Synergistic interac-
tions affecting the macrophyte biomass were found at higher exposure con-
centrations, as biomass declined more strongly than would be expected
from addition of the individual stressor effects (Fig. 3). At lower and inter-
mediate concentrations, the effects were too weak to be classified as inter-
action types (within the set limits of —1 or 1). Stressor interactions affected
the individual macrophyte species differently, with reversed interactions
for P. perfoliatus and antagonistic interactions for E. nuttallii and
M. spicatum (see SI Table 4). Phytoplankton showed various responses to
stressor interactions, with one synergistic interaction and one additive ef-
fect at the highest concentrations (Fig. 3, see SI Table 4). There was a
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Fig. 3. Effect sizes (Glass's delta) at the end of the experiment for macrophytes (A & C) and of the phytoplankton biomass during its peak in the second week of the experiment
(B & D). The response to the nitrate (NO5), the combined pesticide (P des), their calculated additive effect (black cross) and their observed interactive effect
(observed ARO) along a gradient of 5 ions for each (A & B). The response to the ARO and the temperature treatment, their calculated additive effect
(black cross) and their observed interactive effect (observed Temp + ARO). Exposure concentrations are given as relative enrichment factor (REF, see SI Table 1 for
stressor concentrations).
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Fig. 4. Dose Response curves modelled based on the biomass data for A) macrophytes (final dry weight) and B) phytoplankton (peak chl a) as well as their respective EC50
values C) for macrophytes and D) for phytoplankton ECSO-values (+ standard error) derived from log-logistic modelling of the gradient studies and their standard errors.
Data are given for the phyte and phytopl bi in the t ining only nitrate (NOs), the full mixture of agricultural run-off (ARO)
containing nitrate, several pesticides and copper, and ARO in combination with warming from 22 °C to 26 °C (Temp + ARO). EC50-values could not be modelled for the
macrophyte biomass in the nitrate treatment due to effects lower than 50 %. Asterisks (*) indicate a significant difference (p < 0.05) at the treatment combining warming

with the ARO to the other treatments for both, macrophytes and phytoplankton biomass, respectively. For the nitrate (NO3) treatment, no meaningful EC50 could be
modelled (n.a.).
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remarkable response at the third concentration (C4, Fig. 3), as the observed
interaction was considerably lower than the calculated value, resulting in a
strong antagonistic effect. The stressors mostly showed antagonistic inter-
actions for the periphyton (see SI Table 4).

3.3.3.2. Interactions between temperature and ARO. For the accumulated mac-
rophyte biomass, synergistic interactions were found at higher ARO expo-
sure concentrations (Fig. 3, see SI Table 5). Potamogeton perfoliatus
showed reversed interactions while M. spicatum showed both antagonistic
and synergistic interactions, depending on the ARO concentration. For
E. nuttallii, all possible interaction types were found. Antagonistic interac-
tions were prevalent for periphyton, while synergistic interactions domi-
nated for phytoplankton, with the strongest synergistic interactions at the
third exposure concentration (Fig. 3). Here, one stressor had an effect size
below 1, which we did not consider to be significant, and the other stressor
had only a rather weak effect with a value of about 1. Yet the combination
of all stressors led to an effect size above 20 and a huge discrepancy com-
pared with the calculated additive effect at the third concentration.

3.3.4. Correlation analysis of biomass of autotrophic compartments

Finally, accumulated macrophyte biomass correlated negatively and
significantly (p < 0.05) with phytoplankton biomass in the second and
fourth week of the experiment (Pearson's r: —0.79 and — 0.53, respec-
tively; see SI Table 3). The correlation at the end of the gradient experiment
(sixth week) was not significant. Periphyton showed no significant correla-
tion with the other primary producers.

4. Discussion

Combined stressors from agricultural run-off (nitrate and representative
pesticides) severely affect aquatic primary producers and their competition.
As periphyton biomass was highly variable (probably due to the influence
of phytoplankton shading, detritus and micrograzers), we focus on
macrophyte-phytoplankton relationships. Combined stressors induced re-
gime shifts between the dominance of primary producers in our experimen-
tal systems, which mimic simplified shallow aquatic ecosystems. Warming
amplified the observed effects and lowered the critical thresholds for
regime shifts in ARO treatments.

Scale-dependency may impact a direct transfer of these microcosm re-
sults to the field: Shading effects of phytoplankton on macrophytes can be
stronger at higher water depth, and less nutrients are locked in periphyton
growing on the microcosm walls (“wall effect”). On the other hand, effects
are expected to be masked to a greater extent in more complex in-situ con-
texts (Vijayaraj et al., 2022b). Despite these differences to field situations
the mechanisms revealed for stressor interactions in this proof-of-
principle study could only be disentangled by factorial experimental de-
signs and are expected to be comparable along scales. However, final
proof of upscaling needs confirmation of derived hypothesis from experi-
ments in the field.

4.1. Comparison of the results from the replicated and the gradient approach

To disentangle multiple stressor effects on regime shifts, we combined a
replicated and a gradient experimental approach. While our replicated ex-
periment proved significant biomass changes in the combined stressor
treatment, the gradient approach showed a dose-dependency and revealed
thresholds for the observed effects of single and combined stressors. Both
experimental designs revealed comparable results showing a shift towards
phytoplankton dominance despite slightly different experimental condi-
tions which may limit comparison of both experiments. However, ARO ef-
fects were stronger in the replicated experiment due to differing temporal
dynamics in the development of phytoplankton related to nutrient and pes-
ticides concentrations. Some studies, e.g. Barker et al. (2008) and Rodrigo
et al. (2017), use a replicated gradient design to model non-linear effects
of macrophytes and to derive thresholds. Only Barker et al. (2008) have
done this in a regime shift context.
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The focus of our study was on the non-linear regime shifts, the response
to warming and a potential change of interaction types between stressors. A
gradient design was recommended by Kreyling et al. (2018) for these very
reasons and enabled an estimate of thresholds additionally to the statistical
proof of the phenomenon provided by the replicate experiment. For future
studies we recommend at least five stressor levels resp. concentrations
along the gradient to enable robust non-linear modelling by using the
model applied in this study. However, the choice of model needs to be con-
sidered to define a minimum number of concentrations. Our hybrid study
supported threshold modelling and shows that these kind of studies (includ-
ing other stressors not tested in this study) are needed at larger scale
(mesocosm & field studies) and complexity (trophic levels).

4.2. Combined agricultural stressors can induce regime shifts

The replicated experiment indicated a strong shift in dominance of pri-
mary producers when nitrate and pesticides were combined (ARO) at a
high concentration supporting our first hypothesis. In our gradient experi-
ment, this shift was already observed at half the ARO concentration tested
in the replicated experiment, supporting findings by Allen et al. (2021) who
found an increase in phytoplankton due to ARO exposure at similar ARO
concentration. However, Allen et al. (2021) only found an increase in phy-
toplankton without an accompanying decline of macrophytes which may
be explained by a longer acclimation time (17 days) for macrophytes before
the treatment application. This time may have been sufficient for macro-
phytes to reach the water surface and avoid shading effects through phyto-
plankton. Initial conditions for macrophytes thus seem crucial for their
response to multiple stressors. In our study the combination of nutrients
and pesticides that have little to no effects when applied individually, initi-
ated a decline of macrophytes, thus increases the risk for regime shifts be-
tween the dominance of different primary producers in shallow aquatic
ecosystems. However, temporal differences like acclimation time and
stressor depletion over time are crucial factors defining this risk.

4.3. No thresholds for individual stressors as they did not induce regime shifts

Contrary to our expectation, the addition of terbuthylazine or copper,
individually, or of the pesticide mixture without nitrate did not negatively
affect the growth of phytoplankton nor macrophytes or even increased bio-
mass of individual species. This is in line with Coors et al. (2006), who
found an increase in dry weight of submerged macrophytes (including
M. spicatum) at comparable concentrations of 5 pg L ™! terbuthylazine.
Coutris et al. (2011) also showed that several macrophyte species
(including M. spicatum) tolerate a herbicide mixture at concentrations
of 6 pg L™, similar to those used in our study, and only decreased in
biomass at concentrations as high as 60 pg L™ ". The lack of a response to
copper in our study might be explained by a negative influence of pH or dis-
solved organic carbon on copper toxicity. Roussel et al. (2007) only found
copper-induced effects on macrophytes in mesocosms at concentrations
(75 pg L") higher than applied in our experiment. In conclusion, our study
cannot derive thresholds for safe operating spaces for regime shifts induced
by pesticides.

Experiments with individual stressors revealed that only nitrate had a
positive effect on phytoplankton growth. However, this effect was not suf-
ficient to induce a regime shift along the whole gradient, as the macro-
phytes showed little or no response. Modelled thresholds for regime shifts
(increase in phytoplankton biomass accompanied by a macrophyte decline)
have been reported at 1.5 mg L' N-NO; (Barker et al., 2008). In tiered ap-
proaches these shifts were found at =2 mg L™ total nitrogen (Sagrario
etal., 2005) and = 3.5 mg L~ total nitrogen (Olsen et al., 2015). In our
study phytoplankton increased already at the lowest concentration
tested (1.1 mg L™ N-NOs) but showed a huge leap between 2.25 and
4.5 mg L' N-NO3. However, no thresholds could be modelled for macro-
phyte biomass in the nitrate treatment. The small scale of our microcosms
leading to fewer shading, an uptake of nutrients by wall periphyton, or phos-
phorus limitation as in the cited studies, may explain this difference.
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